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Effective nonlinear optical properties of metal-dielectric composite media with shape distribution
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The effective linear and nonlinear optical properties have been investigated in granular metal-dielectric
composites taking the geometric shape of inclusions into account. Recently derived Maxwell-Garnett-type
approximations are generalized to study the spectral function for composites in which the metal inclusions have
a uniform distribution of geometric shapes. The numerical results show that the spectral density function
becomes a prominent peak around small spectral valuéthin the non-self-consistent Maxwell-Garnett
approximation but a broad continuous spectrum around largesides the prominent peak around snsall
within the self-consistent Maxwell-Garnett approximation. Based on the spectral representation, we investigate
the optical absorption and third-order nonlinear optical susceptibility. The results indicate that the shape
distribution can lead to the separation of the nonlinearity enhancement peak from the absorption peak and
thereby make the figure of merit more attractive.
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[. INTRODUCTION the metal-dielectric system in which metallic inclusions are
ellipsoidal in shape, described by some shape distributions.
Nonlinear optical properties in random metal-dielectric Each ellipsoidal nanoparticle is described by three depolar-
composite media have been the subject of growing interest iization factorsL,, L, andL, (satisfying the sum ruld.,
recent years because of their potential applications in physics Ly+L,=1). Generally, the granular inclusions are ran-
and engineerinfil,2]. A typical system is composed of metal domly oriented and the effective response is still isotropic.
granular particles with a nonlinear dielectric response em¥Ve Wwill generalize the Maxwell-Garnett-type approxima-
bedded in a dielectric host with a linear or nonlinear re-tions [14] in conjunction with the spectral representation
sponse. It is well known that at frequencies close to the suk19—21 to investigate both the linear and nonlinear optical
face plasmon resonances, the third-order nonlineaProperties of such composite media.
susceptibility of such a composite system may be greatly We organize the paper as follows. In the next two sec-
enhanced through the local field effe¢&-9]. The metal- tions, we derive the two Maxwell-Garnett-type approxima-
dielectric composite media are also known to have artions by taking the shape distribution of inclusions into ac-
anomalously large optical absorption in the infrared regiorcount, and then calculate the spectral density function
[10]. Both the absorption spectrum and optical nonlinearitynumerically. With the spectral density, we study the optical
are sensitively dependent on the composite microstructur@bsorption and the enhancement of third-order nonlinear sus-
[11-13. ceptibility in Sec. IV. A summary of our results and discus-
More recently, we derived two different Maxwell-Garnett- Sions will be given in Sec. V.
type approximations based on whether a self-consistent con-
dition on the net. polarizatiop is |nvoke[(14] The result_s 11. NON-SELF-CONSISTENT MAXWELL-GARNETT
show that the optical absorption and the third-order nonlinear APPROXIMATION (MGA1)
susceptibility are strongly dependent on the shape of inclu-
sions. However, a large nonlinearity enhancement is always Let us consider a nonlinear granular composite in which
accompanied by a large optical absorption, which hinder§andomly oriented, ellipsoidal metal particles of volume
practical applications. In this regard, geometric anisotropyfraction f are embedded in an isotropic dielectric host of
[5,15], fractal[7] or correlated microstructurl3] in com-  volume fraction -f. We assume that the particle size is
posites can lead to the separation of the absorption peak fromuch smaller than the wavelength of light so that the quasi-
the nonlinearity enhancement peak, resulting in a large figurétatic approximation can be adopted. The local constitutive
of merit. electric displacement)-electric field €) relation is given
According to the analysis of the absorption coefficient andby D= e{VE+ x{3)|E|2E, wheree”) and x*) are the(scalay
conjugate reflectivity in related experiments, it has beerdinear dielectric function and the third-order nonlinear optical
shown that the granular inclusions may deviate from perfecsusceptibility of theith component i(=1,2). The nonlinear
spherical shape, which possess certain shape distributiderm of the component is always assumed to be weak in
[16]. The distribution of granular shapes may also be imporcomparison with the linear or{8,5,6,11-15% Since the axes
tant in understanding the Lichtenecker’'s form@il&/] and  of the ellipsoidal particles are randomly distributed in space
explaining the anomalous far-infrared absorption of small(corresponding to a uniform distribution of ellipsoidal inclu-
metallic particled18]. Therefore, in this work, we examine sions over the entire solid ang)eshe effective response is
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still isotropic. Ellipsoidal particles are described by three de-distribution[23] can be treated similarly. The expression for
polarization factord,, L, andL,, which satisfy the sum the field factor with a uniform distribution of depolarization
rule Ly,+Ly+L,=1. For spherical particled ,=L,=L, factors can be simplified as

=1/3, while for cylindrical onesl.,=0 andL,=L,=1/2. In

general, the coefficierit;(j=x,y,z) is shape dependent and e® €D [0
has the forn{22] B=7—"oz|1" o oM <ol (7)
- € e’ & €5
a,aya; (= du ( 6(20)>
L= 2 2 2 2 Y
2 Jo(a+u(ai+u)(@+uy(ai+u)

The effective linear dielectric function of composites with a
are semi axes of the inclusion parallel uniform shape distribution can be obtained by substituting
Eq. (7) into Eq. (5).
In the dilute limit, i.e.,f—0, Eq.(7) reduces to

wherea,, a,, anda,
to the three Cartesian coordinate axesy, and z. With

given a;(j =x,y,z), one can determine uniquely a depolar-
ization L;. Thus we may use the depolarization factor to

. . . - (0) (0)
characterize the shape of the ellipsoidal particles. A pre- 0= O 14+ 2f €1 Ini—l ®
scribed distribution of the depolarization factor will be € 2 eD— D D '
adopted to describe the distribution of the geometric shapes
of the inclusions. which was first derived in Refl18].
The average electric fieldE,;) in the ellipsoidal inclu- As claimed in Refs[14] and [24], because the mutual
sions is given by 3,14] interaction between different polarizations is neglected, as in
the case of small volume fractions, E§) with Eq. (7) may
13 5(20) be valid for not too large volume fractions suchfas0.3. At
(Ep)= 3 ;X L-e(0)+(1— L-)e(°)<EL>’ 2 large volume fractiong >0.3, the interactions between par-
o 172 ticles must be considered.
where(E, ) is the Lorentz local field. Then we calculate the spectral density function. For two-
The expression for the spatial average of the electric fiel¢omponent composites, it has proved convenient to adopt the
over the whole volume of composite is spectral representation of effective linear respdrise-21].
Let s= e/ (- €?) andF=1-€/e”, we find
(E)=f(E1)+(1-)(EL). (3)
- . - tm(s’)
Similarly, the bulk average of the dielectric displacement F(s)=J —ds’, (9)
(D) is 0s—s'
(D)=feE)+(1—f)eNE). (4)  wherem(s’) is the spectral density function, which can be

obtained through the limiting process,
The effective linear dielectric functiosl”) can be defined as

1
(D) fe(lo)ﬂ-l—(l—f)e(zo) m(s’)= lim —;Im[F(S’-i—in)]. (10
eW=—t= (5) -

e (E) fg+1—f

While the analytic solution for the spectral density func-
where B=(Ep)/(E )= 33;e/[L;e{”+(1-L))e] is the  tion may exist, here we resort to numerical calculation. We
field factor. calculatem(s’) numerically from Eqs(5) and(7)—(10). We

In order to investigate the effect of a shape distribution ofpyt s=s’+i7 and choose the real part at 1,000 equally
granular inclusions on the effective linear and nonlinear OPspaced across the interval valuec§ <1 and  at some
tical properties, we propose a distribution function positive values such ag=0.001. The actual value of is

P(Lx,Ly,L;) of depolarizations factors to characterize thejndeed unimportant. We find that such choice gives accept-
shape distribution. The distribution functida(L,,L,,L,) able results by checking the sum rule

must be chosen to satisfyf ,P(L,,L,,L,)do=1, wherec

is the area of the plang,,+L,+L,=1. Correspondingly, oo
the field factor should be obtained from o m(s")ds’=f. 11
0
(B)shai :Ef f P(L,,Ly,L,)> e’ do In Fig. 1, we plot the spectral densitg(s) againsts for
shdis=g ) |, ey mzlas e+(1-L;)e various volume fractiond=0.05, 0.1, and 0.3. When we

(6)  take into account the shape distribution, the spectrum turns
broad and has a large spectral peak around ssndlhis is
For convenience, we assume that the shape of inclusiorgue to the fact that in the composite system with the shape
distributes uniformly andD(LX,Ly,LZ)ZZI\/§ by exhaust- distribution, the larger clusters are more easily enhanced at
ing all possible ellipsoids. Alternative distribution such as thethe expense of smaller ones than they are in the standard
binary distribution[23], I" distribution[17], and log-normal Maxwell-Garnett model. The large values of spectral peak in
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0.12, 0.25, sharp peaks in composites of spheroidal particles with same
0101 depolarization factord14]. When increasing the volume
0201 fractionf, the location of the spectral peak are almost invari-
0.084 £=0.05 0451 40 ant, but the magnitude of the peak becomes large so as to
= 0.06 satisfy the sum rule Eq11).
E 0.10-
0.044 IIl. SELF-CONSISTENT MAXWELL-GARNETT TYPE
0.024 0.05+ APPROXIMATION (MGA2)
0.00 ——, —_—— We generalize the cellular modgl4,25 to study the sys-

00 02 04 06 08 10 00 02 04 06 08 1.0 . . . . . . . .
tem in which the ellipsoidal metal inclusions are dispersed in

b a dielectric host. To formulate the cellular model, we con-
0.8- o3 struct the Wigner-_Seitz ce!l Qf each microellipsoid an_d re-
| place the composite by a fictitious homogeneous medium of
061 an as-yet undetermined dielectric constafff, except for
% 0.4 one of the cells. The cell is then replaced by an ellipsoidal
core of dielectric constard”), coated by a confocal shell of
021 €. The core and the shell have the same aspect ratio, char-
0.0 e~ acterized byr =ac,/ag=acy/asy=ac,/as,, where the sub-
00 02 04 06 08 10 scriptc ands mean core and shell.
s The effective linear dielectric constagff’) is given by the
FIG. 1. The spectral densityn(s) within MGAL againsts for dilute-limit expression,
variousf=0.05, 0.1, and 0.3. EéO): Eg?)_i_ peﬁr?)[bx(e(lo) ,ego),eg?),y)
the smalls range will be useful to increase the optical ab- +by(e?, e, y)+b,(e?, 2, )],
sorption in the infrared region. The results indicate that the (12)

shape distribution of metal particles plays a role in explain-

ing the anomalous far-infrared absorption. The spectra inwhere p is an infinitesimal volume fraction andy
crease in smaki-region and reach maximum values and then= (a..a.,a.,)/(as,as/as,) is the volume ratio of the core to
decrease in largsregion. Moreover, they are continuous in the whole coated ellipsoid, artg} is the dipole factor to a
the whole range frors=0 tos=1, in contrast to twas-type  single-coated ellipsoidal inclusion along thexis,

oL (e L)~ )] () ey Lyl — )] 13
J'__ .
3 (D= )= eMyLi(1-L)+[ )+ (V= MLl + (e~ eL]

The effective dielectric constar”) can be obtained self-
consistently with Eqs(12) and (13), if we identify y with f <b>shdis:f f P(Ly,Ly,L2)(bytby+bz)da=0.
and €9 with €?; then Eq.(12) becomes a self-consistency ’ (15)
equation, which readily implies that,
z Again, P(L,L,,L,) must be chosen to satisfyl)sngis= 1
b=by+b,+b,=0 or >, b;=0. (14 and for uniform oneP(Ly,Ly,L,)=2/3. .
x We plotm(s) versuss for small volume fractions such as

f=0.05 andf=0.1 in Fig. 2a) and large volume fractions
Here we would like to point out that the mutual interaction f=0.3, 0.5, and 0.7 in Fig. (®) within MGA2. For small
between different polarizations is taken into account in avolume fractions, say=0.05 andf=0.1, a spectral peak
self-consistent way and E@14) can thus be used for large around smalk arises as expected. As we include the mutual
volume fractiong 14]. When the microellipsoid becomes mi- interaction between different polarizations into calculations,
crosphere, our theoretical model is nothing but the Hashinthe dominant peaksee Fig. 28)] broadens in comparison
Shtrikman one, in which the volume fraction of the compo-with that shown in Fig. 1. However, for large volume frac-
nent can vary from 0 to 1.(26]. tionsf=0.3, 0.5, and 0.7, it is seen from Fighb2 that there
We then introduce a prescribed type of distribution for theis a broad continuous spectrum band in lasgeegion, in
depolarization factorsP(L,L,L,), the self-consistency addition to a prominent broad band in smaltegion. Such
equation becomes behavior is quite different from that predicted within MGAL.
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19 0201 X B PEe?= F XU EIPE?)jin 1+ (1= 1) xS EIPED)in
0.084
#20.05 o191 £=0.1 ~ EXEUIE D in 1 EDjin 1+ (1= F)x 5
0.061 -
D 010 X{E)iin £E?Niin 21 (17)
E 0.04
0.5, where the linear local field averagég?);, ; and(|E|)in i
0.02 are given by
%0 0z o4 o8 08 10 0o 02z 04 06 08 1o s [1Em(s)
(a) . . f(E%in 1= Omds Eo”
0.8
1(s?—s")ym(s’)
=0. ’
05, o2 (1= F)(E?)jino=| 1~ f ——————ds'|E¢% (19)
0 (s—s')
o4 and
°2 1|s|*m(s’)
(B [ o as [,
00 T T~ 0 |s—s’|
00 02 04 06 08 1.0
201 ‘ 1(|s|]*—s")m(s")
o (1_f)<|E|2>Iin,2:{1_f — oz U8 |IEd*
151 f=0.5 31 - o [s—s|
(19
10 2 The mean field approximation is adopted in ELj7), which
holds well when the field inside the componeéris a con-
0.5 ! stant.
As numerical illustration, we adopt the Drude free-
0 02 o4 o6 o8 10 00 02 o4 o6 o8 10 electron model for the dielectric function of metal particles
(b) s s )
0)( 1) = “p
FIG. 2. m(s) within MGA2 againsts for small volume fractions € (w)=1- o(w+iy)’ (20

f=0.05 and 0.Xa) and large volume fractions=0.3, 0.5, and 0.7

(b). wherew,, denotes the plasmon frequency anés the damp-

ing constant. We choosg=0.0lw,, which is typical of a
We believe that the mutual interaction between different pogood bulk metal an@{’=1.77 is the dielectric constant of
larizations contributes to this broad continuous spectrumwater. We assume the dielectric host to be linear, y&>
and the shape distribution enhances the magnitude of the 0, based on the fact that the optical nonlinearity of dielec-
spectral density further. Whefngradually increases, interac- tric host is several orders of magnitude smaller than that of
tion among granular inclusions becomes strong, resulting imnetal particles and the contribution of the dielectric host to
a broad spectral band in the smaltegion. However, with  the effective nonlinearity is smalR9].
further increase of, metal clusters get collected, leading to  |n Fig. 3a), we show that the optical absorption Iaé(())
the narrow spectrum. versus frequency/w,, for variousf within MGA1. Similar
to the spectral function shown in Fig. 1, there is a large
absorption peak at the surface plasmon resonance frequency
(SPRH for each volume fraction. Large optical absorption
has been clearly observed in the far-infrared region espe-
As we have obtained the spectral density by means of tw§ially for small volume fractions such ds=0.05. This phe-
approximations, we can next examine the effective lineafomenon differs from our previous prediction in Reif4], as
dielectric constant with the following equation the shape distribution is not included into calculations. With
increasingf, the resonant absorption peak shifts slightly to-
1 !
eéo)Z 6(20){1— f Mds’l,

IV. THE OPTICAL ABSORPTION AND THIRD-ORDER
NONLINEAR SUSCEPTIBILITY

sharpening of the absorption peak due to the size increase of
the metal clusters. This prediction is consistent with the ex-
perimental phenomen&0,31].

Then, we concentrate on the enhancement of optical non-
and effective third-order nonlinear optical susceptibility with linearity |x$|/x{®), as shown in Fig. ®) within MGAL.
[5,11] ) is found to be enhanced in most of the frequency

wards a short wavelength and then a long wavelength by a
0s—s'

(16)

X1 x§
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FIG. 3. The optical absorption Iref’’) (a) and the enhancement of optical nonlineafig®|/ x{¥ (b) against the frequency/w,, for
f=0.05, 0.1, and 0.3 within MGAL1.

region 0<w/w,<1 and takes a maximum value at certain enhancement band turns broad as interactions among clusters
frequency, which is not equal to the SPRF. The magnitude ofecome strong. More interestingly, the nonlinearity enhance-
nonlinearity enhancement is two orders smaller than previment peak does not coincide with the absorption peak and
ous theoretical predictiofill], but can be comparable with the separation of the absorption peak from gg@ enhance-
experimental reportg30,31. With the increase of, on the  ment peak is clearly observed. Therefore it is possible to
one hand, the nonlinearity enhancement peak exhibits a blughtain more prominent optical nonlinearity with a concomi-
shift and then a red shift; on the other hand, the nonlinearitgant small linear optical absorption at the frequency of inci-
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(a) /e, wlo FIG. 4. Similar to Fig. 3 but within MGA2 for
small volume fractiong=0.05 and 0.1.
20 304
1=0.05 251 =0.1
154 20
;510_ 15
axw 10
5 54
0
0 r r r r ) r . . . .
00 02 04 06 08 1.0 00 02 04 06 08 1.0
(b) W o,

dent light far from the SPRF, at which the optical absorptionearity enhancement has been observed in high-frequency re-
achieves a maximum value. For practical applications, thegion, which is again far from SPRF, so that the figure of
more useful parameter is the figure of merit, which is pro-merit | x&|/Im(e{”’) can be greatly enhanced. Introducing

portional to x| but inversely proportional to In{?).
Thus a largd x| is insufficient unles$x(>|/Im(e{?) can

shape distribution in this frequency region can lead to large
enhancement of optical nonlinearity and figure of merit, and

be made as large as possible. Most of theoretical works prés thus beneficial for practical applications. For instance, for
dict that the increase of optical nonlinearity is always accomf=0.05 and 0.1, we attaify(>|/Im(e{?) ~285y{>esucm
panied by an increase in light absorption. This reduces thand ~300y{¥esucm atw~0.7w,, respectively. For large
applicability of optical nonlinearity of composites. Here we volume fractiongsee Fig. B)], sharp enhancement of opti-

demonstrate that bothy?)| and |x{3|/Im(el”) can be

cal nonlinearity is seen at low frequencies near the edge of

greatly enhanced in certain frequency region. For examplesurface plasmon resonance band, especially just above the

IxPN1im(e) ~1530Pesucm forf=0.05 at w~0.70,
and [x&|/im(e?)~200¢Pesucm for f=0.1 at o
~0.76w,.

We plot the linear optical absorption Ieff’) and
|x31x versusw/w,, for small volume fractiond =0.05
and 0.1 in Fig. 4 and large volume fractiohs 0.3, 0.5, and
0.7 in Fig. 5 within MGA2.

For small volume fractions, as is evident from Figa}

the optical absorption exhibits similar behavior as that ob-

served in the case of MGAflsee Fig. 8)], especially for

f=0.1. However, two approximations yield distinct results

for large volume fractions. In Fig.(8), we find that in the

upper edge of the large linear optical absorption band. In the
large frequency region Ou§,< w<1.0w,, continuous broad
band of nonlinearity enhancement is also observed, in anal-
ogy to the behavior of linear absorption, shown in Figa)5

We also find that, afincreases, the resonant low frequency
and the center of the nonlinearity enhancement band are red
shifted and blue shifted respectively.

V. DISCUSSIONS AND CONCLUSIONS

In this work, we have studied the effect of the shape dis-
tribution of inclusions on the optical absorption and the en-

frequency band & w<0.5w,, there is a surface plasmon hancement of optical nonlinearity of metal-dielectric com-
resonance band, which is broader than that obtained withiposites. Previously derived Maxwell-Garnett approximations

MGAL; while in the large frequency band region sucheas are generalized to investigate the spectral density function of
>0.50,, a broad continuous absorption spectrum with smalsuch system. The results show that introducing the shape
magnitude is predicted as a result of mutual interaction bedistribution is helpful to explain qualitatively the large opti-
tween different polarizations, which is absent within MGAL. cal absorption and to reduce the discrepancy between theo-
In the end, we examine the optical nonlinearity enhanceretical and experimental results on the optical nonlinearity
ment | x|/ x{* within MGA2. for small volume fractions, enhancement. More interestingly, at certain frequency re-
such asf=0.05 and 0.1 see Fig. 4b)], appreciable nonlin- gion, the uniform shape distribution can lead to the suppres-
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FIG. 5. Similar to Fig. 3 but within MGA2 for large volume fractiofis-0.3, 0.5, and 0.7.

sion of optical absorption and the concomitant enhancemerite., uniform shape distribution, into our calculations, other
of optical nonlinearity, and thereby increase the figure ofmore realistic and complicated distribution function should
merit. be chosen to satisfy the experimental case. We consider the
Here we should add a few comments regarding our reMaxwell-Garnett-type modelsi.e., distinct inclusion par-
sults. We can further extend our methods to the system iticles are embedded in a dielectric hosEor percolation
which both metal particles and the dielectric matrix are non-composites, we should adopt the Bruggeman-type effective
linear. We only introduce simple shape distribution function,medium approximatiof27,28 by taking the shape distribu-
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tion into account. inclusions with certain shape distributions should be pre-
We may manipulate composite microstructure, such as bpared and the composite may not be studied at the SPRF, at

the use of correlated, fractal, and anisotropic microstructurgvhich the optical absorption achieves a maximum value. We

to achieve a large enhancement of optical nonlinearity and Bope our theoretical prediction can stimulate experimental

concomitant suppression of linear absorption. In this papeinvestigations or numerical simulations on this topic.
we present another way to realize the separation of linear

absorption peak from the nonlinearity enhancement peak by
the introduction of the shape distribution of granular inclu-
sions. Our calculation may be qualitatively relevant to recent
optical nonlinearity enhancement experiments on metal- This project is supported in part by grants from the Hong
dielectric nanocompositeE30—32, in which large third- Kong Research Grants Coun¢RGC) and the Hong Kong
order optical nonlinearity was studied at the SPRF. In ordeBaptist University Faculty Research GrdRRG). Z.Y.L. ac-

to compare with experimental results quantitatively, weknowledges the National Natural Science Foundation of
should apply the Shalaev-Sarychev thepryd], describing China for financial support under Grant No. 19774042.
the interaction effects. We predict that in order to furtherK.W.Y. acknowledges the Research Grant Council of Hong
promote optical nonlinearity and the figure of merit, granularKong SAR government under Project No. CUHK 4290/98P.
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