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The paper is a brief review of optical properties of nanostructures containing metal
nanoparticles. There is a deduction of some simple formulae describing optical spectra of
composites containing small particles of various form. Comparison of theoretical and
experimental data has been carried out. Conclusions following Mie theory of diffraction on
spheres of various diameters and dielectric permittivities are discussed. Various examples
of applications of nanoparticles and their influence on surrounding media are given.

ITpencraBieH KpaTKUili 0030p ONTUYECKUX CBOIICTB HAHOCTPYKTYD, COLEPIKAIINX METAJ-
JIMUecKUe HaHOYACTUIILI. [IprBefeHBl BHIBOALI HEKOTOPBHIX IIPOCTHIX (DOPMYJI, UCIIONB3YEeMBIX
IS OTIMCAHUS ONTUYECKUX CIeKTPOB KOMIIOSUTOB, COAEPIKAIUX MaJble YACTUIILI Pa3INUHOI
(opmel. [IpoBesieHO cpaBHEHNE TEOPUU C JaHHBIMU dKcliepuMeHTa. OOCYy:KIaioTCA CIeICTBULI,
BHITEKAIOIe U3 Teopuum Mu, mocBAmeHHON Audpaknuu Ha chepax PasjUdHOTO AUaMeTpa U
C PAas3JNUYHOM [OUIJIEKTPUUECKON IPOHUIAeMOCThbI0. lIpumBeleHBI pasHOOOpasHble MIPUMEPHI
MIPaKTUUYECKOTO NMPUMEHEHUA HAHOYACTUIL U UX BO3LEHMCTBUA Ha OKPYIKAIOIIYIO CPeny.

Introduction

The search for new materials for semiconductor electronics and optoelectronics has led during
last decades to study of solid composites containing small particles of different materials, referred
to as nanoparticles. But what does the term “nanoparticle” mean? At first glance, the answer seems
to be easy: “nanoparticle” implies particle diameter d of dozens or units of nanometers. In that
case, d is substantially smaller than visible light wavelengths X (about 500 nm). The optical
and other properties of composites containing such nanoparticles should differ from those of cor-
responding dielectric matrices and bulk materials of which the nanoparticles consist. As a first
approximation, optical properties of the composite may be described using an effective dielectric
permittivity assuming that, first, at d << X the composite behaves as an optically homogeneous
medium [1-3], and second, the Rayleigh scattering (typical of homogeneous media) may be neglect-
ed when measuring transmission. Such a conclusion may be drawn for dielectrics containing metal
or semiconductor particles with d <20nm [1, 2].

On the other hand, composites may have a semiconductor matrix with a relatively narrow band
gap I, . The transparency region of such semiconductors lies within infrared range (I ~ 1--100pm).
If the nanoparticles are made of semiconductors or metals, then resonance absorption bands of com-
posites are situated at fw <k, , and the criterion of particle smallness (d << X\) is met for particles
with d ~100nm . As to semiconductor conductive particles with Eg <1leV a quantum size effect
is typical, so their dielectric permittivity may differ substantially from that of bulk semiconductor
(quantum dots). Numerous works have been aimed at study of various properties of such composites

Functional materials, 15, 3, 2008 313



V.K.Miloslavsky et al. / Optical properties of ...

in connection with their use in novel semiconductor devices, in particular, lasers [4, 5].

In this review, the attention will be focused on “classical” nanostructures: composites with di-
electric matrices containing metal particles. Many properties of nanostructures are explainable
basing on classical electrodynamics, taking into consideration size and form of nanoparticles. Ex-
perimental data on optical properties of such composites (absorption spectra, dichroism) have been
compared with theoretical conclusions. Some aspects of composite use should be accentuated. Nano-
structures play a significant part in photographic process [6] and in chemistry of colloidal solutions
[7]. They are used for coloration of transparent matrices (glasses and crystals), for manufacturing
dichroic polarizers and for other purposes. Nanostructures are also formed in thin metal films and
define the optical and electronic properties thereof differing from those of bulk metals [8, 9]. The
electromagnetic fields being generated by nanoparticles influence substantially the surrounding,
cause excitation of surface plasmons in metals [10], affect the external photoeffect [9] and nonlinear
optical properties of media [10], result in a substantial amplification of Raman light scattering by
molecules contacting with nanoparticles [11]. Lately, nanoparticles are becoming a part of everyday
life. They are used in manufacturing clothes with new properties, various pastes, ete. [12]. A special
new international journal named “Photonics and Nanostructures — Fundamentals and Applica-
tions” is being published since December 2003.

Optical Properties of Small Metal Spheres

As small metal particles, we will consider the particles of radius @ considerably smaller than

the light wavelength X . The criterion of smallness is k-a <<1 where k= 2t ng 1s the wave vec-

tor of light in surrounding medium. The criterion being fulfilled, scattering is substantially smaller
than absorption and may be neglected. The particles in matrix may have various shapes. In many
cases, they are spherical favored by minimum of surface energy. Anisometric particles of size an-
swering the smallness criterion, and particles of more complex form are also considered.

Let a small spherical particle be located in a transparent isotropic dielectric with permittivity
gg . Let us also assume that the metal particle is isotropic and has a permittivity e =<; —ieq . Iur-
ther, we assume the particles in composite medium to be identical and to be spaced by distances ex-
ceeding considerably X\ . At such conditions, interaction of secondary fields (generated by adjacent
particles) may be neglected. It is enough to consider the light attenuation by a separate particle
and then to sum up the intensities of light passed through an ensemble of particles at a specified
concentration. The smallness criterion being met, the spatial phase part of the wave penetrating
the particle can be neglected, thus, the electrostatic approximation is realized. In other words, the
electric field strength inside the particle is independent of coordinates and oscillates with the fre-
quency of incident monochromatic wave.

Since the sphere is situated in the medium with permittivity ¢, , the field affecting the electrons
in metal differs from the field £ outside the sphere and is [13]

E/: 380 E— 47 ]
1+2€0 1+2€0

P, M

where P = N . p is the dipole moment of unit volume in the sphere; N, the concentration of elec-
trons; p, the dipole moment induced at a single electron displacement. Let us assume that only
free electrons are shifted due to action of the field E’, while displacement of electrons connected
with ions may be neglected. The equation of stimulated electron oscillations under action of field
with frequency w has the form

p—i—]}p—é 380 T 4 ]
m 1+2€0 1+2€0

P, @)

where v is frequency of electron scattering. We will look for solution in the form p = p, exp(iwt)
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using the relationship P = N - p . In that case, the equation (2) is reduced to an algebraic one:

wz ] 380 UOIZ)

= E, 6)
1+ 2 Am(1 + 22¢)

[—wz +ivw+

where w, = \/ A Ne? /m is the plasma frequency. .
Let a composite medium to contain N of identical spheres with volume V . The specific volume

occupied by spheres in dielectric (the filling factor) is ¢ = Ny -V . The effective permittivity of the
medium may be written as

it == -+a1+27F ). 4
Here the Newton formula for =, of mixture [2] is used:
Zof = Emix =11 —@) +22q .
Substituting (3) into (4) results in
SEOwIZ,
ot =20(1=@)+q-11+ ®)

(14 220)  (—w® +ivw) +wo

The complex dielectric permittivity of bulk metal in a wide frequency range is defined by well-
known Drude-Lorenz formula [14]:

2
w

e/ =14+ —F—. ©)
—w” Fivw
Using (6), let the factor (—w” +ivw) in denominator of (5) be replaced by wlzp (' —1). After some
transformations, we obtain the final formula for e, of a mixture containing metal spheres:
e’ —¢g
!

Eof = S0 +q(1+2€0) (’7)

e’ 4+ 2¢

Due to complexity of =, the permittivity of mixture is also complex: g, = )¢ —i9,¢ . Separat-
ing real and imaginary parts of ', we get

(14 320) (e} 423 + 2212) 3eq (14 220 )z,

;e = (8a,b)
(57 +2¢ )2 + e% ¢ (g + 25 )2 + e%

€lef = €0 T4

where, basing on (6),

) wIZ) ) wIZ) v ©
g =1- , Eg =1——F .
w? 412 w(wz + vz)

It should be noted that inequality w >> v is valid in visible and UV frequency range for most

metals, as wa 10 ¢! and v~ 10" =10 s . Therefore, v in (9) may be neglected. Let us sub-
stitute ¢; and ey INtO gy

Soef = 3q20(1+22() P . (10
¢ [+ 2eq )wz — w% ]2 w? + wé V2
Basing on (10) one can conclude that maximum of =5, is at the frequency
w.

= )

wF:ﬁ.
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This is the so-called Frolich frequency. At w = wp,

apax 0 2
© 1 + 280 v

Dependence £9.¢(w) has a contour close to the Lorentz one. The contour half-width Aw (the
width at half height) is defined by frequencies

(12)

v 1%

Wo=—wpt————, A= —.
BTy i 2e, JI+25

The presented calculation is based on assumption that only free electrons are shifted under ac-
tion of light wave field. Such an assumption is suitable for alkali elements having the interband ab-
sorption edge in far UV region, and it may be used in study of colloidal solutions of alkali elements
in alkali halide crystals [15]. Many metals, however, have the low-frequency edge of interband
transition in near UV and visible regions. Those are noble metals (Cu, Ag, Au) and a number of
metals of the Fe and Pt group. The edge of interband transitions in Cu and Au is situated in visible
spectral region. This fact defines the reflection spectra and colors thereof.

Optical interband transitions in metals create continuous bands, absorption and reflection of
metals is calculated using the complex permittivity <’ . Basing on classical dispersion theory, the
frequency dependence £’(w) in the bands can be described using a set of susceptibilities of harmonic
oscillators [1]:

(13)

n UOp
r__ i
=1+ SRR A ; (14)
=1 Wy, —W +ivg w
where wy, is the i-th transition natural frequency, w' =4mN; & /m N; is the number of electrons

part1c1patmg in the i-th transition. For metals, the sum in (14) includes the summand related with free
electrons (wy, = 0). If the metal is nanometer-scaled sphere immersed into transparent dielectric, then,
taking into consideration the acting field £’ (see (1)) and polarization P = ZNi p; , the stimulated

oscillation equation of the family of oscillators can be presented as algebraic equations [16]:

38082
—w? +iv w—f—w —I—w + —F, 15
( 0, D; Jg P = s 2 (15)
W2
where wzl = l—i-% The system of n equations may be solved using common solution rules for
l 80

equations with a right-hand member. As aresult, we get p;, P = ZNL p; , and effective permittiv-

ity of mixture using (4) and (14): i

s|411

ot () = 5 (1~ + {1435 — 7 (16)

LIi+2 )

— —i—wo w, H is notation for a product. The formula (16) al-

‘]il

11|

0,
lows natural frequencies to be redefined due to dimensional quantization in a sphere and change of
Vo, due to electron scattering on the sphere surface. If the oscillator characteristics in spheres and
in the bulk material are the same, then, as follows from (14) and (16), =4 (w) 1s reduced to (7):

where the complex value r/ =

E —E
Cof =20 +q(1+2eo)€/+2€0 , amn
0
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but =’ is now defined by (14). Having assumed the right-hand member of (15) to be zero, we proceed
to n self-oscillation equations of a system including n oscillators. The oscillation natural frequen-
cies in a small sphere are obtained by solving the secular equation

Re [det

iy + ], U =0, (18)

where §; is the Kronecker symbol. Due to presence of non-diagonal elements in (18) the i-th oscil-
lator natural frequency differs from 'wg. ‘HUS. , 1.e. a combined (hybrid) resonance occurs in the

metal sphere. There is a complicated dependence of resonance frequencies on characteristics of all
the oscillators defining optical behavior of bulk metal. The equation (18) is reduced to

2 2 2
wp. (UOO. —Ww )
1+> B =—2. (19)
i

wz —wz ’ + v2 wz
0; 0;

It follows from (14) that the right part of (19) is the real part of &' =¢; — iz, , i.e. equation for w;
has the form ¢, (w) = —2¢;. As the sum in (19) includes the item associated with free electrons, let
their oscillation natural frequency in sphere w; be found. In this case, (19) takes the form

2
w

1 +Ae1(w1)—i21 =2, (20)
Wi
where (JAg;(w) is the part of sum in (19) at i =1. As frequency w; in Ag; differs substantially
from wo, » the weak dependence of As; on w; may be neglected, and natural frequency w; = wp is
W .
wp = Py _ P1 , 1)
\/1+A€1(w1)+2€0 \/EM(LUI)+2€0

where w, is the plasma frequency of free electrons. It follows from (21) that the Frolich frequency
in a real metal may differ substantially from formula (11) derived assuming absence of electron
shift associated with optical interband transitions. Thus, sy = 4.5 for Ag [17], =y = 6.5 for Au [2].
The calculation shows that wg shifts noticeably as =y is taken into account. The plasma frequency

of Agis w, = 1.35-10"% s7! | and calculation of wp results in values 45-10% ¢! from (21) and
5.7-1010 71 according to (11).

The formula (17) is derived for ¢, of small spherical particles in a dielectric. As it follows from
(17), the spectral position of resonance band maximum wy is independent of the filling factor

q=N,V. 22)

At the same time, experiment [2] evidences a noticeable low-frequency shift of resonance bands as
q increases. The shift may be caused by g increase due to the particle volume V . The particle radius
a increasing, the smallness criterion k-a << 1 becomes broken. The quasi-static approximation at
k-a =1 is no longer suitable, and one should use Mie theory [1, 7, 18] to calculate the natural fre-
quencies. Moreover, the Mie theory predicts increase of light scattering by particles as V increases,
and attenuation of light beam passing through the solution of spheres is due not only to absorption
but to scattering, too. If that is the case, the conception of the solution e loses sense.

On the other hand, increase of ¢ at small radii of spheres may be due to increasing concentra-
tion of spheres Nj. In that case, the frequency shift may be caused by influence of secondary fields
generated by particles adjacent to the specified one. While summing with external field, secondary
fields modify the field acting on electrons in the specified particle. The criterion k-a <<1 is kept,
and colloidal solution may be considered as an optically homogeneous medium with an effective
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permittivity e, . A number of formulae is suggested for such a medium (see [2]), the Maxwell-Gar-
nett one [19] being the most widely used:
Sef —€0 el — g0
gof 220 B e +2

(23)

The formula (23) is derived basing on the Lorenz-Lorentz formula [18] taking into account the
field acting on dipoles (molecules) surrounded by sphere. It may be reduced to (17) at replacing ¢,
by 1 in the left part denominator of (23).

The formula (23) has an advantage as compared to (17). First, it predicts a low-frequency shift as
q increases [2]. Second, it makes sense as an interpolation formula, and at g =1, it gives e =<’
i.e. the bulk metal permittivity. As calculation using (23) shows, the imaginary part of e 1s

98%82 q
€2ef = 5 3 5

21 +229 — (5 —29)q +e3(1—q)
and at small ¢ it is reduced to formula (8b) accurate to within the multiplier 3¢q /(1 + 2¢() . It fol-
lows from (24) that at ¢ — 0, frequency dependence of e, is defined by a contour close to the
Lorentz one, and maximum of colloidal absorption band is located at Frolich frequency (21). The
formula (24) describes results of experiments in porous media rather well if pores have a spherical

(24)

form and small radii, and if the filling factor of pores in absorbing medium ¢’ =1—¢ has a small
value. This may be exemplified by optical properties study of porous silicon [5].

In the case of g ~ 0.5, the coneept of econtinuous matrix with minute spheres dissolved or pores
formed, loses sense, and it is preferable to use the Bruggermann formula [20] to describe optical
properties of such a medium:

g —€ €n — €

a——L+01-9—>—L =0, (25)
e+ 2, go 22,

where ¢ and g, are permittivities of metal and dielectric, respectively. Formula (25) is derived

under the assumption of an effective medium consisting of almost contacting spheres, and average

field in the medium FE = qE{ + (1 —q)E} includes fields acting on electrons in every sphere with e/
and ¢; . Just as Maxwell-Garnett formula, the (25) is an interpolation one, as = =2 at ¢ =0 and
gof =2 at ¢ =1. It should be noted that at ¢ — 0 formula (25) is reduced to the Maxwell-Garnett
one but it gives different results at intermediate g values. It is assumed [5] that (25) agrees better
with experiment than (23) at 0.33<q <0.67.

The applicability of formulae (17) and (23) is demonstrated by the following experiment [21]. Thin
film of Ag (about 10 nm) was applied onto amorphous quartz plate by vacuum deposition. Then the
sample was irradiated by continuous beam of a CO,-laser (A =10.6pm , P ~ 30W ). The irradiated
sample part was heated up to approximately 1000°C in nearly 1 min. The irradiation resulted in yel-
low coloration of 3—4 mm diameter area. The coloration evidences penetration of minute Ag particles
into the quartz surface layer. Sulphuric acid solution treatment did not result in coloration disappear-
ance or decolorizing, thus confirming Ag penetration into quartz.

It was established by electron and AFM microscopy that bulges were formed on quartz surface
having average height of about 5 nm and average spacing of about 0.5 pm. Spectrophotometric mea-
surements have shown that Ag particles in quartz create a relatively thin absorption band with maxi-
mum at 420 nm (hw,,, = 2.95eV ) and with contour close to the Lorentz one. It was established that
Wy 18 close to the Frolich frequency (21) at fw, =8.85eV , epp(wy,) = 4.5 [17], g = 2.15 for quartz.
Data processing for the absorption band of colloidal Ag in quartz using (23) (Fig.1, [22]) has shown
that the band half-width ~ is substantially larger than that calculated basing on data obtained at Ag

optical constants measurements (v =4.3- 108! ). The reason of increased electron scattering is the
scattering on particle boundaries. The ~value in that case may be estimated as

318 Functional materials, 15, 3, 2008



V.K.Miloslavsky et al. / Optical properties of ...

600 500

300 3, nm Ntk B (26)
a

whereconstantfactor k iscloseto 1, Vi iselectron

D? speed at Fermisurface (Vp =2.3- 108 em s~ ! for

AQ), a is sphere radius. For the ~ value found

01 at k=1, the value a ~ 3nm was obtained that

is in agreement with AFM and electron micros-

copy results. Calculation using (23) and experi-

mental data agree in the best way at ¢ =0.1.

0.05 Since the optical density at the absorption band

maximum D = K -d, where d is thickness of

the layer alloyed by silver and K = 20 Coef

C Fo

is absorption coefficient, the g value resulted in
d ~50nm .

Being exposed to air or another oxidative
Fig.1. Absorption spectra D(w) is displayed by experi- media, many metals get covered by thin dielec-
mental points; I, 2, and 3 are the calculated contours trie films. The films often have nanometer scale
D(w) with ¢ =0.15,0.10,0.05, respectively; 4, the thickness and impede further oxidation. In this
experimental dependence D?(w) . connection, it is of interest to study optical

properties of aerosols and colloidal solutions
consisting of small spherical metal particles surrounded with a dielectric coating. Calculation of
polarizability of such particles [23, 24] provides the effective permittivity of solution:

(gl =+ 2{—:2)(82 — 80) + p3 (81 — 80)(282 + 80)
(El + 282)(82 + 2E‘:()) + 2p3 (81 - 82)(82 - E_:0)

gor =50 Tq1+22p) 27)

where ¢, g9, g5 are permittivities of metal core of sphere (g, =¢), of dielectric coating and sur-
rounding medium, respectively, ¢ = NyV , V is the sphere total volume, p is ratio of core radius to
sphere radius. As follows from (27), at p = 0 (i.e. at absence of core), there is e, of dielectric spheres
in surrounding matrix while at p =1 @.e. at absence of coating), Eq. (27) is reduced to (7).

As an example, we cite an experiment on Agl coating formation on Ag spheres [25]. Thin Ag film
was deposited on a smooth glass surface heated up to 300°C. Electron microphotographs revealed

formation of spherical granules, and absorption band with maximum at wo = 4.2.10% ¢! ap-

w
peared. Calculation of wy, at £y =1 resulted in w, = 71)2 =5.25-10% s~ 1. The difference
m m EM +
between calculated and experimental wy - values evidences a considerable shift of absorption band

due to large q. Then the sample was treated by I, vapors. lodination changed the film coloration
from yellow to blue one. Transmission measurements showed that during initial stages of iodin-
ation the band shifts to lower frequencies, then shifting slows down, and the band is weakened

when its maximum is at w,, = 3.25-10"% s~ As it follows from (27) taking into account (9), the
resonance frequency at Agl coating formation is

_ 2 (e +2)(eg +b) 28)

W >
Om ey (epg + 2) +b(ey + 229)

2
m
where b =(1— pg)(ez +2) / 3 p3 , ey 1s the real part of ¢’ associated with interband transitions. At

“p

1/eM + 2eq
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to a small sphere in Agl matrix (g9 = 4.9). Calculation results in the value w,, = 3.54-10"° ¢!

close to experimental one w,, =3.25- T
Optical Properties of Anisometric Particles

Nanostructures may also include anisometric metal particles, elongated spheroids or discoid
ones. Those can be exemplified by dichroic polarizers containing minute absorbing anisometric par-
ticles [7, 26], glasses containing metal particles and subjected to uniaxial compression [2], aniso-
metric nanoparticles in photosensitive layers irradiated by polarized light [6], ete. In this connec-
tion, there is an interest in optical properties and absorption spectra of composite media containing
anisometric particles.

Let an isotropic transparent matrix to contain anisometric particles being metal ellipsoids that
are substantially smaller than X\ and have an uniform orientation. Let such a particle to be affect-
ed by linearly polarized light with vector E oriented along one of principal axes « of the ellipsoid.
Then electrons in metal are shifted by x; , and equation of stimulated electron oscillations takes
the form [27] :

F fvg a0l = %E(; , (29)
where wy, , vo, are natural frequencies and attenuation frequencies of electrons involved in i-th
interband transition. At wy = 0, the equation (29) concerns free electrons, E! is an effective field
acting on electrons: l

=By 4l P,
OL_EO—LOL(EO—I) EO_LOL(EO_I),

(30)

where P, = ZeN i%; 1s polarization of electrons in ellipsoid, L, are depolarizing factors. The lat-
i 3
ter are associated with ellipsoid principal axis lengths a, b, ¢, and Z L, =1.The L; value is

a=1
different for elongated and flattened ellipsoids, a = b = c¢. For elongated ellipsoids (a > b) [7]

1—¢? 1. 1+e 2 b>
= —1+—1 L el =1-—", 31
=% [ 2en1—e] o ©h
for flattened ellipsoids (a <b)
2 2
L = Hf [1—larctan(g)], g% = b—2—1. (32)
g g a
1 4 b—a 1 . 1
At a closeto b, I = §+ﬁ'—'At b=a (sphere), I, = 3 For elongated spheroids I, < 3
a

for flattened spheroids L; > % .

Repeating the calculation procedure carried out for a sphere, we get a system of equations for
spheroids putting dipole moment of electrons p; =e-x; and using solution for stimulated oscilla-
tions P =D (0)-exp(iwt)

—wz—l—iwvo,—i-w%. +w?, )~pi +Zw2.p- :e_'ﬂ. 33)
i i St, « A TR m g _LOL(EO _1)
j=i

Solving the system on inhomogeneous algebraic equations allows us to calculate the effective

permittivity of mixture containing ellipsoids with fixed axes ratio and same volume V :
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2.

wi-a H’J/]

€ ; j=1

fa =c0(l-@) +ql 4 — : (34)

o / 2 ’

Hrl + Z wsia H Ty

i [2 J=l
where g = NyV , /= wg. —u? 4 1vp,w, Np 1s concentration of spheroids and
wzl L,

Wl =P (35)

Slo - =) _LOL(EO —1) '

To find natural frequencies of electron oscillations in spheroid, we use the equation (33) assum-
ing its right part to be zero. The natural frequencies w, are found through solving a secular equa-
tion similar to (18):

Re(Det ri/6ij —i—wij D =0. (36)
Equation for w, determination of free electrons is reduced to
2
—L -1 w
200 C0 =l | ae | =2, 37
LOL wOL

where Ae; (w,) is contribution to the real part of dielectric permittivity =’ (14) determined by in-
terband transitions, As;(w,) = Res’—1. Therefore,

LOL
Wy, = wp\/ (38)

g0 — Lo (Eo —enp) ’

where syp =14 Ay (w,,) .
Let the natural frequencies be estimated for anelongated Ag spheroid with rotational axis

a=x . Assume that in (38) w, = 1.35.10% 571 ¢y =225, ey =4.5 and axes ratio b/a=0.5. It
follows from (31) that L, =0.17 and L, = 0.5(1 — L,) = 0.41. Substituting specified values to (38)
results in w, =3.43.10"°s"" and w, =4.85.10"" s~ while L=1/3 and wp =4.5:10" s '. The
estimations reveal a considerable frequency splitting: w, is substantially shifted from wg in low-
frequency direction while w,, is slightly shifted from wp in high-frequency direction.

The natural frequency splitting results in a dependence of spectral position of absorption band max-
ima on the incident wave polarization £ in colloidal solution of metal spheroids. Experimental stud-
ies confirm this conclusion. Thus, in [28], absorption spectra of colloidal gold solutions in high polymer
matrix were studied. Basing on electronic photography, it has been established that oriented ellipsoidal
golden particles are formed with the largest dimension a << X . The absorption spectrum was studied
in polarized light at polarizations E| | X and E L X where X is the spheroid axis (Fig.2). It was
established that at E| | X, a strong and wide absorption band arises with maximum in near infrared
spectral region. At E | X | there is a weak narrow band with maximum in visible region. The measure-
ments revealed a substantial dichroism AD = D — D, in near IR region and a possibility to use such
composites in polarizer manufacturing. Authors also have calculated the absorption coefficients K|
and K| at b/a = 0.2 using optical constants of gold and formulae for =, (similar to (8b)) generalized
for the case of anisometric particles (ig.3). The calculation reveals a considerable shift of K|, and
negligible shift of K, as compared to K., for a sphere. This agrees with estimated w, and w, val-
ues. It is also to note a significant difference between oscillator strengths f of K| (w) and K (w) bands
both in experiment and theoretical calculations. As it is shown in [16, 28], the difference is defined by a

hybrid (combined) resonance predicting substantial weakening of oscillator strength f o f K(w)dw of
high-frequency band when approaching the interband absorption edge.
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Another example of anisometric Ag particle
formation is known in photography. If a photo-
emulsion based on AgCl or AgBr is irradiated
till appearance of coloration by colloidal Ag, and
next irradiated by linearly polarized beam, then
photoinduced dichroism appears. It was discov-
ered by Weigert [29]. In subsequent researches,
the dichroism was explained by formation of
minute anisometric Ag particles oriented par-
allel or perpendicular to E, . However, experi-
mental verification of anisometric Ag particle
existence in photoemulsions by means of elec- 1 1 1
tron microscopy is difficult because of the pho- 400 800 1200
toemulsion opacity for electron beam. Besides,
Ag halides are decomposed under electron beam
with large Ag particles being formed.

The causes of photoinduced dichroism have 1000
been clarified using thin-film samples prepared
by thermal deposition in vacuum [30]. A thin
granular Ag film was deposited on a heated
glass substrate. Then the film was covered by
Agl film, and the sample was irradiated by lin-
early polarized beam (with polarization E;) of
He-Ne laser (A =633nm, P ~50mW ). Spec-
tral studies using a linearly polarized (polariza-
tion E) test beam at E| | E; and E L E; gave
two absorption bands: long-wave one at E | | E 1
and short-wave one at E L E;. The dichroism
was substantially larger than in photoemul-
sions (Fig.4). Silver iodide was then removed 0.1 ! N ! ! !
in fixing solution, and after that the measure- 400 800 1200 2, nm
ments were repeated. The two bands remained Fig.3. Absorption curves calculated for ellipsoidal gold-
but shifted towards the short-wave spectral re- | particle at b/a =1 (1), K, at bla=0.2 (2); K
gion and weakened considerably. Electron-mi- bla=0.2 (3.
croscopic studies using fixed samples gave the
following results.

In initial unirradiated film, randomly situated minute (10 nm diameter) spherical Ag granules
were observed, the filling factor being g ~ 0.25 . After irradiation with polarized light, no elongated
spheroids were observed. Instead, chains of spherical granules of 25 nm average diameter were
observed. The chains were oriented mainly parallel to E; , and filling factor for the irradiated film
was q ~0.17 (see Fig.5). In thin granular films, the g factor was judged from area occupied by
granules. The g factor decrease in two-dimensional colloid does not mean decrease of silver amount
on the substrate. As electron microscopy measurements on 0.6 um? area have shown, after irradia-
tion the total volume of silver remains the same as before.

Absence of noticeable number of elongated particles in photographs and presence of oriented
chains of spherical Ag granules points out the inapplicability of models proposed earlier [31] for
explanation of Weigert effect in thin-film Ag-Agl system. We supposed that spherical granule in a
chain is affected not only by external field but also by total field £, created by adjacent granules in
the chain. In dipole approximation, the total field can be represented as [32]

1
1600 A, nm

Fig.2. Absorption curves for a texture dichroic in infra-
red region of spectrum.

K-102 cm™!

100

10
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Fig.4. Absorption spectra of Ag-Agl and Ag films: 1, > -
initial film; 2, Ag-Agl film treated by Iy vapor; 3,
dichroic Ag film after irradiation by polarized laser

Fig.5. Electronic microphotographs of Ag films ob-
beam (A =633nm), E[ [Ey; 4, E L Eg; 5 Agfilm  tained after Ag-Agl film treatment by fixing solution:
after non-irradiated Ag-Agl treatment by fixing solu- 4) Ag film after fixing non-irradiated Ag-Agl film;
tion; 6, dichroic Ag film obtained from irradiated and 1) dichroic Ag film after fixing Ag-Agl film irradiated

fixed Ag-Agl film, E| [Ej; and 7for E L E . by linearly polarized laser beam (A = 633nm).
ik 2 —ikr
:—Z R k —Si(sipi)]—FTl[SSi(sipi)—pi] s (39)
' L

where summation is carried out for all granules in the chain, p; is dipole moment of i-th granule,

r; 2 . . . . .
s, ==+, k= —W,/e , 1. 1s distance between the i-th granule and specified one. The first item in
T A

braces is far-zone field, the second, the near-zone one. As the intergranular spacing in the chain is
b <<\, the second “electrostatic” item contributes substantially to E;.

Let a test linearly polarized wave with field E, | | E; and E, L E; hits a chain (Fig.6). Here E,
is polarization vector of laser beam. Due to the measuring beam action, stimulated vibrations are
excited in the chain. The vibrations are caused by total field E, , () = (£, , + Ed )exp(mt) where

E, , is the incident wave field and
E, (1= 2P = = £1,42 40
dx ( ) - 3 Z 3 - 3 Z 3 m= » ce ( )
gob m| eob m|
is the field from adjacent partlcles acting on the spec1ﬁed granule,
= 4ﬁNe-a3r, r=uxi+yj “1)

is the metal sphere dipole moment. Considering polarization of the specified sphere under field
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E, , . equations for vibrations of the specified sphere dipole moment take the form:

UOIZ)V 3&0

. . 2
+ VP y W =L .9
px,y px,y pr,y A M + 280

Eyy+ By, ) (42)

where wy is the Frolich frequency; V', the sphere volume. Substituting (40) and (41) into (42) and
passing to algebraic equations results in the following natural vibration frequencies of spheres in

chain:
Wy Ew| | :UOF\/I—2

Using the definition p = oE, we get also the complex polarizability of the sphere under electric
field of specified frequency and polarization:

3
a

b

3
a

b

P (43)

3
m lml

1
Z— wawL:wF\/I—i-

37
m lml

3
L= : (44)

It follows from (43) that w | <wp, w, >wp, and w| | substantially depends on the a/b ratio.
As estimations reveal, the frequency splitting is noticeable within limits 0.1 < a/b < 0.5. It is seen
also that the largest contribution to the difference between w| and w, is provided by particles
adjacent to the specified one (m = £1). Experimental data are in qualitative agreement with these
results. Indeed, the absorption band at F| = E, is situated at lower frequencies as compared to
E, = E,. But, as follows from Fig.4, w | ~wp while w, is shifted from wp substantially. This con-
tradiction may be explained by difference in filling factors ¢ between unirradiated and irradiated
Ag-Agl films (¢ = 0.25 and 0.17, respectively).

Using the found polarizabilities o ; for a sphere in chain, it is possible to calculate the po-
larization A | of the medium containing chains, and to find Cof | | using (4). It is to note that at
all the calculations, we have assumed constancy of a/b and a Vaques and same chain orientation
with respect to E. In this case, the absorption band contour is close to Lorentz one. In real cases,
however, there are fluctuations of these parameters resulting in wy | ; dispersion, i.e. to inhomoge-
neous broadening of absorption bands. At inhomogeneous broadening, the frequency distribution
function {(w | | ) against parameter a/b should be known. This means that for more careful study
of absorption spectra, microphotographs of samples are required. From the microphotographs, one
can estimate {(w | ;) and describe contours of modified bands more precisely taking into account
the distribution functions.

Influence of Nanoparticle Size on Optical Properties of Nanostructures. Mie effect

So far, we examined optical properties of composites containing nanostructures meeting the small-
ness criterion k-a << 1. In this case, the electrostatic approximation is correct for many calculations,
1.e. wave phase is constant within the particle. If the optical properties of composites are studied in vis-
ible region, then electrostatic approximation validity criterion is estimated tobe a < 20nm . If nanopar-
ticles are larger than 20 nm, then, the size increasing,

transient light is increasingly attenuated due to scatter-
ing in composite.

As mentioned, a common spectrophotometric method
of sample transmission measurements is used to study ® ® @ 00000606060 O0GS
the absorption spectra of composites. Using this method —>T T‘— X
and Bouguer law, the absorption coefficient K is de- b y
termined. The same method with some improvements
is used to study the transmission spectra of samples
in which the light attenuation is defined not only by Fig.6. Model of chain of spherical Ag particles.

4
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— ] f— absorption but by scattering, too. A schematic
\ %) A diagram of such measurements is presented in
*.° Fig.7. An important component is the narrow
- P - o - aperture ;. When a lens with focal distance
S I ' S ¥ l [ F' is used, a circular aperture of diameter d
e transmits the beams with angular aperture
Ly, D Ly, © Ly D,

6=2F/d. Usually 6; <1° in such a scheme,
and only a fraction of light scattered by the sam-
ple (scattered at 6 < 6;) hits the spectral instru-
ment. If multiple scattering in the composite is
allel light beam, O, a plane-parallel sample to study; neglected, the intensity of transmitted light can

lens Ly focuses light on small aperture Dy; M, a be described by means of Bouguer law
monochromator. I =1Iyexp(—Kqy 1) (45)
where K

oxt 18 the extinction coefficient taking into account the light attenuation due to absorption
and scattering of light forwards (K. = K, + K.eq)- The extinction coefficient is connected with

the light attenuation effective cross-section for a single particle:
Kext =N, 0 -C,

ext

Fig.7. Optical scheme of extinction coefficient measure-
ments. S is an extended light source; L, , alens focus-
ing light on small aperture I ; lens Ly creates a par-

(46)

where the effective cross-section is C,, = C, + Cqen » and Ny 1s concentration of nanoparticles in
the solvent.

Now let the principal concepts and formulae used in C,, calculation be cited. To that end, we
will follow the notation from [1, 7]. As scattered beams propagate in directions different from that
of beam incidence, the concept of scattering plane is introduced. It is the plane constructed on wave
vectors k; and k; of incident and scattered light, respectively. The incident wave electric field is
resolved into two vector components: Ei‘ ‘ parallel to scattering plane and EiL perpendicular to the
plane. Similar components of scattered wave are E_ ‘ and ESL . The connection between the field
components of incident wave falling along Z axis anci those of the scattered wave is defined by the

amplitude scattering matrix [1]:
Ei\ !
EiL

S

E

S

i(kr—kz
— e<.7)[82 S3] , (47)
—kr

Sy S

where r is radius-vector drawn to the observation point from the scattering particle of arbitrary
size and shape situated at the coordinate origin, k = k. The matrix elements S; depend on me-
ridional angle 6 = Z(k;,r) = 4(Z,r) and azimuthal angle ¢ counted from the scattering plane in
the X,Y one. The formula (47) is suitable for particles of various shape, e.g. sphere, ellipsoid, cyl-
inder, etc. From here on, we have restricted the problem to scattering on a metal sphere for which
Mie theory has been developed.

When scattering occurs on a sphere, the amplitude matrix is simplified, since Sy =S, =0 and
S; =S5 =85 . When determining the extinction coefficient (forwards scattering), 6 — 0 and effec-
tive cross-section C,, equals [1,7]

Cot = %Re[S(OO)} . 48)

The Mie theory considers diffraction of plane wave hitting a metal sphere of arbitrary diameter
and dielectric permittivity & =g —iey from a homogeneous transparent medium. Using boundary
conditions for tangential components of E and H, the field inside sphere and scattered field are
found. The Mie theory details are given in [1, 7, 18]. Here we restrict ourselves to some conclusions
from the Mie theory. At the sphere radius a — 0, electrostatic approximation is suitable, the field
inside the sphere is homogeneous, and the sphere behaves as an emitting dipole. As the radius

Functional materials, 15, 3, 2008 325



V.K.Miloslavsky et al. / Optical properties of ...

increases, the field inside sphere becomes inhomogeneous and concentrates at surface (surface
modes), the scattering indicatrix becomes more complicated with maximum scattering along the
incident wave direction. The Mie theory allows to calculate S; and S; matrix elements and their

dependences on ¢’ , @ and meridional angle 0. In particular, at 6 =0°,
o 1 o
S )252(2n+1)(an+bn), (49)

n=l1

where n=1,2,3... and form of @, and b, is found from Mie theory. Using coefficients a, and b, ,
the scattering cross-section is also found:

_21100

Coon = Z (2n+1)(| a, 2 +1b, |2), (50)

n=1
coefficients a,, and b, being expressed in terms of Riccati-Bessel functions:

_ mb, (mx);, (x) — U, (X)), (mx) b — Yn (mx) Py, (x) — P, (x)Py, (M)

ay = ’ ’ [ (A ’ [ ’ (51)

here m =n'/ny, n’ and ny are complex refractive index of the sphere and the surrounding me-
. L . 2z
dium refractive index, respectively; x = Tnoa.

We are interested in K, for nanospheres, thus, the formulae (51) can be expanded in series

with small parameters x and p = mx . The first members of expansion (up to x%) look like

2

2 2
2ix® m?2-1 2i° (m _2)(’" _1) 4x% [m? -1 i’ 9
ap =— — - . 5 + 1= ,blz——(m —1)
3 m*+2 5 (m2+2) 9 m“+2 45
.5 2
= ML 52
15 9m? +3

All the rest of a,, and b, are zero at such an approximation. It is seen that expansion (52) may

be used for most of metals at x up to x> ~ 0.1 (x ~ 0.5).
Substituting (51), (52) to formulae for C Cyeq allows us to calculate the dependence K (w)

ext * “sca
and therefore to explain the experimental extinction spectrum against particle size. In the limiting

case, lpl<<1,b<<ay, S = %al, Sy = %al cos@, and, as follows from (50), (52) at 6 =07,

2
e —gg

e +2

e —gg
e/ + 2z

C —8—ﬁk4a6

e = . Cope = 4Aka’ Im (53a,b)

It is seen from (53) that the largest contribution to extinction is due to absorption by spheres.
Formula (53b) is in accordance with formulae (7, 17) derived under electrostatic approximation.
Fig.8 illustrates clearly the small contribution of C,., to K. at a =20nm . At the same time, the
calculations using (51) reveal that at @ =100nm , the largest contribution to K is due to light
scattering. In [33], the Mie theory calculations are compared with experiment for the case of glasses
containing Ag nanospheres. It has been shown that formulae (53) can be used up to @ = 45nm , but
it is necessary to consider particle size distribution which results in a substantial broadening of

measured reflection spectra as compared to calculated ones.
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Influence of Nanoparticles on Optical Properties of Surrounding Media and Particles

Metal nanoscaled particles differ considerably from bulk metals not only in optical properties.
Electromagnetic fields generated in vicinity of nanoparticles may influence substantially the sur-
rounding medium and particularly the adjacent molecules or solid surfaces.

It is small spheres that are of greatest interest in this regard because a dipole emission is typical
thereof. If we interest in field acting on a molecule situated at distance r > a from a dipole, then, as
follows from (39), in addition to electrostatic field, a far-zone field is affecting the molecule:

2
E; = k—[s[ps”exp(—ikr) ; 54
807‘
where p is dipole moment induced in a sphere by external field, p= VP (V is the sphere volume;
P, the medium polarization calculated by solving procedure of equations (15); r, the sphere to
molecule distance; s = r/r). It follows from the double vector product in (54) that the electric field
vector lies in a plane built on vectors p and s, and at angle 4 = A(p,s)

2

Ey :f—r-p-sm@-e*ik’. (55)
0

The dipole moment induced in the sphere by an external field is

2 I
= ok __037]5] =a E,, 56
p 0 3 2 0 ot 22, 0 (56)

where ¢’ is permittivity of the sphere metal. It follows from (54, 56) that at resonance conditions
(Ree’ =—2¢(), the field E; near the sphere may reach large values both in far and near zones
and may substantially exceed the incident wave field Ey. If a molecule is situated close to the
sphere or if the sphere contacts a solid surface, then E; field may affect optical properties of the
molecules or solids substantially. This may result in amplification of known effects or to appear-
ance of new effects. Among various effects connected with field amplification by nanoparticles,
the following are to be noted.

.1. Metal particles deposited on solid surface may considerably increase electron output from
surface provided that photoelectric work function  is below the plasma resonance frequency of
3 the particle. Moreover, the photoelectric work

function x of nanoparticle put into a dielectric

may be substantially lower than y value for

bulk metal. For instance, x ~ 1.5eV for AgCl-

Ag composite [34] while x ~ 4eV at silver-vac-

uum boundary. As shown in [9], thin granular

Ag films play a substantial part in electron
,  emission from photocathode surfaces.

2. Ag nanoparticles favor the molecular
monolayer luminescence amplification if the
molecule absorption band is overlapped with
resonant band of particles [35]. However, if a
molecule contacts directly the metal particle or
metal surface, then the luminescence is sup-

oy - ——, pressed due to nonradiative transport of excit-
400 600 800 h,nm  ed state energy from molecule to metal.

3. Amplification and generation of various
nonlinear effects were discovered on metal

Fig.8. Calculated extinction (curve I), elastic scatter-

ing (2) and absorption (3) of isolated golden spheres of )
90 and 100 nm radius. surfaces and in granular metal films [36]. The
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second harmonic generation (SHG) is the best
studied effect. It is to note that SHG should be
observed only in center-nonsymmetrical bulk
crystals [37]. But if the symmetry group of a
substance includes inversion operation, then
SHG may be observed on surface of such a sub-
stance due to its symmetry breaking near the
surface. The same is true for granular metal
films. Fig.9 illustrates SHG on silver films of
various mass thickness d. The films were ir- Fie 9. Second h . ton i lar sil

) 1g.J. vecon armonic generation 1n granular silver
radiated by YAG:Nd* laser beam (X = 1.06pum films. Intensity of second harmonic generated by light
) and maximum of SHG generation is observed ¢ 1.06 pm wavelength as function of mass thickness.
at d ~ 4nm . Amplification of SHG is observed
because the SHG frequency is close to resonance frequency of Ag nanoparticle plasma vibrations.
But as the film thickness increases, the film granularity disappears and SHG is attenuated.

4. Review of scientific literature shows that the largest number of works is aimed at the Raman
scattering (RS) amplification by molecules situated near metal nanoparticles. It is experimentally
found that RS is observed even on molecular monolayers covering the nanoparticles. This is a so-
called giant Raman scattering (GRS) or amplified RS. Another name of this effect is surface-en-
hanced Raman scattering.

The GRS was studied under various conditions: for molecules in colloidal solutions of nanopar-
ticles, on rough metal surfaces, on thin granular films deposited on various substrates. It was
found that the largest GRS amplification is achieved on nanoparticles of small diameter (a << \).
Diameter a increasing, amplification drops due to local field reduction. The largest amplification
coefficients achieved at GRS are of order of 10°. The amplification coefficient depends on specific ex-
perimental conditions and on the nanoparticle metal. The most widely used metals are gold, silver,
and copper due to their chemical inertness and favorable frequency dependence of optical constants

®

1 1 1 1 ]
[

120 160 dm, A

in visible and near IR regions (small values 5 =Ime’).

The full GRS theory is complicated enough. It needs studying interaction of fields induced by
nanoparticle and molecule depending on molecule symmetry and disposition in near or far zone.
The simplest theory is developed for a small sphere with dipole moment ruled by (56). As fol-
lows from (55, 56), the field of sphere is the largest at Frolich frequency wp and field intensity

I xeq (mF)*1 , see (12). In its turn, molecule under external field E; behaves as a point dipole, its
field acting on the sphere and may increase its polarizability. If RS is excited in the molecule with
frequency wg = wy —wy, where w, is frequency of the molecular oscillatory mode, then Eg field be-
ing emitted by Stokes component affects the metal sphere, thus increasing its polarizability at wg

frequency and intensity of GRS which is proportional to |a(w) - c(w —wy, )|2 [38]. In general, w;, is
lower than width Aw ~ ~ (26) of the sphere resonance band, i.e. both frequencies wy; and wg may
be resonant.

It was also found that GRS is observed in spectrum of nanoparticle ensemble not complicated

by presence of foreign molecules. The characteristic frequency shift of RS bands is 2~ 10em ™' in

this case, (2= wg —wq . The bands were observed on rough metal surfaces with mean roughness of
about 10 nm [39]. It was established that the bands are due to scattering on acoustic modes of metal
(Brillouin scattering) amplified due to fields created by surface bulges.

The GRS phenomenon on molecules was discovered at late 70-ths of past century [40, 41]. Since
then, the number of researches increased sharply. It is reasonable that the first researchers tried
to fulfill the “purest” experimental conditions from the theoretical point of view. So in [42], colloi-
dal solutions of silver and gold particles of 20 nm diameter developed before were used to observe
GRS from pyridine molecules. The authors found an appreciable (by a factor of 5) amplification
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1 of pyridine RS as compared to water solution
of the same molar concentration. However,
persistence time increased, GRS amplification
contour was found to be shifted in frequency.
Tendency of Ag and Au particles to combine
into chains and more complicated fractal struc-
tures was revealed basing on microphotos and
6(I)O '} nml extinetion coe.fﬁcie.nt measuremen‘@ (Fig.10).

“’ Just as at dichroism appearance in Ag-Agl
Fig.10. Extinction spectrum of silver-borane sol im- composite (fig.4), two bands appeared in ex-
mediately after preparation (I), after increasing time tinction spectrum. The frequency interval be-
intervals since pyridine addition (2-4). tween the bands increased as the persistence

time increased.

a A low GRS amplification obtained in [42]
is associated with small Ag and Au particle
concentration in the colloidal solution. A sub-
stantially higher amplification (up to 109 is
achieved in granular Ag films deposited on Al
substrate and covered with molecular mono-
layers also deposited on substrates non-cov-
ered with granular Ag for comparison [43].
The authors studied GRS spectra of various

k simple molecules (ethylene, propylene, ben-
zene) under irradiation by Ar‘-laser beam.

Absorption coefficient

300 400 500

1 The following facts were established. First, in

6 10
b addition to electromagnetic field from Ag par-
ticle, a chemical interaction of molecule and
nanoparticle plays a part in GRS amplifica-
161 10 tion. Second, at monolayer number increase,
the GRS amplification coefficient decreases
6

9 8 monotonously. Third, GRS spectrum may con-
14 19 siderably differ from ordinary RS spectrum of
the same substance. That is demonstrated by
low-temperature GRS spectrum of benzene in
| | L comparison with polycrystalline benzene film
2000 Av.omt spectrum (Fig.11). It is seen from the Figure
that the GRS spectrum of molecules adsorbed
Fig.11. Raman scattering spectra of thick polycrystal-  on silver contains a number of lines absent in
line benzene film (a) and giant Raman scattering of polycrystalline film, but some lines peculiar to
benzene adsorbed on silver (b). benzene are weakened. The authors explain
the appearance of new lines by symmetry of reduction benzene molecule deposited on silver. It is
known that the point symmetry group of benzene molecule is D which, in accordance with selec-
tion rules, defines appearance of RS lines corresponding to even vibrations relative to the inversion
center. Owing to some reasons (Ag particle electromagnetic field action, chemical interaction with
nanoparticles), the molecular symmetry is reduced to C,, and selection rules peculiar to center-
symmetrical molecule are violated.

A substantial GRS increase in granular Ag films stimulated studies on optical and structural
properties of such films depending on the way of preparation, and works on their influence on GRS
[44-46]. In those works, Ag films were prepared by vacuum deposition on unheated glass substrates
and by subsequent annealing at various temperatures to obtain granular structure. The structure

1
1000
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was studied using AFM and X-ray structure analysis. It was found that film “ageing” influences the
adsorbed molecules spectra and GRS amplification by adsorbed molecules [44]. A substantial de-
pendence of GRS signal on the distance r between molecules and surface of Ag granule was found,
10

too (I < atr

, a being the granule radius) [45]. It has been established that the largest GRS

a

amplification is achieved at the largest value of ratio of optical density in maximum of colloidal Ag
absorption band to the band half-width [46]. The distance between Ag particles and particle heights
are also of importance at GRS amplification.

The works cited point to the importance of GRS study. This phenomenon allows to research RS
of substance in very small amounts, down to 10-® mg. Such studies are often necessary at synthesis
of new molecules, in studies of structure of biological molecules, etc. On the other hand, the first
works [11] set a number of problems many of which are not solved yet: explanation of difference
between GRS spectrum and usual RS spectrum in a bulk substance is often absent; the cause of
GRS absence in the case of simple nonpolar molecules is not established yet, etc. Nevertheless, the
number of works aimed at GRS increases steadily at a tendency to research the structure of multi-
atomic molecules, polymer molecules of biological origin, etc.

The improvements in GRS observation procedures are also to be noted. Continuous gaseous and
semiconductor lasers are suitable GRS excitation sources provided their frequency is in agreement
with resonance frequency of nanoparticle plasma vibrations. Methods of regular nanostructure prep-
aration by means of electron and laser lithography are being improved. One-dimensional and two-di-
mensional periodic structures with specified small periods and nanoparticle sizes are produced. Such
structures are close in optical manifestations to photonic erystals [47, 48]. Technology of manufactur-
ing the latter is improved and calculations of their energy spectra are improved more and more.

Conclusion

In this paper, the optical properties of nanostructures containing metal nanoparticles are briefly
reviewed. Derivation of some simple formulae used when describing optical spectra of composites
containing small particles of various form is presented. Theoretical statements are compared with
experimental data. Some conclusions are discussed following from the Mie theory dedicated to
diffraction on spheres of various diameter and dielectric permittivities. A number of examples of
nanoparticle practical use and their action on surrounding medium is presented.
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OnTu4vHi BJ1aCTUBOCTI HAHOCTPYKTYP

B.K.Munocnascvkuii, JI.O.Azees,
€. Jl.Maroseuvruli, C.O.Mackesuu

IIpenmcraBiieHo KOPOTKHI OIVISH BJIACTHBOCTeH HAHOCTPYKTYDP, Kl MICTSATH MeTaJIlvHI
HAHOYACTHHKH. HaBemeHO BHBOAW [EAKHX TPOCTHX (OPMYJ, IO BUKOPHCTOBYIOTHCS

I/ OIHMCY ONTHYHHX CIEKTPIB KOMIIO3HUTIB, SIKI MICTATH MaJll YacTHHKH pisHoi dopmu.
ekcriepuMeHnTy. OBroBOpPOIOTHC  HACIIKH,

IIpoBemero moOpiBHSHHS Teopli

oo BUTiKalTh 3 Teopli Mi, mpucBavenoi audparmli Ha cdepax pisHoro giamerpa Ta 3
PIBHHMH [JleJIeKTPUYHUME HIPOHUKHOCTAMHU. llomaHo pisHOMAHITHI NPHUKJIAAN IIPAKTHYHOTO

3aCToOCyBaHHA HaHOYaCTHHOK
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