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Abstract: In paper, being based upon the results of our wokekds with experimental and theoretical studigghysical
characteristics of nanoparticles responsible fecHje optical properties of dielectric nanocompesi During theoretical
description and explanation of experimental dat@iobd, we considered nanoparticle as a multi-garjuantum system
of charges which combines elements of quantum tsires of a polyatomic molecule and a bulk crys@dnsidering
nanocomposites with quite a low concentration ofiaparticles (fractions of a percent), we didn’tdakto account
interparticle interaction.
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infrared and visible light can be observed in widg
semiconductor nanoparticles as well. For examphe, t
investigation of dependence of the density of eperg
passed through a nanoparticle array in transparent
dielectric liquid matrix, on the density of incideanergy
have shown that threshold of nonlinear optical oesp for
the sample based upon Tiluminated with impulses of

= 10 ns on the wavelength af= 1.06 pm is no greater
than 0.15 nJ/sfimpulses with the wavelength of 0.53 pm
provided the response less than 0.1 r2/sNonlinear
optical properties of nanocomposites based updedie
thanoparticles with higher energy-gap width &ere
investigated to a less extent. It was concernessymmably,
with the considerations that such energy-gap wiithld

1. Introduction

Optical properties of small particles are being
investigated more than 100 years if dating from Nhe’s
works. However, the intense investigations of thes
properties have been started in the last decadbsneénse
studies of optical properties of nanocompositesluing
heterogeneous liquid-phase nanocomposites (HLPsBda
upon semiconductor, metal or structured nanopastialith
both a core and electron shell of different eleelri
properties [1 - 14]. It is concerned with the fabat
nanocomposites based upon semiconductor and dielec
nanoparticles are of special interest for those déxeelop
illumination control means for optical informatisgstems, ) ) -
because of such nanoparticles’ great nonlineacapti C2usé the nonlinear optical response of the meduthe

response in the near infrared and visible rangdigluf ultraviolet range of light. However, r_ecent _stud[@_s 8]

Nonlinear optical properties of nanocomposites ard'@v€ shown that HLPN based upon dielectric nanmpest
directly connected with physical processes whickuoc C€an feature low-threshold nonlinear optical respotwsan
inside_nanoobjects under an influence of a laseiatian external illumination, impulse and continuous alikethe

and they depend on electronic structure of nanigpest In ~ near infrared or visible ranges of light. _
particular, in metal nanoparticles as well as isleatitric As it shown in the work [5,6, 12], such media baspdn

ones with a metal shell, on condition of plasmonicliduid-phase matrix with linear optical propertiesging
resonance, an increase of effective nonlinearitythaf under the influence of nanosecond impulses of imd@red

nanocomposite’s medium and a decrease in energet‘?@d visible light ranges, display low-thresholdsglehan 0.5
threshold of nonlinear response can occur. nJ/sm) nonlinear optical response. This response is
Low nonlinear optical threshold in the ranges ofime represented in either limitation of passed energ) greater
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medium transparency. The character of this resportbese
media was tightly bound with a refraction index aand
energy gap width of nanoparticles material. Theiltesof
the work [7-10] show that the same effects in so@dia
can be witnessed in case of use of continuous tadétion
as well. In both cases modulation of optical propsrof
liquid heterogeneous medium can be caused by
combination of the next processes: light-inducesbaition
change, light scattering by nanoparticles, theranal photo-
induced modulation of refraction index.

The light intensity threshold value must dependhbot ¢,nctions of their charge carriers.
and

upon properties of nanoparticles material
heterogeneous medium matrix material. It gives os a
ability to change their nonlinear optical propestiby
selection of appropriate materials as well as cotmagon,
size and shape of the nanoparticles. The existahsach
nonlinear optical properties of nanocomposites cagtis
that electronic structure of nanoparticles is coebly
different from that of a bulk sample. At least thes
differences are caused, firstly, by formation oéeam of
allowed energy of charge carriers inside the fatbidband
(these areas’ structure is connected with a greasity of
surface defects of the crystal structure and a t@oghape
of the nanoparticles). Secondly, by the effect afes
guantization which causes a change of an excit@nggn
spectrum and generation of a discrete energy spedtr a
conduction band of free charge carriers, caused $yace
limitation of their wave functions localization. iFdily,
electric dipole moments of transitions within sugphasi-
zero dimensional objects can be higher than suanents
of volume samples [9,10,15-22]. As it was shownireur
the experimental studies [8,9], a substantial fagthich
determines nonlinear optical properties of HLPN ais
character of dependence of liquid matrix refractiodex
on the temperature of the matrix medium.

Unfortunately, because of shortage of experiment
studies together with even less amount of theadesizidies
on nonlinear optical properties of solid and liqdiélectric
nanocomposites based upon different dielectric panticles,
it is impossible to develop a well-set outlines ptfysical
processes occur within the aforementioned nanocsiteso
under an influence of an external illumination.
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2. Peculiarities of Electronic Structure
of Dielectric Nanoparticles

It is discovered nowadays that differences between
optical properties of dielectric nanoparticles ahdt of
bulk samples are to a substantial degree bounded to
differences between energy spectra of nanopasticlerge
carriers and bulk samples. Mainly, such peculisitof
electronic structure of nanoparticles are causedhiyr
small size and smaller areas of localization of evav
It leads tonmanced
quantum-sized effects not only within electronibsystem
of a nanoparticle but within other oscillating syftems,
e.g. phononic ones. Secondly, the peculiaritiescaresed
by nanoparticles’ shape which directly affects #rergy
spectrum of charge carriers and other oscillating
subsystems of the nanoparticle [1-3]. The thirdsoeais
the existence and a character of nanoparticle'saceir
defects, inner structure and impurity centers, thic
influence upon energy spectrum as well as dynamncs
relaxation mechanisms of states of charge carrerd
other elementary excitations.

The effect of size quantization leads to a radical
transformation of quasi-continuous energy spectnd a
wave functions of charge -carriers and elementary
excitations of a nanoparticle when its size is dased.
Describing the states, one must take into accousttape
and a limited size of a surface which has to satisf
boundary conditions imposed upon wave functions of
charge carriers and other elementary excitationsis T
procedure was carried out carefully enough for st
symmetrical surfaces, e.g. for spherical or paegipedic
ones. It was discovered that discrete levels enangyy
energy gap width, regardless of a shape, is inkerse

roportional to av power of linear dimension of the

anoparticle when & v < 2 [13]. Experimental verification
of this dependence has shown that there is ontgral tto
such dependence which is more pronounced
nanoparticles with size less than 2-3 nm. One efritain
reasons of this dependence’s disturbance is ataeviaf a
nanoparticle’s shape when compared to the symraétric
one. A modeling of processes of influence of naniiga’s

for

Thus this paper, being based upon the results of oWpane ypon an electronic structure of charge careed

works [1-3, 7-10], deals with experimental and tietical
studies of physical characteristics of nanopasicle
responsible for specific optical properties of datic
nanocomposites. During theoretical description
explanation of experimental data obtained, we ctamsid
nanoparticle as a multi-particle quantum systerohafrges

which combines elements of quantum structures of %urfaces 1
polyatomic molecule and a bulk crystal. Consideringith variations of the surfacés(?)
low concentration of

nanocomposites with quite a
nanoparticles (fractions of a percent), we didaket into
account interparticle interaction.

GE[s(r)]
BE) |

Els(M)] = Exfsy(M]+ |

\

soe 1
d'S(f)d<‘+£

other elementary excitations is a very uncommomeiss
However, by using the next approach, we can ingatdi
an influence of nanoparticle’'s shape upon quantize-s

andtates of its charge carriers [2]. Let us consaerenergy

spectrum as a functionals(r)] determined along the space
of functions which describe a shape of a nanopaRic

. Presenting this functional as variational series
. we obtain

5°Els(r)]

— I (&) B(E,)dEAE, )+ ...
BEOHE (¢,)08(¢,)d<,d<,)
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. 3 L 3N(E A E
where V — the nanoparticle’s vqun@g(a — variational N(E)= N(E), -, +£ 5552))%55(5) &+ .. and we can observe that
derivative an%s(ﬁ):s(i)—so(i) — variation of the for a small disturbance of the surfad&(f) the change of
nanoparticle’s surface. Taking into account only tiho the  quantum  states density is  determined
iati ivati N(S -
terms_of the varl_at|0nal derivative asON(E) = | (E) 5s€)E . For quantum-size states we
SE[s(7)] _ df ¢ ')]6?_2 ) 5s€)
55(2) ~ds(7) (T =& we have obtain the next expression

m*?v AE8s(r]

_ m®2y SE[s(1)]|
AN(E)= \/Eleh3\/ E[ s (r} ’ (3)

as(F) Q) Jaren' [E[s (1] 8€)

ds(F)
_ _ . _ where AE[3S(F)] = Es(F)] - Hs,(F)].
It is convenient to choose (1) surface of a simple Let us consider several examples of the approach
and the most symmetrical form in orde.r to obtaiwedl- presented. In a general case we represent an axial-
known energy spectrum of charge carriers. Let 888 symmetrical surface of a nanoparticle with the rezdation

that an undisturbed surface is a sphegg(¥)= R} and R?(0) = R2[1+ p’ cod (B ). Let p?=0,2, Y= 2, k=3.
proceed into a spherical coordinate system (SAB)iE ;g nanoparticle has the shape shown in Fig. 1.
ca_se the d|§tance between the cer_1tre of the spi_rrdea Relationships between energy spectrum and the tyleufsi
point upon its surfac®(8,) will satisfy the condition quantum-size states of this nanoparticle and thepeaticle

R;(8.¢)= R;. Within our spherical coordinate system aof a spherical shape with radili, are equal to
variation of the surface is determined by the next

expression E[ R an? 2 )2 ‘ N[R] (1. E[R*(8)]
5(ROG) = ROQ- 5 RY=05 ROg= R § er] | az+1)'{z(4+1)] N[R?] :[f 2E[R§]J
whereR?(8,¢)- the square distance between the centre of

the sphere and a point upon disturbed surtBed ¢). It is The plots displaying such these relationships aosva
known that energy of a free charge carrier inside t in Fig.(1).

infinitely deep spherical hole with radils, is determined

2 32

3s€ )=

effr)] = efs, (1] + L)

When Y=3, k=2 the abovementioned relationships

CE[R]od 2 ]
have the next form: E[jo_l 0,2[6(“1) 1} )

n,l
2R2m
Bessel function,m — the mass of a charge carrier. N[R?]

by the expressiok,,(R,)= , wheredl | - roots of the

0

Introducing the designatioh,(R,)= E, from Eq. (1) we N[R] :[1_0{6(221)_1” . The corresponding plots are
obtain -

shown in Fig. (2).

£ ()= E‘;.[l— mé‘*"’)] @) :

The angle® in Eq. (2) should be considered as an angle
between a vector of the particle’s angular momerdunch a
chosen spatial direction. There is a preferentjztial
direction which corresponds to OZ axis. When the
particle’s plane of motion makes an an@lewith OZ axis

2

then coszezl(lm—ﬂ), where/ andm - orbital and magnetic 2

guantum numbers correspondingly. Quantum statesitgten i) R'O9)=poos’(30)  ka3yez
. 41p® dP

is equal to,N(E) =Jg(2—:;;)saz whereJ; - amount of states (R 09 oy . B0 a0

that are not associated with spatial movement & th ::

particle, P— impulse of the particle. In case of electrons or o] B3 0 an
electron holes p=/2mE , 0se

) NE 3 S G1) 6D

J,=2 _ o 4mp” dP_ v 2nt V - nanoparticle’s o N

9 N(E) 2(2m)2 B o WWE p -
volume, m - effective mass of electron or electron hole. o2

Density of states is a functional defined in thexcsp of om

functions which describe a geometrical shape of a oo

nanoparticle. Thus we can consideN(E) as b
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Fig. 1. (a) — 3D-model of a nanoparticle; (b) — Relatioipstbetween
energy spectra and (c) - quantum-size states

C

Fig. 2. (a) — 3D-model of a nanoparticle; (b) — Relatiorstietween
energy spectra and (c) quantum-size states .

The examples demonstrate that nanoparticle’s shape
deviation from the spherical one lessens the degfee
magnetic quantum number degeneracy of charge r=rrie
energy. In addition, this deviation leads to a fation of
allowed energy minizones which lie above (Fig. 2 weell
as below (Fig. 1) non-split levels of a spherical
nanoparticle. It causes a corresponding changearitgm-
states density which can be greater (Fig.1) oele@sg.2)
than a base level.

Previously we considered single-particle stateshafrge
carriers, but formation of optical properties otldctric
and semiconductor nanostructures depends mostiy upo
double-particle states also known as exciton stafes
contribution of exciton states into optical propestis
substantial if their Bohr radius is comparable to
nanoparticle’s size (or less than the size — thekwe
confinement regime). In contrast to the singleipkrt
states, the accurate description of exciton states
impossible even for spherical nanoparticles. Use of
approximate approaches which utilize a model of a
nanoparticle represented as a deep potential hbla o
spherical shape, and modeling the influence of nbary
upon charge carriers by a quantum hole potentialvad
us to make some overall conclusions on energy spaatf
exciton within a nanoparticle [3,4].

First of all, every size of a nanoparticle is ass@c
with a finite amount of levels with negative excito
binding energy; this amount is decreasing whenxaitan
is lessening. There is a critical nanoparticleze such that
these levels disappear. Secondly, the orbital guardtate
degeneracy of a relative motion, peculiar to Coddom
motion in infinite medium is removed.

We can investigate an influence of nanoparticlespe
and size upon exciton energy spectrum more cayelfyll
using an exactly solvable model of a nanoparticle
represented as a system of two charge carriergctreh
and electron hole, which exist inside an infinitelgep
potential hole limited by paraboloid of revolutiand sizes
of real nanoparticles [9,10]. We estimate excitorergy
spectrum taking into account only Coulomb inteiacti
between electron and electron hole as well as guasize
effect in the effective mass approach. This assiomgs
reasonable due to comparatively small sizes of
nanoparticles. Exciton’s wave functio®W(n.,§.9) in a
parabolic coordinate system with the centre incéagtre of
gravity of electron-hole pair satisfies the nexti@ipn [11]

4o ow), o ow)] 102w 2 )_
S ol Ce e RO
Eq. (4) utilizes relative units where the Plank stant
and a charge are equal to 1, masses of eledifpn

mm,
m, +m,
accordance with the effective in accordance witle th
effective mass approach; as a length unit Bohusadf the
exciton. . Parabolic coordinates are

electron holem,, and excitonu= are chosen in
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connected with Cartesian ones as it followsthe range from O t#), The dependence demonstrates an

x=\/&ncosp , y=./énsing , 2:1(5_,7)_ influence of a surface shape of a potential holenup
2 exciton’s energy spectrum. Generally, the excit@mergy
Paraboloid of revolution around the OZ axis in pal&  spectrum remains constant. It consists of two artwes
coordinates system is represented with the equat®n,  first one is virtually continuous and it lies netd the
(smaller values of), correspond to a narrower paraboloid);pbottom of the conduction band, the second oneserelie
and it lies in the deep of the forbidden band.

a surfaceZ = Z, which is a base of nanoparticle is . .
In the effective mass approach the wave function

represented with the equatiérF 2z, +1. Coordinates of W(n,£,0) of a free motion of the nanoparticle within the
nanoparticle’s surface points satisfy the equatiem,  potential hole in parabolic system of coordinatatiséies
and ¢ =2z,+7. The corresponding boundary condition the Eq. (4) considered without the Coulomb’s teffthis
imposed upon the wave function on the surface ef thequation's solution, which is finite in the centoé the
potential hole has the next forﬁﬁ(iyo E=27,+n.0 ):O. coordinate system, is known I(and |skexpressed bygusi
A solution of this equation which is finite in tentre of Bessel funCtiOﬂS‘“(ﬂyfyq’)=CJ%[50)J%[55) exg ) . The
coordinate system and zero-equal on the infinity is ,
expressed by using degenerated hypergeometricidnsct spectrum of free particlesfis, = 2 aznym{lﬁlz} ,
FloJm +1,p). This solution has the next form Hero [ Mo (22,+n)
H. - relative mass of an electron or an hole.

Energy spectrum of free charge carriers like energy

1 (o +|mi)1(8+mi):

|
X

w(n,&.9)=C . .
(n2.0) n?|m! alp! spectrum of an exciton is dependenfd of
3 3 5 Thus, taking into account natural and thermal
X -a s _ n _i_i P /T "
A mg F plmty Jord a X n* ) broadening of levels, we can say that energy spectf

the exciton is formed as a virtually continuous davith a
width of 0.1 eV approx., adjacent from the bottamthe
=~ “2 ;13,6eV. There is a ground quantum conduction band, and broadened discrete levelshc
2he;nT  Mg,n within the forbidden band at the range about 0.2®vh
state withB8=1,a =0 and n(| m| + ]) =N, which satisfies the bottom of conduction band. Energy spectrumhafrge
garriers in the conduction band can have disceateld as
well.
> The above results may be summed up as follows:ane ¢
aolmiar f(m+Dn, o every value of quantum build up a model of a diagram of energy levels iofe-

2 4 et and double-particles charge carriers states inechét
number M is associated with two levels. The value of nanoparticles (Fig. 3) by usingyl O, nanoparticles as an

m = 0 corresponds to an exciton which has a motion plan%xample. This particle is of a complex shape asdiites
parallel to OZ. The effective masses of electrom an 4. equal to 40-50 nm approx. (Fig. 4).

electron hole in, e.g. Al203 are equalddm, and6.2m,.
Given these masses within the nanoparticle of 40 nm
height and 40 nm width of a bottom the valuengfis
equal to 13 a.u. and the binding energies of thetaxs
ground state are equal to 0.07eV and -0.04eV
correspondingly. Assuming the kinetic energy ofitexts
motion to be negligibly small, we come to the cosn
that energy levels of the exciton lie inside thebfdden
band at a ranges of 0.07eV and 0.04eV from theobotf
conduction band.

The second duplet of levels correspondingrie=1 lies
at range 0.05 eV and 0.21 eV from the conductiomdlbia
the direction of forbidden band. These values for pa
m=2,3,4 are equal to 0.03 eV and 0.58 eV, 0.04 eV and 7w
1.36 eV, 0.02 and 4.06 eV correspondingly. One can sm

The N number defines exciton’s binding energy levels
pe’

E =-

n

the boundary condition upon the side surface of th
paraboloid of revolution. In this case

observe the effect of geometrical amplificatioretdctron- o w0
hole interaction in the spectrum of the abovemeetib 200
lines. The boundary condition upon the surf§ce2z, +n 0

is assosiateld with excited state with :

2
aolml+1, [(mi+2) | 2,40
2 4 [m+1

dependence of energy levels on coordirfateich varies in Fig. 3. Images of Al203 nanoparticles obtained by usin§8A

A1 ogs s
& A 140 b
148 147 146 145 144 wkm

. One can witness in this state a 10 nm
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conduction band
size-quantization
15ev| Seemmmmmmmmmmmmm—m—7272—— levels
= | exsitonlevels
lev
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2ev
D D e T subzome o allowed
o b

Fig. 4. The diagram of energy levels of single- and doglalgicles states
of charge carriers in dielectric nanoparticles.

Unlike volume samples, the nanoparticles chargeerar
can have an energy spectrum with broadened quasizen
levels, broad band of exciton states and a subzdne
allowed energies, lying within forbidden band, @by
surface and internal defects of nanoparticle’s nedte
impurity centers etc., It should be noted that tetedc
structure of nanoparticle within a matrix depermls fgreat

extent on relationship of dielectric permltt|V|t|ees'L of
2

materials of matrix and nanoparticles [15].Wh§1n>1
2

polarization interaction leads to positive chargksles)
attraction to the inner surface of a nanopartiahel &0
exciton destruction. Internal surface states atebéished
and their contribution to the subzone of alloweargies

. . €
causes its drift towards valence band. Whggn<1
2

polarization interaction leads to a repulsion ddrgjes from
the nanoparticle’s surface towards the inside scettciton
states are formed [15]. However, if nanopartickzes are
€ +E
small, we havea<a =6 81_

2|3, wherea, - Bohr

1 s2

radius of charge carrier in the nanoparticle. Qiliez the

energy spectrum will be defined by quantum-sizéesta

[15].

o, (wa)= o’ >

‘Dij (a) ‘f‘Dik (a
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2.1. Absorption and Scattering Cross-Sections of
Dielectric Nanoparticles and Transmission Spectrum
of HLPN

One of the most important and informative optical
characteristics of electronic structure and physica
mechanisms responsible for optical properties oPNLin
near infrared and ultraviolet light are cross-sedi of
absorptiong, (w,a) and scatteringo_(w,a) of light by
nanoparticles as well as light transmission spettif
HLPN “T(wa,N) - Cross—sectionsys(oa,a) and g, (w,a)
and their dependence upon nanoparticle’s shapdigimd

frequency can be defined in terms of polarizability of
nanoparticle’s volume unit Ale,a) Wwith the next

expressions .
oa(uxa)z%”VImA(w,a), do,(w,a) :(;)—: V[A(w,a) sife @, (5)

where 6 - angle between a direction of a scattering
vector and electric field vector, ¢ — the speedigtit in
vacuum. Within the framework of dipole approach a
polarizabilty of nanoparticle’s volume unit is defd by
D, (a) elements of the matrix of electric dipole moment of

transition betweeti) and|j) states —

Noa)- 2| [P 6-0) o o

_Vh i ((-02'&)]2)2+(,02rf i y (Q)Z'Q)JZ)Z"'Q)ZFIZOXDJ y

(6)

where summation is carried out over all dipole motse
excited by a laser radiatiol); - transition frequencyy - a
]

width of excited level,/z - Plank’s constant. It follows
from the Eq. (5) and (6) that expressions for gitsam
cross-section and scattering cross-section of ratiole
should be written as

o wa) =S, D@ an

2
Ch i (ooz-wjz) + 0T

w* (7)

)’ w0 (ooJ2 -ooz)(ooﬁ -w2)+ rro’ |

432
c'h ij ik

— in2 .
Wherep“tﬁ'n 6dQ Dependence of the cross-sections o

nanoparticle’s size can be found knowing a relatiomormalization

between values obP; (@), W, , I} and nanoparticle’s size.
The value of matrix element of a dipole moment state
i) to a state]j) transition is D;(a)=A(g £,) € ||,
where T - radius-vector of a chargef - vector of
polarization direction of the electromagnetic wawvkich

induced the abovementioned transition.

l(ooﬁ - )2 + u)zrkz][(wf - )2 + oozrf]

n

, (®)

surrounding this nanoparticle. The theorem on armmea
value of definite integral as well as from wave dtion
imply that

D,(a)= A (e,.8,) ew]) (1) Wy (1) [ vdr= d;2, where T, - radius-
\

vector of a point inside the nanopatrticle, valued@is

directly related to a shape of nanoparticle. Theedr
dependence ob; (a) upon a shape of nanoparticle is valid

The factofor any a smaller tha@,. Reaching this limit we must

Aley.€,) is responsible for nanoparticle’s shape as well agake into account polarization interaction betwetarge

for dielectric permittivities of nanoparticle andedium

carriers and charge induced at the nanoparticleiumed
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interface. On condition that nanoparticle’s sizeemdsa,,  inside the potential hole, defined from the comsfisi upon
the D; (a) is defined by a size of localization area of dépol the boundaries of the hol€l, and m,, - effective masses
transitions states. In case of a transition to @@ avith of an electron and a hole correspondingly,- factor
continuous spectrum a matrix transition element Wd  defined by a shape of a nanoparticle.

proportional to an area of charge carrier’'s delaasibn - The expressions obtained allow us to determine
A approx., i.e. as in case of bound states. Thusidering ga(w, a) and o's(w, a) for the next charge carriers
dipole moments of transition towards quantum-sizgées

) N ) transitions: towards quantum size states
Di'j‘(a), exciton statesD; (a) and continuous spectrum

c‘2
statesD{ (a), we can Write:Di?(a): dla Df*(a)=dPa and 09(w,a) = an 3 dj c; FZJ. e
cfa) _ : - . Ch i , ¢ sy (@)
Dj (a)—d]fa. Frequencies of transitions to quantum size (-1 )| +wr;
a
g o

states w; = where (pJ2 - roots of

h 2melha2X a2’

Schrodinger equation for free electrons (electrates)

0( ) 4P004Z Z duqqu[ (?2 aw)('g -éoz)+ a-irkwﬂas
cn?

9)
¥ [(c -a'w?)’ + deoT ][(qz-am% ziof'jz}
towards exciton states the cross-sections doesn’t exca@d”’ , so the main factor
which defines T(»,aN) is a light absorption by
*(c0,0) 8n 3 dﬁxzazwj I > 10y nanoparticles ’
0¥ (w,a)=— w , : , .

@ ch i, (wz _wz)z + T2 (10) Fig. 5 shows the light transmission spectrum ofQAl

. . nanoparticles ensemble obtained by using Hitach)102
spectrophotometer. Energy gap width of a volumepéam

0% (c0,8) = 4Pw“zz didiwa [ (o -0°)(@’-0) T, ] of aluminium oxide is within range from 6 eV to &89, its
) n* R [(mk ) + @ }[(m w) +oT } refraction index is equal to 1.7 approx. Througé tise of

this sample and a transparent liquid dielectric rixaa
For transitions towards continuous spectrum Wit hetérogenous liquid-phase nanocomposite (HLPN) was

prepared. A liquid matrix was based upon the vacwilm

d:%aw AP0 2 VM-4 (a colorless transparent and viscous liquidthwi
o, (wa)= ChZ r 02(‘*“‘#@2 Z{Hra} . (11)  refraction index equal to 1.4 approx.). The vacwihhas
v o linear optical properties in infrared and visibight. The

The expression for transmission spectrum T of & flananoparticles interacted very weakly, it was pdesinie to
layer with a thickness oh (h>>\ ) of a hanocomposite a very low mass concentration of the nanoparticiethe

during a normal light incidence is HLPN (0.03%approx_.). o
The nanocomposite prepared was placed inside a

(1_R2)2 exp(—cxh) parallelepiped cuvette made of a 160 um opticabgjla
T(w,a N)= ~ (12) cuvette width was 20 mm along the light propagation
1-R exp(—20(h) direction. The reference sample was made of a &imil

cuvette with a pure vacuum oil. According to a coonm
rocedure we obtained the light transmission spettof
1,03 nanoparticles ensemble— it was carried out by

where R — coefficient of light reflection from thayer’s
edge which is, as a rule, much smaller than 1 o

experimental condltlons._ Extinction cogfﬂmerﬂ IS ivision of the nanocomposite transmission spectiym
expressed by abovementioned cross-sections of @sor .5 nsmission spectrum of the reference sample.

and scattering, a numbé\l of nanopartlcles per volume \wavelength resolution walA — 0.5 nm. It follows from

unit - a=N[o,(wa)+0,(w,8]|+a,(w) ad ihe results obtained, that there are two shallogoaition

coefficient of laser light attenuation by matrlx dnem  bands within spectral ranges 220-225 nm and 265307

a,(w) - The ratio of cross-sections of absorption toas well as relatively deep absorption band wittpecsral
" range 308-400 nm. The corresponding minimum vabfes

scattering, on condition that the width of theth excited . " .
transmission coefficient ~ T(A=237nm= 042t

level is onIy slightly dependent of j. , |§ T(r = 287nm) = 0.4t and () = 337nm) = 0.47¢
o (wa) _ s, . For nanoparticles with
X, (a)f ~wd
o, (wa) 2néhr '

size within range from 10 to 100 nm in the frequerange
from 10" to 10" Hz and whenl =1(°Hz, the ratio of
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Fig. 5. The light transmission spectrum of®d nanoparticles ensemble.
Wavelength resolutiop, = o.5 nm, Mass concentration of nanoparticles

in the HLPN is 0.03% approx. a) Infrared light tmission spectrum:
experimental (solid line) and theoretical (dashédke) curves. Curves
from 1 to 4 correspond to different nanoparticlemcentration — from a
maximum concentration (curve 1) to a minimum onevie 2).

TheT()\) plot in the vicinity of transmission spectrum

minimum (308-400 nm) is of an asymmetrical shapng-
wavelength (in comparison with central wavelengkl
337 nm) portion of absorption band curve is moopislg
than that of a short wavelength, it counts in fagoaf
exciton states existence in the nanoparticles ustiety.

between quantum-size states with minimal energy. @).

By using the expressions (8;81) the model of 5 the
Al203 nanoparticles ensemble transmission spectrum
which relates the transmission spectrum to thetligh
frequency and a size of nanoparticles was developed
Depending upon the light frequency the expression f
transmission spectrum has the next form
T(wa)= ex;{ -NH Aor?+

A'dw*+ Aa)], whenw>w;, (13)

T(wa)= exp[ -NH{ A &’ + A do®+ Aga))}, whenW<w;. (14)
In the vicinity of resonance frequenﬁy (A =337nm),
introducing the quntitya¢y = - 0, We obtaln

JJura

R 4Aw2+rjz+‘§mj )J} (15)

T(wa)= exp{[ Nri [4Aoo For

where summation is carried out over the all sﬁi}eto

state‘ j > transitions.

It was supposed that the main mechanisms respensibl
for the transmission spectrum witnessed were ttargeh
carriers transitions from defect energy zone, iaedl
within forbidden band, to the exciton statds>(337nm),
with their subsequent light-induced destruction ahd
transition to quantum-size states. In case of vemgth
A<337nm the main mechanisms are the charge carriers
transition from additional allowed energy bands do
conduction band including quantum-size states. The
intersections of curves correspond to an experiatignt
obtained values of light transmission spectrum Wwhiere
used to derive the set of equations in unknownad\a

As it follows from the Fig. 5 there is a good
correspondence between experimental curve and the
theoretical one which counts in favor of proposed
mechanisms of generation of the light transmission
spectrum reasoned by the electronic structure eiediric
nanoparticles. It should be noticed that the same
transmission spectra can be observed in case g usany
other semiconductor and dielectric nanoparticl@§.[1

Photon energy which corresponds to the minimum

transmission wavelengtd =337 nm is equal to 3.7 eV. It 3. Basicsof Th f Optical
is considerably less thakr, energy gap width of a bulk = Ao oot Mgl

crystal, but is approximately equal to the valueEgf 3.6
eV for Al203 nanoparticles stated in the appropriabrk
[12]. Difference between these values and the \%&hﬁég

of a bulk crystal are attributable to a considezatthange

of electronic structure of AD; crystals caused by small

size of nanoparticles and a substantial number eafr-n
surface defects of nanoparticle’s crystal structiue to the
complex structure of nanoparticles. In this cagevidlue of

Nonlinearity of Dielectric
Nanocomposites

Over the last years, experimental studies of nealin
optical properties of nanocomposites [1-8] with Bma
concentrations of wide band semiconductor and cliete
nanoparticles embedded into dielectric matrix have
revealed, that these media, influenced by either of
nanosecond pulses and continuous illumination ddrne

E —3 7ev and it will Correspond with the energy of a|nfrared and visible I|ght demonstrate a low tad
transition from defect zone centre to conductiomcba (PUISe regimep, < 0.5nJ cnf) response. This response

Photon energies associated with the other mininuzletp
4.1eV and 5.2 eV correspond to transitions to quargize
states and energy of 0.875 eV corresponds to aitiam

disappears when the light intensity becomes high, tae
dependence of intensity of the output light (pagbedugh
the nanocomposite) on the input light (incident mpgbe
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nanocomposite) intensit?, ( P,) becomes a linear one. ~ Where 6,6, - angles betweenyector E and
Secondly, despite the broad energy gap of volumepks  {a,,a,,a,} axis correspondingly. In the lab coordinate

of nanopatrticles, e.g. /D; has this gap equal to 7.2 eV, P=a_ E . . : :
the nonlinear response can be witnessed in negréef System z "z ~. Comparing this expression with the
and visible light ranges. Thirdly, this responsésexwhen  EQ.(16) we obtain

the light transmission spectrum of nanoparticles iad o, =(0(,,€08 6,+0 ,,c0o$0 ,+ 0 ,, cOP ,
light absorption bands which are absent in voluaraes, larizabil _{ } h ' di )
and there exists such frequeniy, of the light that is, Po af'za -|ty tensox =1x,j of suc. medium fo a f|.rst.
being different from the central frequency of alpsion approxmatlop can be. a.ssaumedad|agonall and polarl|zat|on
band, responsible for change of a sign of nonlieeiton ~ Vector of voiume unit isD=X,,E . In this expression
to the nanocomposite’s refraction index when thisx,, =N<a,,> where brackets mean averaging over
frequency is overcome. o _ _ angles of directions of nanoparticle’s polarization vector.
The theory of optical nonlinearity of effective rftion  njaking little manipulations and taking into account the

index of Q|glect(|c nanocomposites in the fleldaof/v_eak. expressiorl=cog 6, + co86,+ cd, one can obtain the
laser radiation is based upon the next assumptithes:

main reasons of low threshold nonlinearity of refian  next expression for X, =N(a,+AaQ,+Aa Q,) where
index are: 1) a dipole electrical moment of a namtgle,
induced by an external optical radiation and causethe
difference of charge carrier states populationscivhis ~ parameters of orientation order of nanoparticlesthia
distinct from the thermal one; 2) the direction of O, +0,,+0 4 Ad. = _
N . N ——et—= A0, =0d a ..,
polarization vector of nanoparticles along the ppétion 1 no7ss
vector of the external optical field. The most sieygrom
the point of view of describing media with nonlinea
optical properties, is a «gas» of nanoparticlequid and
solid nanocomposites have a more complex strudiute
they can be prepared easier. Theoretical desangptif
refraction indices of these media have very much in
common. Because of this, we consider a nanocongposithe angle distribution function and hence ordeapeters

which consists of dielectric nanoparticles embediigd  Q, andQ, to be dependent upon the field intensity, and,

transparent liquid matrix made of isotropic dietict - .
material. The nanocomposite obtained is charaerizy through the mediation cof;; component, upon the light

linear optical properties and a small coefficiefviscosity ~ frequency. The values of these parameters lie witange
of nanoparticle. Let the amount N of particles peit  fom -1/3 to 2/3 independently of light frequenaydaits

volume be small enough to neglect the interactietwben intensity. In case of uniform angular distributidghese

nanoparticles. Lett :{0( }-effective olarization tensor of values are equal to zero. If a one of diparameters is
P T i P _ equal to 2/3 it indicates that vect@rof nanoparticle’s
nanoparticle in such matrix, so the componentslexdtec

. . . . 2 .
dipole moment of the nanoparticle, which is indubgda dipole moment is directed along the one ais;) and is

monochromatic and linearly polarized electromagneti girected perpendicularly the other on@s-2). In the
field with frequency W) and vector of electric field ¢ h light t 3 ; f
intensity, are defined directly by the externaldieather requency range where g ransmission spectra 0
than by the local one. Let introdUce two coordirgtetems anoparticles have broad absorption bands or skts o
with the common centre. The first one is a coorgina 'elatively narrow bands, the components of termor
system of principal axes of polarization tensor af should reach maximum values associated with charge
arbitrary nanoparticlo,,a,,0} with (f,,7,7;) basis ~ carriers dipole statf) to statelg) transitions. It is known
vectors, and the second one is a laboratory Cartesithat diagonal elements of tha;; tensor within the

coordinate  system witlﬁﬁx,ﬁy,n) basis vectors. The abovementioned frequency range can be represersted a

1 1
Q=< Coszel—é > and Q,=<Cos6, 3 > actually are

external field, andx, =

A0, =0,,— 0.
Nanoparticle’s reorientation in the external field
connected with an alteration of its energy

U= —%Re(*pDﬁE]) of interaction with this field. It causes

{0(1,0(2,0(3} coordinate system defines polarization vector[23]'
~ 3 - 2
of the nanoparticle a®=2, o;(RE)R . If E vector is <n|ef| g>
" 2 O E I 3) L« MPET)
aligned with Z axis so the projection of the polarization ng g MO~ Wg+il )

vector upon this axis is equal to . i i
P q where summation is carried out over all allowediagbht

3 3 transitions of nanoparticle’s charge carriers vitnsition
P,=> a,E(M7 f=) a; Ecos > (16) P . J L
; j frequencyl), . half-width of the transition lind", and

component of dipole electric moment equal
to ping =< n|er| g> . Population differencép,  between
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states| n) and|g) induced by a light is a function of the

incident light intensity . To a double-particlesssm
approximation [21] this function is

|/|S
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whereApgg — equilibrium thermal population difference,

|s— saturation intensity associated witlp, amount of
2

charge carriers transitioned from slla‘lé to state| g> .

bp,(1)=(1- [ ViYe X
Pro(1) = Zn: Zg:(w—wng)2+rngz(1+ /1) o )P, (18) Complex nonlinear refraction inden(w, I) of a
nanocomposite in the field of linearly polarizedhii, in
view of Eq. (17) and (18), can be expressed as
2 W, w- . r,
n(Q)J): no+%): rb.q.ZZApng(wJ) W +i 92 - Ang(Ql'QZ)a (19)
9

0 n

2

where
_ 21N 1,
P png

Ang (erQz) _W[3

monotonic rising function of | . Isotropic nanoparticles
have a polarization vector always directed aloreguthctor

"+ Qyp. “Fafed -l ) is a

3|
png

E and aA,,(Q,,Q,) of a maximum value, which is equal

(w_('%)z + rig I(w_wng) My

(/1T

21N
'[0 Ang (Ql’ QZ) = T
0

to zero, due to a lack of own dipole moments of
nanoparticIeSAng(Ql,Qz)=0 and the refraction index

n(w, )=n, . The real part of the refraction index
responsible for light refraction is

IOHJ. When the light intensity is equal

n@h)=r+3 > { - ¢

Electronic structure of dielectric nanoparticles is
characterized by broad light absorption bands, rabse

within volume samples, a wide energy gap, a subzdne
allowed energy (exciton, doped, etc.) of electravithin
forbidden band and adjacent to the bottom of cotioinic

(=) + 2+ 1)

1A ngQ Q :)(w_anA 0 }

! (w-w)?+rz "

)

(20)

transition from statefen> to a quantum-size zonél(;ol -
the width of allowed energies subzone within fodsd
band, Aooz - the width of subzone of quantum size levels

band and broadened quantum-size levels (minizonesyhich corresponds ‘g> states. For the sake of simplicity

Allowance of the electronic structure of nanopdesccan
be made by substituting in the Eq. (5) the integnat

within limits from (w—Aw,) to (w+Aw,) with state

of the expressions to obtain, let us assume th&e sta
densities and to be independent of frequesmxyrng =r,.

Going from summation to integration over frequendie

densitiesg, and J, correspondingly for the summation Eq. (20) we obtain

over |g> states. Herel), is the frequency of interzone

(00-(0q, ~D3)) + rzn(1+|l>

2 2 I
((L)_(A)n) +r n(1+r) (2 1)

Nz +2 Y AQQN| ghn

In case of nanoparticles a value bf can be much

higher thanrng as in case of molecules. This is supported

by the fact of considerable broadening of absonptiands
in nanoparticles in comparison with that of volusaanples.
Eq. (21) shows that nonlinear part of refractionlex
n,(l), being the function of external illumination intaty,

is described by product oA (Q,,Q,) and logarithms

within square brackets. The behavior of these pilidtis
with increase of light intensity is the oppositeeoas it
shown in Fig. 6.

(w—u%)2+r2n(1+|i>

S+g|n S I

(W= (o, +A0,))° +r2n(l+r)

S

Fig. 6. The behavior of: a) curve 1 — valueAqulsz) per unit, curve 2

value oprng (|) per unit; b) nonlinear part of the refraction inde

In case of solid nanocomposites the valué\qQ,,Q,)
is close to zero when external illumination inténss less
than nonlinearity threshold, and th& (Q.Q,) is a

constant when the intensity exceeds the threshallabv In
particular, isotropic nanopatrticles, e.g. of a sa shape,
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have A, (Q,,Q,) of a maximum value. When the light

intensity increases, the value @,(Q..Q,) rises up
rapidly (Fig. la) reaching its maximum (correspoigdi
with a full orientation of nanoparticles along tield) and
the values of logarithms in the nonlinear part bét

refraction indexn’(w,l) go down to zero (Fig. 6a). From
the physical point of view it corresponds with plzhion
differencApnge equal to zero.

inearity of Dielectric Nanocomposite

determine for and

that n®=0.13110° M=4
n® = 0.6510*for M =2. The nanoparticles concentration
is N=10" cm?® and their size varies from 40 to 50 nm.
The matrix refraction indeqq0 = 1.4, the refraction index
of A0, nanoparticles is 1.7 approx. Photon energy

corresponding to the maximum light absorption by
nanoparticles is 3.7 eV (Fig. 5), and the energgntum of
laser radiation is equal to 1.96 eV. In this caseipole

The competition between these two opposedly didectetransition of electron to an exciton state is mostbable

processes leads to a rather rapid increase ofneamlipart
of refraction index of a nanocomposite, when themmal
illumination intensity grows up, reaching up its>imum
with a subsequent fall down to zero (Fig. 6b). Dgri
experiments it was discovered that a similar depeod of
refraction index emerged as a selfrefraction of tdeer
beam, and a nonlinearity of dependence of the Uit

intensity on the input light intensitf.(P,) . The next
important result follows from the Eq. (21). If
(w—w,) >0than the nonlinear part of refraction index is
positive, if (w=w,)< 0 so such light frequencyu, will
exist, that will be responsible for the change igfsof
nonlinear part when this frequency is exceeded.

particular, if 9,=0, , so wp:wn—w and if

due to the quantum energy which is less than ergagyof
the nanoparticle. Due to its small volume tiem?), the
nanoparticle will host only a small quantity of kuc
transitions. Thus, we use the Eq.(20) to estimagevalue

of nn.

For small intensities of laser radiation and a $mal
amount of possible transitions we have

n (|)= Ang(Ql’QZ)((o_(ong)
n (w_wng)2+|—2ng
dipole electric moment, induced by transition, frch
nanoparticles is proportional to their siﬁ;]g‘;/\ea

Apy,, whereApgg =1. The

Inwhere form-factor/A =1. The nanoparticles used in the

experimental studies [3] were of wide absorptiomdya
wavelengthA = 633nm lies within absorption band, so the

W>0, it has a negative value. This effect of a sign®Wng is equal to central frequency corresponding to

changing was observed during experiments described
works [3,4] when the frequencies corresponded t3.82
eV were used. According to Eqg. (21), the changesigh
must occur when the difference(Aw, — Aw,)
corresponds to 3-3.4 eV. According to works [7-2),1n
this casew,, is equal to 3.7 eV, and absorption band has
very smear longwavelength edge.

The other experimentally discovered fact followenfr
the EqQ.(21). Wherfw - w,) > (Aw,,Aw,) the refraction
index of the nanocomposite is linear. It means tbat
threshold nonlinear optical response is observehinvithe
frequency range inside the absorption band. Wereéer
to the only one work [24] which contains indirect
estimation of nonlinear addition to the refractiomdex

nﬁx based upon experimental results. Thus,

purpose of comparison of theoretical valuesof we use

the experimental results described in works [7,2#]ch
allow us to make an estimation ohﬁX . The

abovementioned experiments shown a photoinduced no
thermal selfrefraction of the laser beam passimguih a
cuvette with a liquid nanocomposite as well as fation
of interference rings of numbdvl which is sufficient for
the estimation of a nonlinear addition to a refacindex.
The experimental results of the work [7] demonstifabm
2 to 4 bright rings in dependence on the 633 nrhtlig

intensity. If the nanocomposite layer thickneés'ss equal
ny| ¢

to 20 mm so, by using the \; - it is easy to

for the™

A =335nm wavelength. Andw=w,;)* =7 . Using
the for A(Q.Q,)
n,= 0.32[11.0%for small light intensities @, and Q, are

close to zero) and,, = 0.96[110* with a full orientation of
%anoparticles along the field. The nanocompositeiileed

in work [24] was based upon the immersion of quantu
dotesCdSe/ Zn¢in toluene with sizes of 1.9 nm and 2.6
nm with a concentration 1014 cm-3 approx. Simitathe
previous case, laser radiation frequencies werelénthe
limits of the absorption bands and

(W-w,,) = (10?+10%) Hz. Theoretically estimated
values of nonlinear addition to the refraction ideere
n D[SD.05+ 1.3]101 , the values defined experimentally,
were described in the work
and weren;"0[ 8.75110°+ 3.511T]. Due to limitation of

the paper we have closely considered only nonlinear
refraction with no regard to light absorption andteing,
Which can be investigated by using the methods disdusse
above.

A good qualitative and quantitative correspondente o
theoretical model proposed with experimental datkeva
it possible to say that low threshold nonlinear optical
response of dielectric nanostructures and its behawith
the growth of the external illumination intensityea&aused,
mainly, by photoinduced dipole electric moment of
nanoparticles and by dependence charge carriers
population difference on light intensity as well deeir

expression we  obtain
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orientation along the polarization vector of theteemal
optical field.

We have to notice that we didn't take into accoant
mechanisms, additional to regarded ones, whichistsnsf
spatial redistribution of nanopatrticles in the di@f a laser
beam. This mechanisms can be effective in the anhistser
fields with their high irregularity along the bearofile and
a high mobility of nanopatrticles inside the matrix.

4. Nonlinear Optical Effectsin the
Laser Field: Experiment

4.1. Experimental Setup

For investigation of the influence of optical projes of
the liquid phase matrix upon nonlinear optical nties of

33

current shape were extracted from industrially preg by
the explosion method nanopowders by levigatingha t
acetone. Volume concentration of nanoparticles PN
was varied from 0.03% to 0.3%. Maximal averager#dte
dimension of nanoparticles was within range front@80
nm and the surface of &D;nanoparticles isn't flat but of a
complex multipeak pyramidal form (Fig. 3).

4.2. Single-Frequency Light-HLPN I nteraction

To estimate the influence of nanoparticles upon the
refraction index of HLPN experimentally, a liquidigse
matrix based upon the vacuum oil VM-4 was used. dihe

according to  technical conditions, was  of
dr/dT |= 0degreé. Fig.8 shows normalized dependencies
of paraxial part of light radiation passed

through HLPN(l,,/l 9 - upon input light intensityl .

heterogeneous liquid-phase nanocomposites (HLPH) thobtained experimentally for wavelengths

experimental setup shown in Fig. 7 was used [7].aAs
source of continuous illumination we used a 50 mé/N¢
laser (1) at the wavelength of 632 nm pumped bayaof

A= 633 nm (curve 1) and = 532 nm (curve 2).
Volume concentration of ADz;nanopatrticles in HLPN was
equal to 0.3%.

40 mW continuous semiconductor YAG:Nd lasers at the As it follows from the results obtained, the curgéswn

wavelength of a second harmoric= 532 nm. The laser
power was controlled by a mounted set of neutigthtli
filters (2). In order to control the radiation pawevel a
part of the laser beam was separated by a beattes|()
and was registered by a photodetector (9); a sigh#he

photodetector after passing through an ADC (3) Waghase

received by a PC (11). A 30 cm focal length lenswas

used for focusing the laser beam on the planediparal

cuvette (5) with the HLPN under study. The cuveised
was made of 160 um optical glass and was of a heofjt
20 mm along the light propagation direction. An adlyi

mounted diaphragm with the aperture of 1 mm diamete

separated a central area of the laser beam todistered

if Fig.8, starting from intensity values of 160 mwf?
approx., display nonlinear portions. In case of light

with A = 532 nm one can observe a limitation of the light
passed through HLPN, for the light with = 633 nm we
see a «bleaching» of the light transmission. Whéguéd-

matrix based upon immersion oil with
dn/ dT=-310 degrée Was used, a thermal mechanism of

change in the refraction index was triggered. Faisplays
normalized dependencies of output light intensities
(1oa/lo ) ON the input light intensity obtained
experimentally for both pure immersion oil (wavejém

A= 633 nm, curve 1) and HLPN)\(: 633 nm and\ =

by the photodetector (7). The registered signal wa®32 nm) with volume concentration of nanoparticesial

digitalized by ADC (7) and processed by the PC.(11)

1 b 3 4 5 ]
I
|

10 11

[
L |

Fig. 7. The scheme of experimental setup

As liquid phase matrices of HLPN the next transpare

to 0.3%.

1.
04T I/ (arb. units)
out /Io i

0 300 600 900 1200 Iin (mW/mm?2)

media were used: vacuum oil VM-4 (refraction indexFrig. 8. Dependencies of intensity of the light passed tjicthe VM-4 oil

n ~1,4) and immersion oil f ~1,5) with linear and
nonlinear optical properties in visible and neafrared
ranges of light correspondingly. Nanoparticles ime t
HLPN were of wide band dielectric £; (corundum) with

based HLPN on input light intensity (curve 1A- = 633 nm, curve 2 -
A =532 nm,J, = 1400 mW/mA).

As it follows from the Figure, in contrast to theepious

N~ 1.7. A corundum crystal has a hexagonal symmetrgase (Fig. 8), this nanocomposite demonstratedighe

and its energy gap width, according to differentirses,
varies from 6.26 to 8.8 eV [9,10]. The nanopartictd a

transmission nonlinearity when light intensitieg af 40
mW/ mnt approx. The other distinguishing feature of this
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nanocomposite is the behavior of curves 1-3 in Sig. electronic structure of nanoparticles embedded imbrix
similar to that of curves 1-3 in Fig.8 for the bothis required. It is a complex issue with a soluti@mely
wavelengths at the first phase bf growth (up to 300 — possible to obtain.

However, it follows from the common considerations
) ! that a complex shape of a nanoparticle and a higher
(A =633 nm) grows up, further portion of HLPN light gielectric permittivity of the nanoparticle’s maedr in
transmission curve oscillates, and for the ligh682 nm,  comparison with that of a matrix material, shouttise a
after reaching a limitation level, one can obseme proadening of exciton band of charge carriers gntegls.
considerable decrease in HLPN light transmissiomusT  \when the nanoparticles are illuminated by a ligithwhe
even the small addition (0.3% approx.) of the nambgles  \yavelengths of 532 nm and 633 nm, light quanta gner
to a matrix can cause substantial alterations dfcap jsn't high enough to transmit electrons from thdenae

properties of the medium. In particular, limitatitavel of . _ . _
light intensity for HLPN is proved to be 6 timesaifar. band to the conduction band{_s, = 2,34 eV; E, ¢35=

Oscillations of HLPN light transmission are causgd 1,97 eV). Therefore light quanta interact with &lecs
self-refraction and diffraction smearing of thehligwith  inside the impurity band. Quantum energy of a lighth
A = 633 nm along the beam cross-section after th lig 4 =532 nm is higher than that of a photon with frexy
passing through the HLPN (Fig. 10). of w, which is responsible for change of sign of

As it follows from the experimental data, matrixtewal  noplinear addition to a negative one when beingeded.
affects considerably upon optical properties of NLP  As a result of this processes, a nonlinear negative
Dependently on the wavelength, light transmissionaddition to the refraction index appears. It leadsthe
nonlinearity can be expressed as a light radidiiitation  formation of a negative gradient lens within the M\ It
or as HLPN «bleaching». explains the form of the curves 2 in Fig. 8 andafd in

The basics of the theory of nonlinear optical pripe  doing so limitation saturation, proceeding alonghwthe
of dielectric nanocomposite are described in chiaptdn  growth of light intensity, is connected with a fsmiamount
case of immersion oil matrix one has to take intocant  of electrons in impurity band as well as approad¢h o

the mechanism of formation of a thermal negativephotoinduced state population differenf® . of charge
cylindrical lens.

350 mw/mn3). However, as the input light intensity,

carriers to zero.
oL 27 Gt A frequency of the 633 nm light is lesser tHan and

x therefore nonlinear addition to refraction indexsha

o3 positive sign. When the length of interaction betwehe

s light wave and the HLPN is high enough the increiase

refraction index can cause a formation of a wawgui

s channel and additional concentration of laser tamtiain

. the paraxial area. As a result, with the increakdight
- intensity one can see a «bleaching» of HLPN (curie
I N Fig.8). Limitation of the «bleaching» for the lighf 633

- \ nm has the same reason as in case of the 532 hin lig

A7 .
o ady
s v S T R

E
.g"":fx e e, Utilizing a HLPN based upon immersion oil with
oo . -
° on/dT < 0, we observe an additional mechanism of

I, (mW/mm?)

formation of thermal negative cylindrical lens.cdauses a
Fig. 9. Dependencies of intensities of light ( = 633nm) passed through  faster saturation of the light limitation dependerand its

a pure immersion oil (curve 1) and through the HLBaked upon the consequent rapid decay with increase of input light
immersion oil (curve 24 =532 nm, curve 351 =633 nm) uponthe  intensity (curve 2 in Fig.9). When the light of 688 is
input light intensity fg, = 1600 mw/mrh passed through HLPN, the increase of refractiomxnat
the initial phase of growth af dominates over its thermal

decay, and it leads to a medium «bleaching». Taeimg
to a saturation, a process of antiwaveguide foomatvill
be dominating, and it will cause less light trarssign of a
medium. The saturation process, being an obstaclight

PGl W RO Wann L selfrefraction in the medium, as well as subsequent
Fig. 10. Light intensity distributions in the far field algrthe beam cross- increase in input light intensity, contributes klsgto a
section after the light passing through the HLPsdzmaupon immersion  formation of multilayer waveguides in the composite
oil at the different light mtensme[sm with nanoparticles concentration which it its turn causes a light intensity changesthe
equal to 0.03%. paraxial area. This effect allows us to explain fitlen of
the curve 3 shown in Fig. 9.

For an accurate description of mechanisms of faonat
of nonlinear optical properties observed, the kmalge of
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4.3. Double-Frequency I nteraction of Collinear Light
Laser Beamsin HLPN.

In order to investigate the process of collinedenaction
between the laser beams of different wavelengths i
heterogeneous liquid-phase nanocomposite
experimental setup shown in Fig. 11 was used [7¢ W
chose a continuous illumination source based oMm%0
He-Ne laser (1) at the wavelenghh= 632 nm pumped by
array of continuous semiconductor 40 mW YAG:Nd tase
at the wavelength of a second harmoAic 532 nm. The
laser power was controlled by a mounted set of rabut
light filters (3) and (6). In order to control adiation
power level a part of the laser beam was sepatatdeam
splitters (4) and (7) and was registered by phdtaders (5)
and (8); signals from the photodetectors aftertdliging
with ADC (16) and (17) were processed by the PQ.(18
Laser beams (1) and (2) were combined collineasty b
using a beam splitter (9). A lens (10) with a hiigical
length (F = 30 cm) was used for focusing the ldssam
upon the cuvette (11) with HLPN.

Fig. 11. The scheme of experimental setup

Laser beam diameter in the waist area was of 0.6 mr

approx. The plate-parallel cuvette used in work wesle
of optical glass and was of a length of 20 mm altme
light propagation direction. Narrow-band interfestnc
filter (12) was used to separate an illuminatioraafurrent
wavelength. Point diaphragm (13) with a 1 mm dianet
aperture filtered paraxial area of a laser beane fédssed
light was registered by CCD matrix (14) and thehtig

the
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Fig. 12. The dependence of laser output powé( € 633 nm) in the
paraxial field on the input power at the differerdlues of the power:
curve 1 —Pgreen= 2MW, curve 2 Pyeen= 5mW, curve 3 Pyeen= 10mw.

The measurements ¢f (I _) were carried out after the

extinction of transient processes and a statiomagyme
establishment. The period of transients occur durin
activation of the second wavelength € 532 nm or 633
nm) light was up to 2 — 2.5 sec. Fig. 12 shows erpntal
dependencies of light transmissioA & 633 nm) at the
collinear (control) laser beam\(= 532 nm) power equal
to: 2 mW — curve 1, 5 mW — curve 2, 10 mW — curve 3
Fig. 13 shows experimental dependencies of light X
532 nm) transmission at the power of collinear {aah
laser beamX = 633 nm) equal to: 8 mW — curve 1, 4 mW
—curve 2, 1 mW — curve 3.
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Fig. 13. The dependence of output light{ 532 nm) intensity at paraxial
area of the beam on the input light intensit}\ (= 532 nm) at the
different values of the power: curve 1Prq= 8 MW, curve 2 Pq= 4
mW, curve 3 Preg=1 mW.

It follows from the measurement results (Fig.12att
during double-frequency collinear propagation & tight

signal after ADC (15) was processed by a PC (18)in the course of input light X = 632 nm) increase the
Mechanical shutters (19) and (20) were used torocbat medium light transmission represents itself amgétu
light input into a sample cuvette. During experita¢n decaying oscillations. In this case maximum valofelght
studies liquid phase matrices of HLPN based upan thtransmissions and intensities, associated withethesxima,
immersion oil were used. The nanoparticles in Hie  decrease when the light € 532 nm) intensity grows up.
of wide band dielectric AD; with an average size of 40 - The dependencies of lighi\(= 532 nm) transmission
50 nm approx. Volume concentration of nanopartiétes during a co- propagation of the lightA(= 633 nm),

HLPN was equal to 0.3%. The experiment was cawi#ld  ,piained at the power range less than 6 mw, daspiay
to investigate a dependence of HLPN output ligénsity  g,chy gscillations as it shown in Fig. 13. In bo#ses one

in the paraxial ared, (1_) on the intensity of input light .. ohserve deviation from the linear dependdndé _)

with wavelengths of 532 nm and 633 nm in case eirth

collinear co-propagation. witnessed at small power of input lighk € 633 nm) equal

to 2 mW (Fig. 12). For the 532 nm light these value
depend upon control light intensity and lie withiange
from 0.2 mW to 2 mW (Fig. 13).
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In case of interaction between collinear laser kewsith
different wavelengths one can witness interferdrateeen
induced by these beams nonlinear
modulation of optical properties of HLPN. In pautiar, for
the 532 nm laser beam which interacts with the 668
laser beam in the HLPN on the conditions of fregqyen
dispersion a nonlinear additiam, for the green light can
be less than that for the red light; that, beingnbimed with
a thermal heating of the medium, cause less povvéreo
green light passed through HLPN at smaller valdesput
light power. Curves 2-3 shown in Fig. 13 demonesttats
effect.

For the light withA = 633 nm collinear interaction with

Vladimir P. Dzyubat al: Optical Nonlinearity of Dielectric Nanocomposite

The properties of low-threshold nonlinear optical
response as well as its behavior with an incredsthe

mechanisms afxternal illumination are reasoned, mostly, by eatd the

photo-induced dipole electric moments of nanoplagic
dependence of population difference of charge e@ri
states on the light intensity, and the nanopasticle
orientations along the external light field polatipn
vector. The same mechanisms are responsible fectef
nonlinear interaction between collinear laser beashs
different wavelengths within the HLPN.

The optical nonlinearity, observed in dielectric
nanocomposites, allows one to control a nanocortgosi
light transmission and, correspondingly, to modulat

the laser beam of 532 nm wavelength enhances thgarameters of the light passing through. As a tesule
competition between the two processes: negative anldas the way to creation of optical radiation contlevices
positive lens formations. Due to these processes thbased upon the self-refraction processes, lightdiion or
maximum transmission of 633 nm light passing thfoug bleaching, as well as the collinear nonlinear aptic

HLPN is decreased as the 532 nm light intensityvgrap.
It is proved with curves 2 and 3 shown in Fig. 12.

As it follows from the results obtained (Fig. 12dat),
when the light with wavelength of 532 nm is corlzdlby

interaction between the laser beams of different
wavelengths within the HLPN.
The experiments conducted feature an ability tinupe

the light control process by a proper selectiormérgetic

the light with wavelength of 633 nm, the size ofand spectral properties of the controlling lasearbe It

modulation for collinear beams — the modulated beah
the control one, of current intensities can reathdB.
When the 633 nm light is controlled by the 532 ngit,
the attenuation value can reach 5 dB approx.

5. Conclusions

The results of latest studies of nonlinear optiféé¢cts
in dielectric nano-phase composites based uporealral
nanoparticles show that, as a result of interactietween
laser radiation and a nanoparticle-matrix compée can
observe a low-threshold optical nonlinearity whitdpends
upon a liquid-phase matrix material and a concéntraf
nanoparticles in HLPN.

The observed nonlinearity of the optical properties
caused by a great amount of additional energy $eaatl
allowed energy levels within nanoparticle’s forbaadoand
which are connected with a complex geometrical shap
nanoparticles and with their small sizes.

Being dependent of wavelength of a laser radiatioa,
light transmission nonlinearity can cause

Depending upon the wavelength of laser radiatibme, t
light transmission nonlinearity can be evident afght
limitation as well as «bleaching» within a limiteahge of
small light intensities, due to a self-refractiomr a
nonlinear absorption of the light.

The main reasons of this
nonlinearity are: a photo-induced modulation of ediam
refraction index during a generation of nonequilibr
charge carriers and a medium polarization causelhssr
excitation of charge carriers states, and the effédight

defocusing which, being weakly dependent of theerlas

radiation wavelength, depends upon liquid-phaserirat
material and is
heterogeneous medium refraction index on the teatpes.

low-threshold optical

reasoned by a dependence of the

opens the way to development of both optically culed
filters for lightwave systems and modulators fopuh
devices of optical processors.
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