Vol 16 No 1, January 2007
1009-1963,/2007,/16(01)/0249-09

Chinese Physics

© 2007 Chin. Phys. Soc.
and IOP Publishing Ltd

Controlling optical responses through local dielectric
resonance in nanometre metallic clusters®

Chen Liang-Liang(Ff55%), Gu Ying(iy #%)', Wang Li-Jin(E34),
and Gong Qi-Huang(ZEHE#8 )+

State Key Laboratory for Mesoscopic Physics, School of Physics, Peking University, Beijing 100871, China

(Received 2 June 2006; revised manuscript received 2 August 2006)

Optical responses in dilute composites are controlled through the local dielectric resonance of metallic clusters. We

consider two located metallic clusters close to each other with admittances €1 and e2. Through varying the difference

admittance ratio n[= (e2 — €9)/(e1 — €0)], we find that their optical responses are determined by the local resonance.

There is a blueshift of absorption peaks with the increase of 7. Simultaneously, it is known that the absorption peaks

will be redshifted by enlarging the cluster size. By adjusting the nano-metallic cluster geometry, size and admittances,

we can control the positions and intensities of absorption peaks effectively. We have also deduced the effective linear

optical responses of three-component composites e = o(1 + > 0% 1 [(/n;, + M¥ns)/(0(s — sn))]), and the sum rule of

cross sections: Y 1% 1 (Yny +Nny) = Np, + Np,, where N and Np, are the numbers of €1 and €2 bonds along the

electric field, respectively. These results may be beneficial to the study of surface plasmon resonances on a nanometre

scale.
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1. Introduction

Optical properties of composites composed of
many nanometre metallic clusters have attracted great
interest. Due to simultaneous existence of the posi-
tive and negative dielectric constants in these compos-
ites, in the quasistatic limit, dielectric resonances may
occur accompanying the very localized field distribu-
tion within and around the metallic clusters.!'—3! Tt is
known that the localized excitation on roughly nanos-
tructured surfaces, the surface-plasmon modes in
disordered nanosystems, =7 and the selective photo-
modification in fractal aggregates of metallic colloidal
particles,® are highly sensitive to the local-field dis-
tribution, which is related to the specific resonance
mode. The field confinement at the quasistatic res-
onances is several orders of magnitude larger around
the nano-scale metallic particle and thus will cause
locally increased exposure of thin layer of photore-
sists, which may provide the nanolithography without

9,10]

diffraction limit. The localization of electric field

can also lead to dramatic enhancement of linear and

nonlinear optical responses.['1—16]

For these potential applications, Green’s function
formalism (GFF) was developed to study the dielectric
resonance properties of metallic clusters embedded in
the dielectric host.!3*'7 Using the GFF, the local
field distribution near resonances can be computed,
so the effective linear and nonlinear optical responses
can be directly obtained. In this connection, optical
responses of various composites are investigated. In
the dilute anisotropic composites, the separation and
overlap of the absorption peaks and third-order non-
linear enhancement peaks were reported.l'!]' For 2D
and 3D disordered composites, the absorption range
was found broadened with increasing impurity con-
centration, while a redshift of the absorption peak

was observed only in 3D region.*

In the composites
containing periodical or random metallic cells, optical
responses were determined through the mechanism of
local dielectric resonance of a single metallic cell.['2:14]
In addition, in fractal structured composites, optical
responses exhibited the similar distribution with in-
creasing fractal level.['3) The main goal of this paper
is to investigate how to control the optical responses

of dielectric-metallic composites on a nanometre scale.
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The paper is organized as follows. In Section
2, the effective linear optical response in a three-
component composite with admittances g (dielectric
host), e1 (metal) and eo (varied as n[= (e2 —&¢)/(e1 —
€0)]) is deduced and expressed as

Ns

50260(1_2(51771871))

n=1
in the lattice model. The cross section ~, in a uni-
form electric field is proved obeying the sum rule:
>or  n = Niy, + nNp,, where N, and Ny, are the
numbers of €1 and &5 bonds along the field respec-
tively. In Section 3, the cross sections of various single
metallic clusters are summarized for the use in control-
ling the optical responses. In this paper we will show
how to control the optical responses through the lo-
cal resonances of metallic clusters. Then in Section 4,
as an example, we consider two close-located metal-
lic clusters with admittances €; and 3. By varying
n[= (g2 —€0)/(e1 — €0)], we find that their optical re-
sponses are determined by the local resonance. There
is a blueshift of absorption peaks with the increase of
the difference admittance ratio n. Meanwhile, we also
show that the absorption peaks will be redshifted by
enlarging the cluster size. So by adjusting the nano-
metallic clusters geometry, size and admittances, we
can control the positions and intensities of absorption
peaks effectively. Finally we summarize the main re-
sults in the last section. These results may be bene-
ficial to the study of surface plasmon resonances on a

nanometre scale.

2. Effective linear optical
response of three-component
composite

The effective linear and nonlinear optical re-
sponses in the binary composites have been ob-
tained. 1]

component composite network. As shown in Fig.1,!

infinite three-
17]

Now we consider an

where the impurity bonds with admittances €; and
€9 are employed to replace the bonds in an other-
wise homogeneous network of identical admittance
€o. The admittance of each metallic bond is gener-
ally complex and frequency-dependent. We always
use 1 = (g2 — €9)/(e1 — €0) to express 3. The im-
purity bonds construct the clusters subspaces S; and
So, while the bonds in the dielectric host belongs to
So. The whole space is S = Sy U S1 U S3. Among
€1, €2 and €q, there must exist at least one negative

value if dielectric resonance happens. GFF can be

used to obtain the dielectric resonances and the local
field distributions near resonances.[!”l Green’s matrix
in the clusters subspace is defined as

M = Z (Gm,z - Gm,y) +n Z (Gm,z - Gmy)

yEeS (z) yeSz(z)

The nontrivial eigenvalues s(= 1/(1 —e1/gg)) of M
construct the dielectric resonance spectrum. R,, and
L,, are the mth normalized right and left eigenvectors
of M. Near resonances, the electric fields are localized
within and around the metallic clusters. In the uni-
form field Ep(= 1) along 1 direction, we can compute

the electrical potential of point x :[7]

S
Ve=x1+
SRRAPeEr
X Z Ln yY1 Z Mm an E2) (1)
yeC zeC
where
Mm,z = Z (Gm,z - Gmy)
yeS1(2)
+ n Z (G:c,z - Gw,y)a
YE€S2(z)

which is different from the M matrix above.

Fig.1. Schematic diagram of a metallic cluster (shown
in thick lines) embedded in a two dimensional dielec-
tric network.[!”] The shadowed bonds have the admit-
tance €2.

In the continuum, the effective dielectric constant

ge in 2D region is defined as!'8l

1 EQ . E(’P)
=g /Sdsa(r)Tg, (2)
where S stands for the area of the composite, and &(r)
and E(r) are the admittance and local electric field
at point r. For a three-component composite it reads
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1 Ey-E(r Ey-E(r Ey-E(r
co = §(/ dsey B0 BT +/ dse, P B(r) +/ d552072(>)7 )
So EO S1 EO S EO

with S = Sy U .S1 U.Ss. By some transformation

- 1 EQE(’I")
Ee = g(‘/SdSEOTg +/Sl dS(El —EO)TS

and normalization Ey = %deSE(’P), €e becomes

1 EO . E(’l")
o= — d B Yo ik A
€e = €0 + S(/Sl s(e1 —€o) I

Setting S =1 and Ey = 1, we can rewrite it as

EQ'E(’I") EQE(’I"))

+/ ds(es —€g)
S 2

+ /52 ds(eq — EO)EO'T?(T)).

EC:EO+/§ dS(El_EO)E('r)// +L dS(EQ_EO)E(T)//v (6)

where E(r) ,, stands for the part of E(r) parallel to the incident field along 1 direction. Then in the lattice

model we have

(D M R AT R DR R ) B

&
(z,y)€S1 0

By introducing

Y1 = (Z f/n,yyl) X Z

E
(@',y')€Ss 0

(1 —y1)(Rne —

yeS (z,y)€51

and

Tna = (Z En,yyl) X Z (ml - yl)(énm - Rny)a

yes (x,y)€S2

the effective linear optical response ¢, of a three-component composite is simplified,

Ns

aezso(l—z n ), (8)

n=1 (S o Sn)

with the cross section v, = Yn, + 7Vn,, Which repre-
sents the intensity of optical response for resonance
Sp. The imaginary part of €, is corresponding to the
absorption

~Im(ze) = Im Z n 9)

— (s —5n)

We now prove the sum rule of the cross sections
for a three-component composite. From Eq.(3), in 2D
composite, m(h;) with h; = (£;/£0) (i = 1, 2) is written

as(19l
e 1 E(r)
h)=—==-F 01 h1 + O2he + 0 ds(10
m(h1) 2 So/g(11+22+0)E3 5(10)
1

— §E0/(91h1 + 92(77}11
S

T 1-n)+ HO)EE(g)ds, (11)

where 6;(r) = 1 if r is inside the ith component while
0;(r) = 0 if  is outside that component.['®) The first
derivative of m(hy) is

om(hy) 1 / E(r)
=—F 0 0 d 12
B gt S(1+772) E? s (12)
1 E
= §E0/5(91// +7792//)E—22d57 (13)

and its discrete form is

oh, S 2(91// +nbz,, ) Azly

= Nh1 —|—77Nh2, (14)

where S = 1, and Nj, is the number of €; bonds along
the field and Np, the number of €9 bonds along the
field. On the other hand, we can calculate the first
derivative of m(hy) from e, obtained in Eq.(8):

o= Yy + 7Yz \/
) = (1 35 2 e
n=1 n

hi1=1
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Ng
= You + M0 (15)
n=1

in this function s = eo/(co —e1) = 1/(1 — hq).[*?!
Comparing Eq.(14) with Eq.(15), we obtain the sum
rule:

nq

n;
D = (i + M) = Ny +0Nn,. (16)
n=1 n=1

Note that in a three-component composite the sum of
the cross section areas is in proportion to difference
admittance ratio n (instead of being proportional to
the admittance e2), which will contribute more to the
optical responses when 7 is positive and large. When
n = 1, the composite is back to the binary case:'!l

ng

aezso(l—Zﬁ), (17)

and the sum rule reverts to Y " | v, = N, M where
Ny, is the number of horizontal bonds along the ap-
plied field. These sum rules are also proved by the
numerical calculations.

3. Optical responses of small
metallic clusters

It is known that in the dilute composites most of
the impurity clusters (also called lattice animals2°!)
only have a few connected metallic bonds. The optical
responses of dilute composites are determined by the
local resonance mechanism of these lattice animals,[2°]
while the ambient animals have only a little influence
on the optical properties. In this section, as a prepa-
ration, we compute the cross section areas of optical
responses for the resonances of 1-bond, 2-bond, and 3-
bond metallic clusters, as shown in Fig.2. Since these
cross section areas to some degree represent the inten-
sities of optical responses, they are instructive to the
design of the optical responses of dilute composites
containing many lattice animals.

Table 1 lists the nonzero cross section 7y, of each
resonance s, for various lattice animals in Fig.2. The
uniform electric field is along the horizontal direction.
From the table, we see that the optical responses of
these lattice animals are distributed within the area
s € (0.25,0.8).
quency wy, ~ 106 and the water parameter g9 = 1.77,

For the typical metal plasma fre-

they correspond to the wavelength region from in-
frared 1600 nm to visible 760 nm. The parameters
of these lattice animals are instructive to the design

of the optical responses of dilute composites. For ex-
ample, if we want to design large optical responses at
s = 0.5, the geometric structures 11, 321, and 322 are
more likely to be chosen. And if we desire to have
the optical responses in the infrared region such as
s = 0.25(1600 nm), the geometric structures 311, 321,
341, and 342 may be chosen. For the same lattice ani-
mal, the larger cross section values always correspond
to the stronger optical responses, and the summation
of cross sections obeys the sum rule:

2'771 = Np.

For the geometric structures 221, 322, 341, 342, they
have almost the comparable strength in optical re-
sponses for each resonance; while, for other geometric
structures 311, 321, 331, 352, there are the obvious
differences in the strengths of the optical responses.
The above viewpoints are helpful to the design of the
required optical responses in dilute binary composites.

Table 1. The nonzero cross section =, of each reso-
nance Sy for various lattice animals.

Clusters Resonances Cross sections
geometry Sn Yn

11 0.50000 1.00000
211 0.36338 2.00000
221 0.68169 0.50000
0.31831 0.50000

311 0.67136 0.03620
0.28216 2.96380

0.70714 0.14062

321 0.54316 0.55553
0.24970 1.30384

0.70714 0.32317

322 0.54316 0.34918
0.24970 0.32765

331 0.69756 0.62846
0.16582 0.37154

332 0.63662 2.00000
341 0.75695 1.00000
0.24305 1.00000

342 0.75695 0.50000
0.24305 0.50000

351 0.36338 2.00000
352 0.83418 0.37154
0.30244 0.62846
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Fig.2. Schematic diagram of various 1-bond, 2-bond, and 3-bond metallic clusters (shown in thick lines). The applied field

is along the horizontal direction.

4. Controlling optical responses

through local resonance

In periodical or randomly arrayed metallic cells,
it has been known that the microstructure of a sin-
gle cell determines the optical responses of the whole
composite.l'>14 By introducing defects into the cells,
we have found that the optical responses are modi-
fied according to the single-cell responses, called the
local resonance. Here we want to know the differ-
ence among the optical responses if there exist metal-
lic clusters with different admittances in the compos-
ite. As an example, consider two metallic clusters
with the same geometry, but with different admit-
tances, as shown in the insets in Figs.3 and 4. The
Drude free electron model is employed here to com-
pute the optical properties. The admittance 1 of
the impurity metallic bonds in cluster 1 is defined as
e1w) = 1 — wl/w(w+1v), where w, ~ 10'% is the
plasma frequency, v = 0.0lw, is a damping constant
and g = 1.77. The admittance of cluster 2 is varied
according to g2 = €9 +n(e1 — 60)[17] with the admit-
tance €1 of cluster 1. It is found that the local reso-
nances determine the positions and intensities of the
optical responses, while the clusters in the ambience
have a weak modulation to the optical responses.

In order to eliminate the influence of the ambi-
ence, we first investigate the optical responses of two
clusters separated by a large distance d = 10. Figure
3 displays the imaginary part of the effective linear
optical responses €, of two isolated metallic clusters
(inset in Fig.3(a)) when 7 is varied from —1.0 to 2.0.
Here s is the real part of

- 1
 1—¢e1(w)/eo

and the absolute value of s is increased with w mono-

S

tonically. For n = 1.0 in Fig.3(c), the two clusters
are identical. They are separated far from each other
and there is no obvious coupling between them, so the
positions and intensities of absorption peaks are the
same as that found when only one cluster exists, i.e.,
s1 = 0.23556, s = 0.31254, and s3 = 0.59706. When
n = —1.0 in Fig.3(a), for s € [0,1], €2 > 0, cluster
2 has no metallic component, so it has no contribu-
tion to the optical responses. Then 7 is increased to
0.2 in Fig.3(b), and the metallic component of clus-
ter 2 appears, showing the small peaks in the infrared
region. In this case, cluster 2 has a little contribu-
tion to the main absorption peaks. When 1 > 1, &4
has a larger negative real part than €1, and leads to
three new absorption peaks s4, s5, and sg, as shown in
Fig. 3(e). When n = 1.3, peaks s5 and s4 overlap each
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other, leading to the enhancement of optical responses
at s = 0.31254 in Fig. 3(d). When 7 increases to 1.6
in Fig.3(e), the peaks s4, s5, and s¢ are blueshifted
and the intensity of s; exceeds that of sy, while the
positions of peaks s, so, and s3 are almost fixed. As
7 increases to n > 2.0, we find that the peak s4 keeps
blueshifted and enhanced, and the peak sg moves out

of the frequency region. The reason of enhancing sy
peak is that the metallic component of cluster 2 be-
come stronger or the negative real part of £5 becomes
larger. From the figure, we find that the optical re-
sponses are determined by the local resonances of the
two metallic clusters, and can be effectively controlled
by modulating 7.

60 ; ; I I : ; . ' 60
a = —1.0 by n =202
45 | (@) n + mﬁ ®) L 45
L ——
30 A d = 10 30
N JLA JUJ\JL -
0 - - L " " ‘L - 0
@ () n=10 (d)n =13
& 45 45
g 1
Q
o)
g 30 - 3 L 30
= 2
<
g 15 4 L 15
jon
s, , JL G
(f) m =20
L 45
p 30
15
T T r T T 0
0.8 0 0.2 0.4 0.6 0.8 1.0

Fig.3. Optical responses of two separate clusters with the distance d = 10. (a) n = —1.0, (b) n = 0.2, (¢) n = 1.0, (d)

n=1.3, (e) n= 1.6, and (f) n = 2.0.

In real composites, the ambient perturbation to
the optical responses is not negligible. For simplicity
we only consider two closely situated clusters. Fig-
ure 4 displays the imaginary part of €, of two isolated
metallic clusters separated by a distance d = 3 (the
inset in Fig.4(a)) when 7 is varied from —1.0 to 2.0.
It is seen that in Fig.4(c), due to the perturbation be-
tween clusters, there are slight differences in positions
and intensities of absorption peaks from those found
for a single cluster. Then in Figs.4(a) and 4(b), for the
same reason mentioned above, i.e. the admittance of
the metallic component of cluster 2 is not large enough
and thus has little contribution to the optical proper-
ties, only three main absorption peaks are observed.

When n = 1.3, peaks s4 and s, overlap each other, but
the overlapping peak position is different from that in
Fig.3(d).
due to the resonance mode coupling between the two

For peak ss, a large enhancement is found

clusters. When 7 increases to 1.6 in Fig.4(e) and 2.0 in
Fig.4(f), peaks s4, s5, and sg are blueshifted and peak
s4 has a larger intensity than that shown in Figs.3(e)
and 3(f), and the peaks s1, so, and s3 have a slight
shift. In Figs.3 and 4, it is found that the coupling
among the resonance modes of the two clusters tends
to enhance the high peaks and weaken the low ones.
Comparing with the domination of local dielectric res-
onances in the optical responses, we can conclude that
the ambient perturbation is a very small modulation.
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60 : : : ; ; : . T 60
— = 0.2
45 (a) n 1.0 ! E (b) n L 45
30 A d = F 30
L N
0 r T : T T T JL T 0
n
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é 30 ~ 5 L 30
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1
30 1 r 30
2 5 6
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0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 1.0
s s

Fig.4. Optical responses of two close clusters with the distance d =3. (a) n=—1.0, (b) n=10.2, (¢c) n = 1.0, (d) n = 1.3,
(e) n=1.6, and (f) n = 2.0.

For more details, local field distributions of the two clusters near resonances are plotted in Fig.5. For
simplicity, only n = 1.0 is considered. Figure 5(a) displays the residue of electric potentials near resonance
s1 = 0.22469 with d = 3, while Fig.5(b) displays the residue of electric potentials near s; = 0.23739 with
d = 10. For the two closely situated clusters, the fields are more localized within and around these two clusters,
showing a collective response.'*) However, when the two clusters are separated farther away, there is little
correlation between their field distributions. Therefore, the collective response of local fields leads to stronger
optical responses.

Residue of potential
Residue of potential

Fig.5. Local field distributions near resonances for two kinds of clusters in Figs.3 and 4. Here n = 1. (a) The residue of
electric potentials near resonance s; = 0.22469 with d = 3. (b) The residue of electric potentials near s; = 0.23739 with
d = 10.
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In Figs.3 and 4, through increasing the admit-
tance of metallic component, the absorption peaks
are enhanced and blueshifted. In practical applica-
tions one would like to find large optical responses
within the infrared region. It is known that the op-
tical responses will be redshifted if we increase the
size of bonds in the cluster. An explanation about

this is given here. If a wavelength X is to be found

corresponding to one of the resonances of the clus-
ter for some size ¢, then when we enlarge the size to
2¢, this resonance should happen at the wavelength of
2. Consequently, the frequency becomes w/2 and the
peak is redshifted. Figure 7 displays the redshift of op-
tical responses corresponding to the clusters in Fig.6.
We find that all the absorption peaks are redshifted
with the increase of cluster size.

(a)
(b)
()
)
Fig.6. Schematic diagram of metallic clusters with similar geometry, but different sizes.
80 . . . . . . . . 80
(a) (b)
60 A 1 60
40 A 41 40
w0
2 20 A H 1 20
g l
<)
2,
0
= 0 . . . ; ; . — 0
=
2 (c) (d)
& 60 A 160
40 A 4 40
20 1 120
0 T —tr—e S T e T 0
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8 1.0
S S

Fig.7. The optical responses of the metallic clusters with different sizes corresponding to Fig.6.
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Besides the ways for controlling the optical re-
sponses mentioned above, we find that the main peak
of an absorption spectrum is determined by the bonds
parallel to the applied field. If the bonds along the ap-
plied field increase, then the main peaks will redshift
just as found in Fig.7, while the bonds perpendicular
to the applied field will cause the birth of subpeaks.
By changing the length of these bonds, we can mod-
ulate the strengths of the corresponding peaks. This
may provide us the way to control the optical response
by modifying the geometry of the clusters.

Since the optical responses of lattice animals have
been calculated in Table 1, by assigning the different
lattice animals into the dilute composites, we can de-
sign the optical responses we desire to have. Accord-
ing to the dielectric local resonance mechanism, we
can obtain the blueshifted optical responses with the
increase of . Meanwhile, by increasing the size of the
metallic cluster, the optical responses are greatly red-
shifted. To summarize, by means of modulating the
ratio 7, the geometry, the cluster size and the admit-
tance of metallic clusters, we can effectively control
the optical responses of dilute composites.

5. Summary

In this paper, we have shown that the opti-
cal responses in the dilute composites can be con-
trolled through considering the local dielectric reso-

nance mechanism. we have deduced the effective lin-
ear optical responses of three-component composite

SR
e — 1 )7
o143 s

and the sum rule of cross sections:

nq

Z(’ynl +77'7n2) = Nhl +77Nh27

n=1

in which Np, and N, are the numbers of ¢; and
€2 bonds along the applied electric field, respectively.
For the design of optical properties, the cross sections
(which are used to represent the strengths of optical
responses) for various lattice animals were computed.
By comparing two sets of clusters (d = 10 and d = 3),
we find that the local resonance determines the main
optical responses, while the ambient perturbation only
has a small contribution. When n[= (e2—¢eq)/(e1—¢0)]
is positive and increases, there exists the blueshift of
absorption peaks. On the other hand, the absorption
peaks will be redshifted by enlarging the cluster size.
By considering the ratios of the metallic clusters to the
whole composite, their geometry, size and admittances
of the nanometre metallic clusters in the dilute com-
posites, we can control the positions and intensities
of absorption peaks effectively. These results may be
beneficial to the study of surface plasmon resonances
on a nanometre scale.
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