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The absorption of electromagnetic radiation in low density system of fine metallic. particles embedded in di-
electric matrix is considered with account of influence of dipole-dipole interaction between particles. It is shown
that under account of pair interaction between particles near proper plasma surface mode of a single particle two
new neighboring resonant modes appear, their excitation creating the region of continuous spectrum. In a result,
the mechanism of collisionless damping occurs leading to widening and doubling of the resonance peaks in ab-
sorption. The dependence of absorption on the average distance between particles and on collision frequency is

examined.
Introduction

This paper is logical development of the preceding
article [1]. Disperse systems when interacting with
electromagnetic radiation (EMR) reveal a number of
peculiar features in absorption and scattering which
are absent in analogous processes in the bulk con-
tinuous media (BCM). They appear due to the pres-
ence of supplementary factors as compared with
BCM - the concentration and form of inclusions, their
structure and geometry of location in a matrix and so
on. We note only some peculiarities of such processes
in the matrix disperse systems (MDS), i.e. in systems
that consist of continuous matrix with intruded inclu-
sions of various nature (metals, insulators etc.):

- anomalous absorption of radiation in the distant
IR range (100-200 um) in MDS with metallic inclu-
sions{2};

- effect of the optical clearing up in MDS with
two-layers dielectric inclusions [ 3 ];

- effect of enhanced Raman scattering (SERS) in
colloid systems with metallic particles [ 4-5];

- the resonant EMR absorption in the near IR (1-
10 um) and visible range in MDS with metallic inclu-
sions, and a number of other phenomena,

The most unexpected is the last effect for it is hard
to assume how the resonant absorption becomes pos-
sible in a system whereas the EMR interacts only with
conducting electrons in the inclusions. The investiga-
tion of this effect is the subject of many papers, theo-
retical [13-22] as well as experimental [6-12] ones,
though up to now there is no complete theoretical
picture that would be consistent with the experimen-
tal data.

Here, we will draw theoretical study of specific
features of this effect in MDS with spherical metallic
inclusions. Upon that we use the results [1] where the
improved version of Maxwell-Garnett approximation
(MG'T) was developed to calculate the effective dielec-

tric function E'(co) of similar systems with account of

the direct multipole interaction between particles o

the system. :
As before [1], we restrict ourselves with the case of

the longwave approximation, i.e. the wavelength of

the incident radiation A = 21¢/® (o - is the radia-
tion frequency) is large compared with all the charac-

teristic dimensions of inclusions, as well as with the
mean distance between them.

1. Resonant character of radiation absorption in MDS
with metallic inclusions

The experimental researches of the optical proper-
ties of composites on the ground of MDS with metal-
lic inclusions have drawn to establishment of some
general features in processes of EMR absorption in
such systems [ 23, 6-121].

Providing one restricts by the simplest case of
Drude's frequency dependence of dielectric function

of inclusions 8(0)) [23] and defining the matrix per-

meability €, , these features can be summed in fol-

lowing statements:
1) in such MDS near surface plasmon frequency of

a single particle o =(Dp/\/§ (© ,— plasma fre-

quency of conducting electrons of inclusions) the
resonant absorption of incident radiation is observed

on frequency ®,, and besides it takes place when

inclusion concentration (#) is very small,
4 ,
f=—mrn<<l,
3

where 7 is the inclusion radius;
2) the absorption peak width is proportional to

decaying frequency (y) of conducting electrons in
inclusions, and the height - f/;
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3) upon the increase of the filling power f, the
peak widening and its shift to the longwave region are
observed;

4) sometimes the second peak appears which shifts
to the shortwave side on the increase of f[11].

The simple use of MGT for explanation of these
regularities shows that in such systems the resonance
really takes place on a frequency [ 7]

— M

and the imaginary part of the effective dielectric func-

tion of the system is Im 5(03) ~ L . Yet, the value
O

of the longwave shift and the peak form predicted by
this theory badly fit to experiment [13-21]. Besides,
the various modifications of this approach with ac-
count for nonspherical inclusion shape that were
made for explanation of two absorptive peaks do not
hold the criticisms [21]. Indeed, in a case of ellipsoidal

inclusions with depolarization factors L, and

L,(2L,+ L, =1) two peaks of the resonant ab-
sorption are observed [21] on frequencies

2
Q7 =.“31K1—L, —i)]i
w2 2 . 3

i\/(]— L _9 K1 f)L,(1-2L,)

but they both are shifting to the longwave side upon

the increasing of f and the double spectrum character
do not quite agree with experiment. Note, the depo-

larization factors L, and L, in a case of particles in

(2

a form of rotational ellipsoid with halfaxis @ and b

aré functions only of these quantities @ and b [23].
The better agreement between theory and experiment
was achieved by using different improved variants of
approximations: theory of multiple scattering [18-19],
modified variant of the mean field with using coher-
ent potential approach [13-14], renormed MGT ap-
proach with a diagram technique [15-17] though
physical cause of width asymmetry, the presence of
two peaks etc. did not find an explanation in these
theories. Nevertheless, from these theories it became
clear that upon the increase of f the effects of direct
dipole-dipole and multipole interaction between po-
larized inclusions of system turn out to be essential, as
well as statistical properties of particles distribution in
a volume and over their dimensions. Depending on
proximity to the percolation threshold, the picture
becomes complicated significantly and calls for con-
siderations about fractal properties of structures that
are generated [22].
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In MGT approach the resonant absorption EMR
on frequencies ®, (formula (1)) in systems under

consideration is a consequence of the existence of
surface plasmons in separate particles, their spectrum
may be found from a condition [ 23 ]

e'(0,)+e,=0. )
where 8’(u))is a real part of particle’s dielectrical
function (DF), and €, is the matrix DF. When

imaginary part of 8((1)) is small, this condition
means that the particle's polarizability on frequencies
®, [23]increases anomalously.

In paper [1] we obtained the exact solution of a
problem of behaviour of two spherical particles in
electrostatic field. From this solution it follows that in
spectrum of surface plasmons in this case two fre-
quencies appear, which are caused by poles in longi-
tudinal and transverse polarizabilities of two particles
(expression (23) in [1]):

@

is surface plasmon fre-

where ® =——==
b e+ 2¢,

quency of a single particle [23], and R - the distance
between two particles centers. Here we assume that

the DF of inclusions has a Drude form [23]

(DZ

elw)=¢g, ———L—, &)
() oo +iy)
where the decaying frequency Yy =Y, +Y ;. Yo I8

decaying frequency in a bulk metal, and 7y , is caused
by electron collisions with the particle surface, and
has an order of magnitude r/ v, (vp is electron
Fermi velocity).

2. EMR absorption in matrix disperse systems with
spherical inclusions with account of pair multipole in-
teraction

Here, in order to relate the theoretical and experi-

mental results which are connected with plasmon
spectra of radiation absorption in MDS with metallic
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inclusions we consider the frequency dependence of
imaginary part of effective dielectric function E((x)) ,

also consider the surface plasmon spectrum and ana-
lyze the features of radiation absorptive spectra in
such systems, using results of paper [1].

The effective dielectric function of such MDS in
an electrostatic approximation is found from expres-
sion (27) ofp'lper 1

3e +5¢,
- ——f in
€ +2¢, 8+280 2e +0¢,
< = ,(6)
€ —§& VSA,SO
€+2¢g,

where € and €, are dielectric permeabilities of inclu-

sions and of a matrix, correspondingtly, and f is the
filling power of a matrix by metallic fraction. Re-
stricting the following consideration by the case of

€, =1 and £, = I, from (5) and (6) we find

CE I T— 24 0
I fo3e 2 s
37228 8w

where x =0 /0, v=Y/0,

So far, as expression (7) is fundamental for the fol-
Jowing analysis, we underline once more that it takes
place under exact account of the pair dipole interac-
tion in a system of metallic spheres, together with the
fulfillment of relations (5) and (26) of paper {1]. From
(7) with account for manifoldness of logarithmic
function [ 24 ], we find

SL{x,v, f)
L(x,v, [)+N?(x,v f)

NGy, f)
L(xv, f)+N(x,v. /)’
' (3-8¢) +oav

1
v, f)=x - -=fin . (9)
Noswf)=% 9 (2—8x2)2+64fv2

L(x,v, )_ﬂ ( 2 8)+xv+

8xv
2-8x?)(3-8x7) + 64x™’
g =Img(0).

g =1+

®)

g" =1+

(10

+ % farctg (
and &' =ReE(0),

Here xg = —— is the resonant mode frequency

(2) in MGT approximation, and

_z.uj_ (2_1)_ (z_i)
®(x,4,8 =0, x y O, x 3)

(1D
I, x’>a
2 D
®o(x ﬂa)w{O; x’<a

and arctg(y) is defined in the principal region

-T T
(7 ; 2} From view of (8) it follows the important

fact: near frequency xj , which corresponds to the
resonant frequency of MGT approximation, in the

frequency interval — < x2.< E the continuous spec-

trum region appears which brings to the function
N(x,v,f) the supplementary damping of an order of

2
Enf , which does not depend on v and x! It means

that even when v = 0 for any frequency X =(0/03 ,

from interval (0,5; 0,61) Im E((D);t 0. In a sense

this fact reminds the mechanism of Landau damping
in a collisionless plasmas. The similar mechanism was
found also by calculation of the susceptibility of frac-
tal structure with account of the pair fluctuational
dipole interaction in a paper [25], and slightly had
been noted in a paper [16]. Because of importance of
this problem we will carry out the detailed qualitative
analysis of found expressions (8)-(11). We fix our

attention on analysis of dependence of E”(x) on

frequency and on parameters vV and f, because it s,
namely, the imaginary part of E(r) that is responsi-

ble for all EMR absorptive processes in a system. The
exclusiveness of a given situation lies in that for the
majority of disperse systems investigated practically
from this point of view [ 6-12 ] the metals used as the

filling matter had values v~0,0/-0,2, and the
magnitude of /' had also been lying in the same limits
f~001-0,2. At the same time, as follows from
(8), namely when f ~v the dependence E"(x) is

the most intricate. From an appearance of E"(x) it
is seen that its magnitude increases highly for the
values of xi(i =1.2.. ) where

L(x,v,f)=0. (12)
The equation (12) defines (when v — () the sur-

face plasmon spectrum in a system. When neglecting
the pair dipole-dipole (PDD) interaction, this spec-

trum is determined by a single mode X, equal to
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— . 13
3 (13)

When "switching on" the PDD interaction the sur-
face plasmon spectrum becomes complicated signifi-

cantly depending on values of parameters v and f.
Because of transcendental character of equation (12),

one can find values X; only numerically, yet some

estimates of their localization and conditions of ap-
pearance may be obtained from a graphical analysis
of (12) when the expression (12) is written in a form

divided over parameters v and f:
2
(3-8x%) +64x7v’
3 .
(2 - 8x2) +64x%y
For convenience of the following analysis let us fix
on'some level V=V, and examine the dependence

g(xj ~x2)=]n

(14)
f

L(x) and E"(x) on alteration of the filling power f.

When fis very small, from (14) it follows that its
solution is unique, and X, lies in continuous spec-

trum and coincides practically with X, . Despite this,

when v and fare such that the relation
2n
XYy >>“9—f. (15

is fulfilled, the dependence E”(x) will have a sharp

peak at X = x, with a height proportional to
XV,
The fulfillment of (15) means that the damping in a
single particle exceeds the collective effect of damping
in a system, caused by PDD interaction. Upon f in-
crease and when its values are less some boundary

value f, (which would be determined below) the

solution x; of (14) will be unique and will lie in con-
tinuous spectrum but it will be shifted to the smaller
value side of X (the "red shift"); upon this the 5”()6,.)
peak will broaden significantly due to the increase of
the second damping mechanism input. Such a picture

would be observed in a system until / would not reach
the boundary value

fi= 02 (16)
* I, (1+16v*)
1+ In[ o
3 16v

When f = f, there appears in a system near

x~1/4 the supplementary root, and upon the fol-
lowing increase of f their number extends to three,

where one of roots lies in a region X, < I/4, and two
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others X, and X, - in a region of continuous spectra.
The originated mode X, will be narrow as its half-

width is proportional to the damping Vv, and the

height is —L. Upon the following increase of f the
Xy

modes inside continuous spectra disappear, there

leaves only a mode x, which acquires the longwave

shift ( the "red shift"). Under the still prolonging in-

crease f, when f > f  where

0,125

= . 17

g 112207 ”
3 24v?

two new modes, besides X, , are born in a system near
x = 3/8—x, and X, where X, lies in a continuous
spectrum, and X, - in a region x>3/8, ie. the
mode X, is the resonant one. In distinction from X, ,
the mode X, has a shift to the shortwave side ("blue
shift"). Note, that the mode X, lying in continuous
spectrum experiences the longwave shift. But, as fol-
lows from analysis of expression (12) modes X, and
x, are located near value x = 3/8 and decay more
strongly than the mode X, . The evolution picture of
Im E(x) dependence of changing on parameter [

from 0,001 to 0,3(v=0,01) is shown in Fig. | and
Fig. 2 justify completely the analysis drawn over
solution of equation (12). Indeed, as follows from (16)

and (17), by v=0,01 the mode x, appears when
/0,08, and the mode x, when f~0,125. That is cor-
related completely with results shown in Fig. 1 and
Fig. 2. The evolution of Im E(x) dependence under

fixed /~0,09 and alteration v from 0,01 to 0,1 is
shown in Fig. 3 and Fig. 4. From (16) in this case

follows that resonant mode X, appears when
v < 0,02 that agrees well with results of Fig.3. When

v>0,02, in the spectrum there are present only

modes inside the continuous spectrum which are giv-
ing due to the damping mechanism specific in this
interval the asymmetric bell-like curves of depend-

ences of Im E'(x) In Fig. 5 the frequency depend-
ences of the absorption coefficient are shown:

o« = 1m [5e) . a9
Q]

when v=0 and f changing from 0,0/ to 0, 1.
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Fig. 1. Dependence Im € on x=0 /co » under damping

v =y /0) L= 001 for different filling powers f=0,01+0,09 Fig. 3. Dependence Im€ on x = (,o/(op under filling power
f=009  for different damping values
v=y/o,=001+005

03
0,5
X
Fig. 2. Dependence Im € on XxX=0 / ®, under damping Fig. 4. Dependence Im € onx=® /o) » under filling power
v =Y /(J) p = 001 for different filling powers f=0,09+0,3 1=0,09 Jor different damping values

v=y/o,=005+0,1

Note, that the origin of continuous spectrum re-

gion is observed also in general case, when the dielec- where spectrum width is equal to
tric permeability €, # /, and €(w) dependence has a
form (5). In this case the continuous spectrum region A= 8~ 20)
is in interval (380 +58w)(80 +38w) :
5 1 From (19) it follows that A is maximal when
— <X < (19) —f = ‘
3g,+5¢,, g,+ 3¢, 8y =8, =1
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Fig. 5. Dependence of absorptivity OO, / ¢ on

X = (.0/(0 p under damping v =y /0, =001 for difer
ent filling powers f=0,01+0,1

3. Discussion of results

The calculations that were drawn show that the
account of pair DD interaction between the metallic
inclusions in a system turns to the appearance of the
continuous spectrum band in the region of surface

plasmas mode of an separate inclusion ((D » / \/§ )

This spectrum region appearance is explained by that
in the case of the account of the pair interaction be-
tween inclusions any two particles belonging to the

system absorb the interaction on frequencies ® !i and

® , , which are defined by relations (4). These fre-
quencies values depend on distance between particles
centers R. So, when R=o0, in a case €, =€, = 1,

O =0, =(Dp/\/§. Under the minimal approach

. * (l) D * ;3 .
of particles R=2r, o, = —2——, 0, = g(x) o e

these frequencies just determine the boundaries of the
continuous spectrum. As R is arbitrary, it becomes
possible in a system the presence of a wide frequency
set. It turns to the possibility of quick relaxation of
separate particle polarizability in the continuous spec-
trum region which does not depend on radiation ab-
sorption character in a single particle, i.e. it appears
the supplementary damping mechanism indicated
before. This consequence has, by semblance, the gen-
eral nature. The origin of modes outside the continu-
ous spectrum region is connected only with dipole-
dipole approach which takes place in the case when

the average distances between particles R>3r[2]
It turns to that the given approximation is true only
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when f<0,15. When R<3r, the highest multipole
interactions (quadrupole, octupole and so on) become
significant[27]. The estimates drawn have shown that
the account of these interactions turns to the signifi-
cant broadening of the continuous spectrum region,
so the separate modes outside the continuous spec-
trum boundaries in dipole-dipole approach get into
the continuous spectrum region, its boundaries are
found from the approximation with account of quad-
rupole interaction and so on. In that sense one should
pay attention to the paper [20] where the radiation
absorption band contour was analyzed in ensemble of
small metallic particles. For calculation of the absorp-
tion coefficient in a paper [20] the effective dielectric
permeability was used, found by formula

M , @n
1-/®

2
0= (iﬁ&} ]+G(,€’__§L] ) (22)
£+ 2g, €+ 2¢,

where (7 is the phenomenological parameter of the
theory, which depends on the sphere radius, the filling
factor and on the reiative S-particle (S = 1,2,3,...)
correlative functions, Further, in [20] the alteration of
absorption bands is studied under changing of a pa-
rameter G from 0 to 10. In spite of the fact that the
significant change of the absorption band width by
G>1 was observed, all the theory remains fully phe-
nomenological because the nature of such widening is
left unclear in [20].

Note, that the formula analogous to (21) can be
easily obtained from a relation (7) by expansion of a

E—§€,
g+2¢,
though it would turn out that the introduced quantity
G should depend also on £(®) and €, i.e. on radia-

tion frequency.

The part of researches in this paper was fulfilled in
the frames of a project No.62 of the Ukrainian Center
of Science and Technology. Authors are gratifying the
Center for the financial support rendered.

€ =g,

logarithm into series over parameter A=
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Pe3onancHoe norJiomenne MEKTPOMArHHTHOIO
HIJIY4eHHS B MATPUIHBIX JUCIICPCHBIX CHCTEMAX C
MeTaUIH4EeCKHMH BKJIIOYECHUAMH

JLT. I'peuxo, A. 5. baauk,
O.A. Tlanuenko, A.A. IMunuyk

HccnenoBano MOTJIOUIEHHE 3JEKTPOMArHUTHOIO
H3JIyYSHUS B CUCTEME MaJbIX METAMNIMYECKMX YACTHII,
pPACTBOPEHHBIX B IUIJICKTPUYECKOW MATpPHULE, C Yy4e-
TOM JUIOJb-JUTNONILHOTO B3aUMOJACHCTBUS MEXKIY
yactduaMu. [Toka3zaHo, YTO YYeT NapHOro B3aMMO-
NeHCTBHSA MEXAY 4acTULAMU NMPUBOAUT K NOSBJIEHHIO
BOIHM3M YACTOTHI COOCTBEHHOM MIIAa3MEHHOM MOBEPX-
HOCTHOH MOJB! OTAENLHOH YacTHUBl [ABYX HOBBIX
PE30HAHCHBIX MO, CO3JAalOLIMX OONACTh HEMpEPbIB-
HOTO criexTpa. B pe3ynbTaTe CTAHOBUTCA BO3MOXHbBIM
MeXxaHu3M GecCTOJKHOBHUTENBHOTO 3aTyXaHHMA, KOTO-
poiif MPHBOIUT K YABOEHHMIO ¥ YUHIMPEHUIO PE3OHAHC-
HbIX TMKOB norjoweHus. M3yueHa 3aBHMCHMOCTD
(GopMbl MOTNOUIEHHS OT CPEIXHENO PACCTOSHUSA MEXKIY
YACTHLAMM ¥ 3JIETPOHHOIL YaCTOTbl CTONKHOBEHHUH.

Pe3onanche norJHHaHHs eNeKTPOMATHITHOrO
BUNPOMIHIOBAHHA B MATPHYHUX OUCTIEPCHUX CHCTEMAX
3 METAJIeBUMU BKJIIOYEHHAMHU

JLI. I'peuxo, O.A. baauk,
0.A. ITanuenxo, 0.0. Iinuyk

JlocnimkeHo MOTIMHARHSA €JIEKTPOMArHiTHOIO BH-
[IPOMIHIOBAHHA Y CHCTEMi MaJlUX METaJIiYHNUX YACTU-
HOK, PO3UMHEHHX Yy JieIeKTPHYHIH MaTpHUi, 3 ypaxy-
BAHHAM JMNOJb-AUIONBHOI B3A€MOJl MiX 4YacTHH-
kamu. TIoka3aHo, o ypaxyBaHHs MapHO! B3aeMOIil
MiX YacTHHKAMu [PHU3BOMUTb OO MOABH TNOOIM3Y
BJACHOI.MJIa3MEHOT TIOBEPXHEBOI MOAM OKpeMOl dac-
TUHKH [JBOX HOBHX PE30HAHCHUX MOJ, fIKi CTBOPIOIOTE
ob/IacTh HENepepBHOrO CHeKTpy. BHacmiiok uporo
CTA€ MOXJIMBUM MeXaHi3M Oe33iTKHEHHOIr O 3racaHHs,
KA TpHU3BOAUTH [0 TNOABOEHHA Ta PO3IUIMPEHHH
pesoHaHCHHUX TkiB MOITMMHAHHA. BuBueHo 3a-
JIeXHICTL GopMM NOTJIMHAHHS BiJl cepelHbOl BifAcTaHI
MK YaCTHMHKAMM T4 eJEKTPOHHOI YACTOTH 3iTKHEHHb.
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