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We have formulated the conditions in which dipolar surface plasma resonance is excited by light waves in
composites containing nanometer-sizeefold multicore-shell structured particlegeferred henceforth as
“nano-onions) dispersed in matrices. The nano-onions have ellipsoidal shape and an arbitrary layer mumber
which contain she(k) (or corg of a metal having Drude type free electrons responsible for the surface plasma
oscillation. By solving a quasistatic potential boundary problem in a nano-onion that is exposed to an external
static electric field, we derived the effective dielectric permittivity tensor, including off-diagonal elements, for
the composites, based on the Maxwell Garnett theory. The results were utilized not only to derive the resonance
conditions but also to formulate the surface charge densities on the metal surfaces, from which we determined
the symmetry of the dipolar surface plasmon polaritons excited in the metal shells. Calculations made on the
composites containing model nano-onions of spherical shape hasfinlg core-shell structure of sodium and
a dielectric revealed the following resultd) The surface plasmon resonance occura atgenfrequencies,
similar to the mechanical oscillation mfold coupled oscillators(2) at these eigenfrequencies, the composite
causes resonant peaks of light extinction coefficient,(@nthe magneto-optical Kerr effect induced by a static
external magnetic field is remarkably enhanced at the resonance frequencies. The magneto-optical enhance-
ment is augmented by hypothetically reducing the dielectric loss in Na, thus increasing the qualit@fattor
the surface plasmon resonance. The validity limit in our calculations based on the effective medium approxi-
mation by the Maxwell Garnett theory is discussed, comparing with the calculations made by Sinzig and
Quinten[Appl. Phys. A58, 157(1994] based on a rigorous Mie scattering theory treatment.

DOI: 10.1103/PhysRevB.70.235103 PACS nuniper78.67—n, 45.70—n, 78.40-—q, 78.20—e

[. INTRODUCTION Optical excitation of surface plasmons on planar metal
surfaces can be realized only by evanescent waves, because
In this study we analyzed surface plasma resonance isurface plasmons have retarded dispersion relations with re-
nanoparticles with multicore-shell structures, and found thaspect to the excitation light wavés®*-1113However, even
the magneto-optical effect is remarkably enhanced near thesing ordinary(nonevanesceptlight waves, surface plas-
resonance. Such multifold core-shell structured nanopamons can be excited on fine metal particl€g?14.1517,20-23
ticles, referred to here as “nano-oniorsgte attracting ex- which may be embedded in matrice@hus forming
tensive attention at present, since the multilayered structuregranular compositg§'217.20-23 or located on planar
are expected to give particular magnetic properties and exsurfaces$:14-17.2425The particles on the planar surfaces offer
hibit unique optical and magneto-optical effects similarly ob-a model for rough surfaces on which surface plasmons are
served in metallic multilayers of nanometer-scale thickdess.excited to enhance the surface Raman scattéfm§Surface
Surface plasméor plasmon resonance is an excitation of plasmon resonance excited by light waves in fine metal par-
charge density surface waves, which propagate along a méeles have therefore been studied extensively.
tallic surface or on metal film&2 The free electrons, follow- Grangvist and Hundée¥ analyzed the optical absorption
ing the Drude theory, play an essential role in surface plasby ultrafine (3—4 nm in diametgrAg spheres in terms of
mon resonance, which is most prominently observed in noblsurface plasmon resonance. Applying the Maxwell Garnett
and alkaline metals. The surface plasmons can be excited §¥G) theory® and the Bruggeman theotythey calculated
light waves, making a contrast with volume plasmons thaeffective dielectric constants for composites containing the
can be excited not by light waves but by electron beamsAg nanoparticles dispersed in matrices based on effective
Therefore, the surface plasmon resonance has attracted speedium approximation. The MG theory presupposes that the
cial interest among researchers studying optically inducegarticles are sparsely dispersed, or the filling factor of the
phenomena in matter. They found that the surface plasmoparticles is small, while the Bruggeman theory is free from
resonance enhances magneto-optical effeéfsponlinear  such a premise on the filling factor, as will be described in
optical processe®; 13 surface Raman scatteringfs® and  Sec. V, Hui and Strouddshowed using the MG theory that
photon-induced catalysis reactidhso a remarkable extent. magneto-optical Faraday rotation in dilute suspension of
This created much interest not only in solid-state physics busmall particles of a Drude metal is enhanced by the surface
also in sensor technology, because the physical effect emlasma resonance on the metal surfaces. The analyses were
hancements by the surface plasmons facilitated a variety adxtended to higher concentrations of the suspensions by ap-
highly sensitive surface analysis devices, including chemicaplying the Bruggeman theo®.The analyses of surface plas-
sensor¥ and biomedical sensot8. mon based on the MG theory were further extended to such
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core/shell structured nanoparticles as Ag spheres having ifferm a composite. The light waves propagate in such a com-
ner dielectric core® or outer dielectric shell® with which  posite as if it were a continuous medium, called an “effective
they explained the optical absorption and the surfacemedium,” having an “effective dielectric permittivity.” We
enhanced Raman scattering by the plasma resonance in therived the effective permittivity based on the MG theory in
Ag shells or the cores. tensor form, including the off-diagonal terms that are respon-
Almost a century ago, M@ showed with his scattering sible for the magneto-optical effects.
theory that spherical metal particles exhibit resonant extinc- The effective dielectric permittivity tensor was derived by
tion of light, which was later interpreted by Kreibigt Lissberger and Saundé?based on the MG theory in order
al.?%31.32py the concept of electric and magnetic multipolarto explain the magneto-optical Kerr effect for cermets, or
excitations due to surface plasmon polaritons and eddy cucomposites in which magnetized spherical particles are em-
rents, respectively. They revealed, based on the Mie theorjgedded in dielectric materials. Carey al*! extended the
that the resonant light absorption observed for spherica¢ffective dielectric tensor to spherical particles with a core/
nanoparticles of Ag and Au can be interpreted by invokingshell structure, thus explaining the magneto-optical effects in
the surface plasma resonance of electric multipolar modegranular films in which surface-oxidized Co particles are dis-
mainly from the lowest electric excitation mode called thepersed in a dielectric matrix. A8 0ne of the authors of this
dipolar surface plasmon polariton mode. From the Mie scatpaper, generalized the effective dielectric permittivity tensor
tering theory, Kerkeet al 23 and Messingeet al3* explained  to composites containing magnetized, oriented ellipsoid par-
the surface enhanced Raman scattering in spherical metétles embedded in matrices which may be magnetic or non-
particles in terms of surface plasmon resonance. WokRaun magnetic. The effective dielectric tensor will be further ex-
extended the Mie formalism for the surface plasmon resotended in this study to the nano-onions having an arbitrary
nance to spheroidal metal particles, with which he investinumber of core/shell layers.
gated the marked surface enhancements of Raman scatteringIn Sec. Il, we will solve a quasistatic potential boundary
and the catalytic activity of the Ag nanoparticles. The Mie problem for t_he electric fields in_ducgd in the core a_nd shells
theory analyses on the surface plasmon resonance were fiif & magnetized-fold nano-onion in order to derive the
ther extended to the double layered nanoparticles havinglectric polarizability of the nano-onion. The result will be
spherical dielectric (core/Ag (shel),3 spheroidal latex Used to formulate, based on the MG theory, the effective

(core/Ag (shel),3” and spherical Acore/Pt (shel)3® struc- dielectric permittivity tensor for composites containing the
tures. ' magnetized nano-onions. In Sec. Ill, we will derive the con-

Sinig and Quiteh nvestigated the surface plasmon {1197 UPOT WhICh I surface plasmen resonance occurs
resonance im-fold muiti-core-shell structured particles with o ine” the symmetry of the charge distributions of sur-
arbitrary numbem. Calculating the Mie scattering intensi-

. . . face plasmon polariton eigenmodes. In Sec. IV, we will in-
ties, they showed that the multicore-shell structures with alyagtigate the resonant conditions for the surface plasmons in

ternate stratification of Na and a dielectric exhibit resonant composite containing the sphericakfold nano-onions
peaks of light extinction, which they guessed to be ascribegh,54e of Na and a dielectric. It will be shown that the
to the surface plasmon polaritons excited in the Na shells a”ﬁwagneto-optical Kerr effect, as well as the light extinction, is
cores. They also proposed that in the ¢drlectrio/  remarkably enhanced by the surface plasmon oscillation. In
shel(meta) structuredn=2) particles embedded in a dielec- sec. V, we will discuss the applicability limits in the MG
tric matrix, two surface plasmon eigenmodes are excitedtheory and then conclude.

having symmetric and anti-symmetric charge distributions,

respectively, on the inner and outer surfaces of the metall- PERIVATION OF EFFECTIVE DIELECTRIC TENSOR

shell. Their calculations were, however, not derived analyti- A. Potential boundary problem

cally, but from analogy with the surface plasmon eigenmodes

excited in a metal planar layer. By the Mie scattering theory, ; o
, . . . r n the MG theory for th mposi ntainin
they calculated the fields induced in and scattered outside t%?ipggisdﬁ r?ang_inioié:ig? % vf/)e tfiritcgolvpeofrfgspg(t)er:ﬁal ’

particles, using complicated recurrent formulas; the Mie Scatp o ngary problem for the electric fields induced in the core

tering theory cannot give analytical expressions for the fieldgng shells of a magnetized nano-onion that is embedded in a

or, therefore, the conditions in which surface plasmon resomatrix, Using the quasistatic approximation, we neglect the

nance occurs. spatial dependence of the electric field of the light, but the
In this study we derived, based on the MG theory, anatime dependence is introduced through the wavelength de-

lytical formulas for the fields induced in the-fold nano-  pendent complex dielectric functions for the core and the

onions, and formulated the conditions in which the surfacehe|ls.

plasmon resonance takes place in the composites containing Consider that a uniform, isotropic medium has in it a

the nano-onions. We also formulated the charge distributiongniform, or quasistatic electric field

induced on the surfaces of the metal shells, with which we

In order to derive the effective dielectric permittivity ten-

determined the symmetry of the surface plasmon polariton Fo
eigenmodes induced in the metal shells. We revealed that the Fo=|F}|. (2.1
surface plasmon resonance enhances not only light extinction =

0

but also magneto-optical effects. In our calculations we as-
sumed that the nano-onions much smaller than the lightet a nano-onion, ellipsoidal in shagehich is generalized
wavelength are dispersed sparsely in a dielectric matrix tdrom spheroidal in our previous stutfy, be embedded in the
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A x= £ {(§+a%)(n+a’)({ + ) H{(b? - &) (P - &)} 2,
@ (2.49

v 0
0 Y= £ {(£+ D7)+ D) + DA~ bP) (@2~ BRI},
@ (2.4

V4
z= 2{(£+ ) (n+ ) (L + (@ - ) (b? - A2,
/Fo' (2.40
which are valid in the ranges, satisfy the following relations:
y —C/ng, —b/2$7]$—c,2, —a’2$§$—b/2.
0 (2.59

x
In this equationa’, b’, andc’ represent the maximum, mid-

FIG. 1. A composite containing an oriented, spatially randompoint, and minimum values d, b, andc, respectively, that
array of ellipsoidal nano-onions embedded in a host material irsatisfy the relationship

which a uniform magnetic fielé exists.
c'<b' <a'. (2.5b

matrix (numbered asn=0), as shown in Fig. 2. The outer- Using the radial coordinaté the outer boundary of thesth
most surface of each nano-onion has principal radi,db, medium is expressed by

andc, along which we define thg, y, andz axes, respec-

tively. The nano-onion has a co-centrig;fold core/shell §=é&, (m=1,23,...n), (2.69
structure whose boundaries are expressed by the followingnere

quadratic equations:

2 2 £=0, (2.6b
X
XY 2z 1 (m=1,2,...n). (2.2 and§&,’s satisfy the following equations:
a'rzn b2 C2
m m
o y an = (&n+a)*?, (2.79
Here, a,, by, andc,, are the principal radii of the outer
surface of thanth shell or the corédm=n), and thus b= (&,+bA)12, (2.7b
a;=a, by=b, ¢ =c. (2.3
oo Cn= (En+ A2, (2.79
Now, we introduce ellipsoidal coordinate€s 7, and ¢ as
follows:*3 (m=1,2,...n).

A It should be noted tha&,,: b,,: ¢, depends om, and, there-
Y fore, the boundary surfaces are not of similar shape, that is,
by the further out the more spherical in shape is the shell.
Let the nano-onions and the matrix be magnetized along
b2 an arbitrary direction, and express the dielectric permittivity
tensore,, for the mth medium to the first order of magneti-

b zation as follows:
em en en
En=|e em | (m=0,1,2,...n), (2.89

Zx  .zy
€m €m €m

e+ el =gll+ely=el+ ) =0. (2.8b
Our task is to obtain the electric field
En
En=|E,| (m=0,1,2,...n), (2.9
EZ
m

which is induced in thenth medium. The electric flux den-
FIG. 2. Cross section iry plane for ann-fold nano-onion. sity in themth medium
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DX
m
Dn=(D},| (m=0,1,2,...n) (2.10
Dhy
is given by the product o, andE,, as
Din=¢mEm: (2.11

The external field~y is no longer equal t& in the matrix or
E (m=1) in the shells or core, becaubg induces electric

dipole moments inside the nano-onion. Now we assume that

in the shells and core, uniform electric fields

Fa
Fo=| FL,
| Fh

(m=1,2,...n) (2.12

exist and uniform polarizations

P
Pm=| P,
| Ph

(m=1,2,...n (2.13

are induced in the nano-onion with respect to the matrix. We

expressE,,, in terms of electric field potentiap,, to the form

En=-Vd¢, (m=0,1,2,...n), (2.149
édm=—{Fn*+ CLAX (O Ix — {Fy + CYAY (9l

- {Fa+ CLA &)}z (2.14b

:—E Eu (m=0,1,2,...n), (2.149

E,=FL,+CLA(® (i=xy,zz m=0,1,2,...1).
(2.149

Here, we rewrote, y, andz asu' (i=x,y,2), i.e.,

U =x, U=z, (2.15

W=y,

and expressed thigh component of the dipole field in the

mth medium asC! Ai(£), with Al(¢) given by344
AX(§) = jw (s+a2) %%(s+b?) Vs +c?) Vs,
3
(2.163
INGE f (540 s+ A V(s a2,
¢
(2.16b

INOE J m (s+c%) s+ a?) s+ b)) s,
4

(2.160

Note that the dipole field is not induced in the core; namely,
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C,=Cr=C{=0, (2.17
because the core has no inner structure.
In the ellipsoidal coordinate systerk,, is expressed in

terms of ¢, as

EL\ [~ hiodn/dé
En=| EZ | =| -h'9¢/on | (m=0,1,2,...n),
En/ \—hs'dgnlal
(2.18

where hy, h,, andh; are metrical coefficient¥, and D, is
related toE,, by

Di sﬁf sfn” sﬁf E¢
Dm=|Da | =i &n &k || EX

Dﬁ1 sﬁf 8fn’7 sfng Eﬁ1

(m=0,1,2,...n).

(2.19

On themth ellipsoidal surfacek,, and D, must satisfy the
following boundary condition&3-44

(EDee, = (El e (M=1,2,...70), (2.208

(Eg)gzgm:(Eg_l)fzgm (m=1,2,...n), (2.20bh

(D8)e=e, = (Dfy)e=e. (M=1,2,...70). (2.200

As shown in the Appendix, we derive from E.20) the
following recurrent vector formula:

8m—lFm—l = {Nm(Em - 'ém—l) + 8m—l?lf-}l:m + BmNm{(%m - Em—l)

><Nm_(8m_‘gm—l)?l‘-}cm (2.21
= Bmem-1Cm-1= (€m—€m-1)Fpy
+ IBm{(Em - Em—l)Nm - Sm]-}cm-
(2.22
Here we rewrotei:im (i=x,y,2) in a vector form, as
o
Cm=|C% 1, (2.23
Ch
and put
100
1=(0 1 0|, (2.24)
001
_ N, O O
No=| 0 N, O (m=1,2, ...n), (2.25
0 0 Nj

Nj,= AlO)apbrcd2 (i=XYy,z; m=1,2,... 1),
(2.26)
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Bm=2ab0agbuCn  (M=1,2,...n), (2.27) 'Z‘m = Eﬁl{mm(zm —En1) + 8m—l?i-}a (2.303

where Nim is the depolarization factor along thth axis for
the mth shell (core) and 3, is a constant inversely propor-

l

tional to the volume inside theth boundary surface. Bn= Bms;{lﬁlm{(Em—Em_l)Nm ~(em= em-1) 1},
The recurrent relations expressed by E¢®.21) and (2.30b
(2.22) can be rewritten to the form '
s =[T =1,2 2.28 =
et = gr| m=12.m. 228 Co= frlert - Gr-Fna)), (2.300
whereﬁm] is a “super matrix” whose components are given
by the following matrices: 5m — 8;11_1{_ (Em_zm—l)Nm + sm~1}. (2.309

~ Am B
[Tml= 5 E (m=1,2,...n), (229  They are expressed as

mDm

Ni(em= em-1) + €m1 Nr(em — em-1) Ni(em = em-1)
Am=ept)  NhER-eit)  Niem—emd+temn  NpeF-e2) |, (2.313
NZ(eb =&l ) NZ(e2 - ey, NZ(em= &m-1) + €m-1
NH(NX, = D) (em= &m-1) NN (eny — efy. NENZ (enl—ens )
Bn=Bmerty|  NINS(eXX-e2)  NY(NY = 1)(gp-— 8m_1) NYNE(e¥2-e¥2 ) |, (2.31b
NeN(em = emet) NeNG(em — el NR(NG = D(em—em1)

—(em—&m1) - (Sxy_ exy D - (SXZ_ 8m—l

Cn=Brema| = (B —el) —(em=emd) —(e-ehy) |, (2.310
_(Sm_sm—l _(Szy_s —(em— &m1)
-N(em—em1) *em  — N (en —er) =N (eni—eny
Dm=cent,| —N(eXX=e2)  —Niem—emd)+em —NE(eZ-el2) | (2.31d
- Nu(em — ema - Ny(em — enma = Ni(em = em-1) *+ &m

B. Polarizability of a nano-onion Fo= {[?1][?2] . ﬁ.n]}l‘an_ (2.33b
In order to derive the polarizability for the nano-onion, let

us express p, in terms ofFo. Substituting EQ(2.17) Into Q. Here(- .}, , designates the first row first column components

(228, we obtain of the super matrix. Combination of E¢2.333 and(2.33b
F ~ ~ - |F results in
|:Cm:|:[Tm+1][Tm+2]"'[Tn]|: On:| (m=1,2,...n-1),
m ~ ~ ~ ~ ~ ~
(2.32a Fm= {[Trml][Tm+2] Tt [Tn]}l,l{[Tl][Tz] T [Tn]}z,llFo-
(2.39
R S R 2.32 =
Col [TallTo] [Tl 0 (2320 Thys the matrixS,, which connects, to F, by
where0 expresses the matrix having only zero components, ~
and thus we obtain Fn=SwFo (Mm=1,2,...n), (2.35

Fn= {ﬁmﬂjﬁwz] e [Tn]}lyan, (2.333 is expressed as
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S =Tl Tl - [Talb [Tl [Tolin ke

(2.36
Some ofgn’s are given as follows:
n=1 (nonstructurey
S ={Ti=AL% (2.37)

n=2 (core/shell structured

S ={{Tolh A TTL 1 =ANAA, +B.CY ™Y,

(2.383
S, = {[?1][?2]}1,11 =(AA,+B,C,),  (2.38
n=3 (core/inner-shell/outer-shell structuyed
S, = {[T ATl [T T T ol
= (Z\zz\s + Ezas){z\l(z\zz\s + E263)
+B1(CA3+D,Ca} Y, (2.393

S, = [Taly f[THI T T ol
= 33{31(2\22\3 + 5263) + §1(62'Z‘3 + 5263)}_1
(2.39b

Sy ={[T Tl Tallih
= {Z‘l(:&Z:&3 + §263) + El(azz\s + 5263)}_1-
(2.399

The polarizatiorP,, [cf. Eq. (2.13)] that is induced in the
mth medium with respect to the matrix havifag, satisfies
the relation

FFm=FFm+ Py (M=1,2,...0).  (2.40

Summing up all theP,,’'s given by Eq.(2.40, the total po-
larization induced in the nano-onion amounts to

Py= (E Vmpm) Vo= 2 tm('ém—EO)Fm_
m=1 m=1
(2.41)

Here we introduced,, as the fraction of the volum¥,, of
the mth shell (corg) to the volumeV, of the nano-onion,
expressed as

tm = Vi/ Vo = (@mbmCm = @m+1bme1Cme1)/@bc

(m=1,2,...n-1), (2.42a

t, =V /Vo=asbc/abc (m=n). (2.42b
The polarizabilitya, for the nano-onion defined by
(P)="aF, (2.43

is expressed from Eq$2.41) and(2.35 as

PHYSICAL REVIEW B 70, 235103(2004)

&= {tn(En—F0) S (2.44)
m=1

For a spherical, core/shell structured partigie2), we con-
firmed that the polarizability given by E@2.44) reduces to
that reported in literaturét

C. Effective dielectric permittivity tensor

Now, we derive the effective dielectric permittivity tensor

for the composite containing the ellipsoidal nano-onions dis-

persed in a host medium at a volume fractiornrhe nano-

onions are, as already shown in Fig. 1, the same in shape and

orientation(principal axes parallel ta, y, andz directiong
but not necessarily in size. The exciting light fidH) is not
equal toFq but is given by averaging the uniform, quasistatic
fields F;'s over the matrix and the core and shells of the
nano-onions as

n

(E)=(1-H)Fg+ > tFm. (2.45
m=1

Substituting Eq(2.35 into Eq.(2.45, we obtain

<E>={(1—f)1+f2 tm"ém}Fo. (2.46)
m=1

The total electric flux densityD) for the whole composite
relative to the matrix with the permittivity tens@g is ex-
pressed as

(D) ="eo(E) + f(P). (2.4

Therefore, the effective permittivity tens¢) for the com-
posite defined by

(D) =(eXE) (2.48

is finally obtained by substituting Eq$2.43), (2.44), and
(2.46 into Eq.(2.47) to the form

n n -1
() =%+ f{ > tm@m—zo)ém}{(l -1+ tmém} :
m=1

m=1
(2.49
We can simplify Eq(2.49 to
(€)=%o+ f{ > tm(Em-Eo)<§m>}, (2.50
m=1

by defining
n -1
<~sm>:§m{<1—f)~1+f2tm”sm} . (25D
m=1

Combining Eq.(2.35 and Eq.(2.46), we observe thaS,,)
connects, to the light field{E) by

Fm=(Sw(E). (2.52

We can further rewrite Eq2.50 to a brief form as
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n , - wz . wa
@ = 2 (2.53 elw) =e'(w) +ie"(w) =1 -5 +iTrT S
) _ . , . (3.1
whereA,’s (m=1-n) are the “virtual” volume fractions for
shells and core that are defined as Here w, is the volume plasmon angular frequency anthe
~ relaxation constant that is responsible for the dielectric loss
An=ft(Syw (Mm=1,2,...n), (2.543 or the imaginary dielectric function;(w), of the metal. The

. . . > 5
real dielectric functiore’ (w) becomes zero ab’=\swf,—y2,

andA, is the “virtual” volume fraction for the matrix given . )
where in bulk metal samples volume charge density waves

b
y are resonantly excited. In the range< w’, &’'(w) becomes
" negative in sign, which facilitates the excitation of the sur-
Ao=1-2 Ap. (2.54B  face charge density waves or the surface plasmon resonance.
m=1 Let us consider an unstructuréd=1) metal particle el-
Now let us extendz) to the composites containiny  lipsoidal in shape. When a quasistatic electric fiéfl is
types of nano-onions that differ in shape and/or dielectric@Pplied to the particle along thedirection by the deriving
constants. Describing the filling factor of thgh type (j light wave, a uniform electric field is induced parallel to
=1,2, ... N) of nano-onion ensemble & the polarizability ~the light field inside the particle. The field is obtained by
is extended from Eq2.44) to the following: substituting Eqs(2.319 and(2.37) into Eq.(2.35 as
o [ po_Fo 1 o (3.29
@=21 12 GE-FS (- (259 UG R
=1 m=1
Heretl andS) are the volume fraction and field connecting R0 _ Niea+ (1 -Njeg (3.2b
tensor, respectively, for theith shell (or corg belonging to V= &0 ' '
the jth type nano-onions that hawe-fold core/shell struc-
ture. Equation2.49 is then extended to Therefore, when
N o RE1/(Spd =0, (3.39
(&) =89 E fJE t 80)3I or
j:l m=1
N nl -1 A —_
o ~ Re[(A1)x] =0, (3.3b
(1 2f1>1+2f >t %S, : "
=1 m=1 and, thus
(2.56) 1-N¥
Ree]=- ! 3.4
Equation(2.56) is simplified to the form deil NI 34
N n _ _ holds, the induced field} takes the resonant maximum
@& =%+ 212 & -F)(S)(, (257 value given by
J':]_ m=1
. 1 ) 1
as we set Fl=—i————Fy=—-i———F;. (3.9

IMUGe] — Im(ADd

N N nl -1
(9= (1 2 fJ)l + 2 f; 2 t (81 -%0) ) Because this field is 90° out of phase with the driving optical
Sf" Sm 0 S{“ field (Fy), the particles absorb maximum light power at the

(2.58 resonance frequency, similar to a resonantly driven c&%ity.
The quality factorQ of the resonance is inversely propor-
tional to InT1/(S;),J.%® If the metal has no dielectric loss
(y=0), or Im[e;]=0 and thus IfiL/(S)),,]=0, F} andQ be-
come infinitely large. Therefore, even if the external field

In this section, we derive the conditions in which dipolar (Ff) is absent, the inner field™}) oscillating at the resonance
surface plasmon resonance occurs in the composites contaiflequency can exist, which induces inside the particle the
ing then-fold nano-onions, and investigate the symmetry ofpolarization and excites the charge density waves on the par-
the plasmon eigenmodes from the polarity of the chargesicle surface. This is the surface plasma resonance in an el-
induced on the metal surfaces. The metal in the nano-oniorigsoidal metal particle.

Ill. RESONANCE CONDITIONS AND SURFACE
PLASMON EIGENMODES

is assumed to have dielectric functie(w) (w: light angular For the composite containing thefold nano-onions, the
frequency of Drude type due to free electron gas ascondition in which surface plasmon resonance occurs in the
follows:3! mth shell(or core is given by extending Eq.3.33 to
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RE1(S)]=0 (m=1,2,...n).

Here<~Sm> connects the light fieldE) to the internal field=,
as in Eq.(2.52. When resonated, theith shell absorbs

(3.6)

maximum light power, which is analogous to the dissipative

m-fold coupled oscillators with dampet%.By substituting

Eq. (2.36) into Eqg.(3.6), we can rewrite the resonance con-

dition as follows:

RETITo]  [Tole sl Tl Toea] -+ [Tolbi = O
(3.7

PHYSICAL REVIEW B 70, 235103(2004)

S
I
()

FIG. 3. Spherical nano-onions of alternate (dhaded argaand
dielectric shells and core.

NX, = N, = NZ, = 1/3, (4.13

an=b,=c, (M=1,2,3,...n). (4.1b

If the nano-onions and the surrounding medium are nonmag-

netic(i.e., eyy=¢li=¢m=0; m=0,1, ... n) having no dielec-
tric losses(i.e., Im’¢,,]=0; m=0,1,... n), all the compo-
nents of the super matricds,, given in Eq.(2.31) become

diagonal tensors with real number components. Equation

(3.7) then reduces to the form

KT T2 [Tl bl LT e [Tl -+ [Tl 41 = 0,
(3.8

cause  both {[T,)[Tol- [Ty and [Tl
X[T a2l -[Tn]}ill are also diagonal tensors. From KE8.8)
we haven resonance angular frequencias,;,ws,, ... ,wp,
which are the solutions for theth order equation of:

HITTo] [Tolhad= 0.

because

(3.9

Starting from a Na spher@=1), an inner core of a dielectric
and that of Na are added by turns, as shown in Fig. 3. Here
we assume

Q- @=a~-a3= T ap T an=ay, (4.2

or the core radius is equal to each shell thickness. We also
assume that Na hakw,=5.95 eV andhy=0.31 eV as re-
ported in literaturé€,and the dielectric has=10 independent

of photon energy, similar as assumed by Sinzig and
Quinten3® Such a fictitious, high permittivity was chosen for
better recognition of the effect of adding the dielectric to the
metal. The nano-onions are dispersed in a matrix wih

=1 (as in vacuum, similar as Sinzig and Quint¥rat a vol-
ume fraction off=0.01. We assumed such a small filling
factor to conform to MG theory and to reduce the imaginary

(or los9 term of (~Sm>xx, thus facilitating the resonance even

We also haven-m anti-resonance frequencies, where zeroat low photon energy range, whete approached w.

field is induced in thamth shell or core® obtained by solv-
ing the (n minusm)-th order equation ob

LT e[ T2l -+ [Tlb. 1l = 0. (3.10

When Eq. (310 holds, 1ASp ([Tl

X[Tnﬁz]---[Tn]}I’ll]XX) diverges to infinities, and thus Eq.
(2.52 yields F,,=0.

The charge density,, induced on thenth boundary sur-
face by the light fieldE*) is formulated from Eqg.2.40 and
(2.52) as follows:

7%= P = P = {(em= £0)(Sm— (Eme1— £0) (Sl
X(E) (m=1,2,3,...n). (3.11)

If no dielectric loss exists in the shellsr core, and thus no

phase retardance exists between the outer and inner surfaces

of a metal shell, we can determine b¥;/ o, whether the
surface plasmon polariton eigenmodes excited in ritik
shell are symmetric or anti-symmeteric.

IV. SURFACE PLASMONS IN COMPOSITE CONTAINING
Na/DIELECTRIC NANO-ONIONS

A. Resonant light extinction and symmetry of plasmon
eigenmodes

For the composites containing the nano-onions with
stacking numben=1-7, wecalculated the light extinction
coefficient

K= 1IM[((&)) "] (4.3

as a function ofiw in the range 0.4—6 eV. Figure 4 shows
semi-logarithmic plots ok, in which the spectra are shifted
along the ordinate by arbitrary factors for better presentation.
The n-fold nano-onions exhibih resonant absorption peaks
at Aiw=hw,ho,, ... o, exceptn=7, where the lowest
resonant energfiw; runs off the lower limit of the calcula-

log 1o /& (arb. unit)

2 3 4 5 6
Photon Energy [eV]

o
[on—y

FIG. 4. Extinction coefficient spectahifted along the ordinate

First, we consider nonmagnetic nano-onions of sphericaby arbitrary factorscalculated for composites containing spherical,

shape for simplicity, having

n-fold Na/dielectric nano-onions at a volume fractionfef0.01.

235103-8



SURFACE PLASMA RESONANCE AND MAGNETQ-. PHYSICAL REVIEW B 70, 235103(2004)

T T T T T T hws hws Aw2 B Aws hws hwz Awy
I’l=1 (a) 's =4 Ry=03tev] (@) R n=4 ] :h hyEoev
8 I~ hwy  hw 7 50 By | T
2 O A b s A {Awe Ay | fiwn
A L T ol r /Y
) iiw M Viv vk i
~ 1 &-5r 1 £-5- kb i 1
— I 1 I Lod oy I
VvV -5 — (b) b)' l [
3 5 — hy=031eV 13t s 1 YEst b e ]
------- hy=0eV o R
L P U R B v v . !
85k . g.5p fi ] .
0 1 2 3 4 5 6 1 i T T | (C)' (} | S ) 1 L
(C) " E i
Photon Energy [eV] &sr e 1 A3 hus i
% o < g ¥
~ v
FIG. 5. Re[1/(S;)x] calculated as a function of photon energy -5 § 8 -5 .
for a composite which contains spherical, nonstructured nanopar- 4, S 1 @ = —
ticles of Na havingiy as reported in the literatushown by solid rsr 7 RS 7
line) and#y=0 (dotted ling. 20 20
v - v
2-5F 8 g-5 .
tion range. The peak-position frequencies are very close to - 1 2 3 ; P . 1 2 ; ; 5 .
the surface plasmon resonance frequencies, where Photon Encrgy [eV] Photon Encrgy [eV]

Re[1/<~Sm>XX]:0 holds, as shown in Figs. 5-7 for 1, 2, and _
4, respectively. This is similar as in the forced harmonic FIG. 7. Re[1/(Sp«l (Mm=1-4 calculated for a composite
motion of the dissipative, coupled oscillatdps. which contains spherical, fourfolcth=4) nano-onions, usingy as

In Figs. 5-7 we compare the spectra O[R/Qén>xﬂ with reported in the literaturf(@—(d)] and%y=0 [(a)’—(d)'].
those calculated assumirigy=0 in order to investigate the )
effect of the dielectric loss. For the simple Na sphefes ~ Assumingzy=0, we calculated from Eq3.11) surface
=1) the resonance occurs &w,=3.4 eV (Fig. 5), which  charge densities induced on theh surface, with which we
does not change appreciably by introducing the dielectridetérmined their polarity and thus the symmetry of the sur-
loss. Figure 6 shows that as the dielectric core is inserted 42C€ Plasmon eigenmodes induced in the Na shells, as given
the center of the Na sphere, thus makirg2, the resonance N Table I. Letters S and A in the table indicate symmetric

. . ! ' i i~ ai i 25,39 i

energyfio, shifts to higher values, and another resonancénd anti-symmetric eigenmodes. Fig. 8),>="respectively.
appears at a lower energyw,. When#y=0 [Fig. 6a)’], For example, whem=4 (i.e., fourfold nano-onionsat 7w,

~ . L . charge densities-, +, —, and + in sign are induced on the
RE1/(Sy)xd diverges to infinities at an anti-resonance eN"surfaces of numbems=1, 2, 3, and 4, respectively. Thus, the

ergyfiw, betweeniw, andfhiw,. Whenfiy# 0 [Fig. 6@)], the  Ng shell has symmetric and anti-symmetric surface plasmon

diverging curve of[1/(Sy),] is deformed to a continuous modes on its outem=1 and 3 and inner(m=3 and 4

curve crossing the horizontal axis fad,. shells, respectively. One will notice that in all nano-onions
Figures 5-7 indicate that whehy=0, eachn-fold nano-  with n=2-5, theoutermostim=1 and 2 Na shell has only

onion hasn eigenfrequencietw;, w,, ... ,wy,), and eachmth ~ symmetric eigenmodes aiw;, while it has only anti-

shell (or core hasn-m anti-resonance frequenciés,, w,, ~ Symmetric eigenmodes at other resonance energies,

w,, etc), as is expected from Eq€3.9) and(3.10. Introduc-  fiws, fiw,, andhws.

ing the dielectric loss smears out some of the resonance and

the anti-resonande.g.,hw, andzw, in Figs. 1a) and 1a)’, B. Magneto-optical enhancement

respectively.
P ¥ Applying an external magnetic field &=1 T along thez

huws Buw bua huw axis, we calculate the magneto-optical Kerr effect for the
(@ ) N my-ostey] @ (P2 N hy=0ev| composite containing the spherical nano-onions. The off-
& Wa 8 Wa . . . . . .
X £ diagonal dielectric functione}Y=¢"Y'+ieX" for Na is ex-
20 I 20 ! pressed in terms of the cyclotron angular frequengy as
V. g - Ve b ( -
27 - . 2 i i well asw, and y for the free electrons as followfs:
b by
® 8 51 B s ST 7 (1)2
K _ . b
.%0 &0 e =—ell=iw, T , (4.43
Vst i Vsh | w(w+iy) - owg
é 1 1 1 1. é- il 1 L
01 2 3 4 5 6 0 1 2 3 4 5 6
Photon Energy [eV] Photon Energy [eV] We = eB/m*. (4.4b)

FIG. 6. Re[1/(S)),,] and Re[1/(S)),,] calculated for a com- Here,e andm* are charge and effective mass of the elec-

posite which contains spherical, twofolti=2) core (dielectrig/  trons, respectively. The polar Kerr rotation angleand el-
shell (Na) structured nano-onions, usirigy as reported in the lit-  lipticity angle xx for the composite containing the nano-
erature[(a) and(b)] andAy=0 [(a)’ and(b)']. onions were calculated from the complex equation
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TABLE |. Polarity of surface charge densities induced onttiie surfaces and symmett$: symmetric, A: anti-symmetriof surface
plasmon eigenmodes generated in the Na shells in sphemifalld Na/dielectric nano-onions, calculated at respective resonance energies.
Parentheses indicate that the resonance is smeareg iaschanged from 0 to 0.31 eV, the literature value.

Surface n=>5 n=4 n=3 n=2 n=1
Resonance number
energy m Polarity =~ Symmetric  Polarity = Symmetric  Polarity = Symmetric  Polarity = Symmetric  Polarity
han 1 +} +} +} +} +
S S S
2 + + + + +
- ) ‘
S
4 - +
5 (+)
hay 1 + + +} +}
A A A
2 =) =) - -
3 +} +} +
S
4 + +
5 =)
# 1 + + +
2 - - -
3 +} (+)} -
A
4 - -
5 (+)
iy 1 (+) A (=)
2 ) (+)
3 + -
(+) A =)
4 =) (+)
5 —
hw5 l (+)} A
2 —
3 -
) A
4 (+)
5 (+)
i(E), +i(&"),y), exhibit resonant dispersion relations in close vicin-
v o—m XY . . .
Ok +1xx = (4.9 ity of the surface plasmon resonance frequencies as shown in

V@ E= 1)

As an example, the case far2 is shown in Fig. 9. The

Fig. 9. However, the Kerr rotatiofix and ellipticity xx ex-
hibit a resonant dispersion relation at frequencies slightly

diagonal and off-diagonal elements of the complex effectivedifferent from the surface plasmon resonance frequencies.

dielectric tensor(&)yy (=(&")xxt+i(€")y) and (&), (=(&')xy

(@

< Ey>

FIG. 8. Surface charges induced in tith shell by(a) symmet-

Em |Em+1

(b)

Em §m+1

ric and(b) antisymmetric surface plasmon eigenmodes.

This is because at these frequendigs,—1, which appears
in the denominator on the right side of E4.5), approaches
zero.

Figure 10 show®) and xi for n=3. Because Na fills the
composite by factorf(t;+t3), we defined Kerr effect en-
hancement factors by

_ & (comp
MO e (469
P
_ Xx(comp
Mxio) = f(t, +ta) xx(Na) (4.6

Here, 6k(comp [or xk(comp] expresses the resonant peak
height of the Kerr rotatioriellipticity) for the composite and
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huwo huw TABLE Il. Enhancement factors for Kerr rotation and ellipticity
'(a) =2 for a composite containing spherical, threeféid=3) nano-onions
1F ~———————~~———//\/,__J calculated at the respective resonance energies for two valdies of
/\gg [ ’-<E'>xr ]
N 05k < ] M(6x) M(x)
: ] y=0.31 e\® £y=0.06 e\’ %y=0.31 e\? %=0.06 e\P
0 — P - .
051 F(b) S — <§',> ) fion 7.7 82 10 82
[x107T 4 - b ] fwy 56 1166 88 1698
a2k J Y ] fws 6.1 159 6.4 85
A . it ]
l\‘y 0 et < 4Reported in the literature.
5 I / ] bReduced by a factor 5 from the literature value.
= 0.005 :(cl) — ,1‘ l hancement factor is augmented as @dactor of the reso-
3 A . nance becomes high.
Iy 0 Z
X TR
g -0.005¢ C. Effect of the shape of nano-onions
- r
< _0.01F b . ik Next, we changed the shape of the nano-onions to sphe-
0 1 ) 3 4 5 6 roidal prolate(N,=N,=0.35 and oblate(N,=N,=0.28 to

Photon Energy [€V] determine how the depolarization factor affects the magneto-
optical response. For the composites containing the spheroi-
FIG. 9. Spectra for effective dielectric permittivity tensor ele- dal, twofold(n=2) nano-onions we calculate@),, and Kerr
ments and Kerr effect calculated for a composite containing spherieffect. The results are shown in Figs. 11 and 12. Comparing
cal, twofold Na/dielectric nano-onions. Fig. 11 (prolate with Fig. 9 (spherical, one notices that
increasing the depolarization factb, along the light field
6k(Na) [xx(Na)] expresses the rotatioellipticity) calcu-  direction augments the resonant peak heightgedf,, 6,
lated for Na bulk sample at resonance frequencies. As showand yx at iw, slightly, but does not change appreciably the
in Table 1l, we obtained forn=3, M(6x) and M(xk) peak heights ab,. On the other hand, Fig. 1®blatg shows
~6-90, which increased about one order of magnitude, téhat decreasingyl, deforms the resonant curves and decreases

~80-1700, wherky was hypothetically reduced by a factor their peak heights of the Kerr effect at bdtlw, and#w,.
5, from 0.31 to 0.06 eV. Thus, the magneto-optical en-

= h h
hws  hwy huwy -5 . 72 el o
; — ] [x107] | (a) ;=035 , —<e>
001 [ L 51 (N
o k ] /\§ J\ i
0 —— < i
s O ] & 0 \
=,-0.001+ 7
= i 1 -5 .
-0.002 - -

- 1 l

0.003- T P ® A

0.001[® - ¥ Y- e
e 0- /\ o — o] r Z

& 1 g
2.-0.001F ] <&2-0.01F ‘
X'O.Oozl— { -_ L | L | I

-0.003F i, i b o 1 2 3 4 5 6

0o 1 2 3 4 5 6 Photon Energy [eV]
Photon Energy [eV]

FIG. 11. Off-diagonal element for effective dielectric permittiv-
FIG. 10. Kerr effect spectra calculated for a composite containity tensor and Kerr effect calculated for a composite containing
ing spherical, threefold Na/dielectric nano-onions. prolate, twofold Na/dielectric nano-onions.
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=2 hwo hw resonancéwhich occurred in case of no dielectric lpsge
10-6 ; : smeared out.
[x107]| (a) Ny=j0.28

(3) The magneto-optical Kerr effect, as well as the off-

5 N diagonal dielectric permittivity tensor elements, is promi-
/\Q nently enhanced by the surface plasmon resonance, espe-
w0 — cially when the dielectric loss is weak and the resonance has
Vv a high quality factoiQ. For the Na/dielectric double layered
Sk _ nano-onions, we found that changing the particles shape to

prolate spheroidaland thus increasing the depolarization
facton increases the resonant peak heightg#f,, 6«, and
Xk at w; only slightly.

We*" have given a preliminary report on the effective per-
mittivity tensor [Eq. (2.49)], with only a brief outline of its
derivation, and have calculated the magneto-optical Kerr ef-
fect in composites containing nano-onions of Fe/Au
multicore-shell structures; they did not show definite features
of plasma resonance in Au shells. #ater found that in-

. i serting a dielectric layer between the Fe core and Au shell,
0 1 > g 4 5 6 and thus incre_as.ing.tr'@ factqr of thg resonance, e_nhances
Kerr effect. This is similar as increasirig by decreasing y
Photon Energy [eV] in Na enhances Kerr effect in the composite containing Na/
dielectric nano-onions.

FIG. 12. Off-diagonal element for dielectric permittivity tensor ~ The composite containing threefold Na/dielectric nano-

and Kerr effect calculated for a composite containing oblate, two-onions have large Kerr effect enhancement facf{i$6y)

Oy and y, (deg)

fold Na/dielectric nano-onions. and M(xx)=6-90, which are, however, augmented by a
factor 1/f(t;+t,) (=1/135; actual6¢x and yx are reduced by
V. DISCUSSION AND CONCLUSION factors of 0.05-0.7 from those for bulk Na. The figures of

merit for the Kerr effect, defined bRY?6x and RY2y, (R:

By applying the MG theory, which is based on the quasi-reflectivity), are reduced more, by factors of 0.01-0.14, be-
static approximation, we formulated the effective dielectriccause the composite has a much lower reflectiviy
permeability tensors for the composites containing ellipsoi= 0.04) than Na bulk(R=0.9). This, as well as the combus-
dal, n-fold nano-onions as given by E@.49, or in more tible nature of Na, makes the composites containing the Na/
simplified forms of Eqs(2.50 and (2.53. When there are dielectric nano-onions unfeasible for practical applications,
two or more different types of nano-onions dispersed in thealthough they provide a good model to study optical surface
matrix, the formula is extended as given by E&.57). Be-  plasmon resonance.
cause the polarizations induced in the nano-onions are In our calculation, the filling factor of the nano-onions
treated as point dipole moments in our quasistatic approxiwas fixed tof=0.01, small enough to conform to the MG
mation, the size of the nano-onions does not appear in théheory that was derived assuming sparse dispersion of the
effective dielectric tensor explicitly, but enters as the filling particles. Let us reexamine the low filling factor limit in the
factorsf andt,, calculations based on the MG theory. The MG thébwyas

Using the effective dielectric tensor, we analytically for- derived originally utilizing the Rayleigh scattering theory, a
mulated the resonance conditions for the dipolar surfac&ind of quasistatic approximation, which assumes that homo-
plasmons as Eq3.6). We also derived Eq3.11), a formula  geneous fields are induced within and outside the particles by
giving the surface charge density induced on the shell surthe light field. In other words, the MG theory presupposes
faces, with which we can determine the symmetry of thethat the particles are much smaller than the light wavelength
surface plasmon polariton eigenmodes excited in the metaind the particles are sparsely filling the matrix. However, the
shells. MG theory has been applied beyond the low filling factor

On the composites containing model nano-onions spheriimit, and is justified by experimental results. Kreitggal *°
cal in shape having-fold Na/dielectric alternate stratifica- revealed that the plasmon resonance absorption spectra for
tion, our findings are summarized as follows. the composites containing Ag spherical nanoparticles

(1) If the dielectric loss of Na is neglected, there are (8—75 nm in diametgrare fitted by the MG theory rather
surface plasmon eigenmodes, in each of which an infinitelyvell even for high filling factor, up td=0.4, as long as the
large electric field is induced in every shell or core. In addi-particles were not coagulated. When the composites had par-
tion in themth shell or core, anti-resonangehere zero field tial coagulation, additional peaks appeared, which was ex-
is induced occurs ain-m frequencies. The occurrence of the plained in term the surface plasma resonance in various types
resonance and anti-resonance is similar as found inflotd  of clusters of the Ag nanoparticles. Therefore, the MG theory
coupled oscillatoré® is shown to be applicable even for high volume fraction of

(2) As the dielectric loss is introduced, the light extinc- the particles when no coagulation aggregates exist.
tion coefficient exhibits resonant peaks at the surface plasma One can explain this as follows. The MG theory is con-
frequencies, although some of the resonance and antsidered as a generalization of the Clausius-Mossotti tf¥&ory
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that gives the dielectric constant for crystals, i.e., the enfable to the mean free pathof the free electrons, the relax-
sembles of spherical atoms in vacuum to the ensembles aftion constanty for the metal core or she¢#) is modified

the small particles in the matrix. In the MG theory, the local from the bulk valuey., to?122:2°

field acting on the particles is approximated g)i{},z}zhs% Lorentz

local field, similar as in Clausius-Mossotti thecry:=>-The -

Clausius-Mossotti theory is applicable to cubic crystals or 7= y<(1+0). 5.0
completely disordered amorphous crystals, in which vacuum

is embedded with atoms at a fairly large filling factor, evenHere, the ternt/d expresses the effects of free electron col-
up to ~0.74, the maximum value obtained for bce or hex-lision at the surface. For Né is reported to be 34 niit.
agonal close packing of spherical atoms. Therefore, the Mdurthermore, for small particles we must consider the quan-
theory will be applicable even up to large valuefofvhen  tum size effect and defects, which will also change the di-
the matrix surrounding the particles are composed of grainglectric function of the particles.

much smaller than the particléise., the host material can be  In conclusion, we have clarified the physical picture of the
considered as continuous, similar as vacuum in the Clausiusurface plasma resonance occurring in th#old stratified
Mossotti theory and the particles are uniformly dispersed Na/dielectric nano-onions, and revealed that magneto-optical
without being coagulated. If the grains of the surroundingeffect, as well as light extinction, is prominently enhanced by
matrix are not sufficiently smaller than the particles, we musthe surface plasmon resonance in the Na shells and cores.
use the Bruggeman thedfyto symmetrize the roles of in-  Our calculation, based on the MG theory, should prove use-
clusion(particleg and the hostmatrix) when the filling fac-  fy| for the composites containing nano-onions even at a high
tor is not smalf! If the particles are coagulated, the effectsyolume fraction as far as the particles much smaller than the
by clustering of the particles must be taken into account|ight wavelength are dispersed without coagulation and the

Therefore, the MG theory will be applicable even wHeis  gjglectric functions of the cores and shells of the nano-onions
large for an ideal composite in which the nano-onions areyre known.

dispersed without coagulation in a matrix composed of very
small grains.
Now let us discuss the limit inherent in the calculation by ACKNOWLEDGMENTS
the MG theory, comparing with that by the rigorous Mie . . )
scattering theory. For Ag spheres with radiasthe limit The authors are indebted to Mr. J. Kuroda for his help in

allowing 10% difference between the calculations by the MGdeveloping the computer program and performing the calcu-
theory and the Mie theory is estimated as: ~0.03 (\: lations. They are thankful to Prof. Vince Harris of Northeast-

light wavelength.333537This is about the size perimeter usu- M University for the critical reading of the manuscript.
ally taken to delimit the small particle Rayleigh approxima-
tion (based' on which the MG theory is deriyeftom the APPENDIX: DERIVATION OF EQS. (2.21) AND
accurate Mie theory, which amount &=6.9 and 105 nm at (2.22)
our measurement boundarie=6 and 0.4 eV, respectively.

As we already described, Sinzig and Quiriferevealed Substituting Eq(2.14) into Eq.(2.18), we obtain the elec-

using the Mie scattering calculation that the spherical nanotric field on themth boundary surface as follows:
onions(having diameter @=2-12 nm), which have similar

Na/dielectric stratified structurgn<7) dispersed in vacuum o OB .
as ours, exhibit similar plasmon resonant absorption peaks. (Eﬁggm: > hf(E'm— + —mu') => (E'm)gm(”gi)gm’
The background of the extinction specitw=0.5-6 eV} [ of ¢ &y

rises prominently at higher photon energies, while our ex- (Ala)
tinction spectra(Fig. 4) do not show such a particular in-

crease. This is because the light scattering intensity, calcu-

lated by the Mie theorywhich involves space dependence _1 ou i

of, as well as multipole scattering by, the polarization and (Er@ﬁm:E (hzlE'm;,)g =E (Elm)fm(nﬂi)fm' (Alb)
field induced in particles increases a®/\ increases at ' mo !

higher photon energie€$.However, it should be noted that

by the Mie theory the light extinction is calculated from the oul _

scattering cross section by a single particle, without consid- (Ef)g = > (hElE'ma—> =2 (Ene, (g, . (Alo)
ering any mutual interactions between the particles. The Mie i ey i

calculation is hence limited to the very sparse dispersion of

the nano-onions. On the other hand, our calculation is appliHere(:--); indicates¢=§;, and we defined

cable to more concentrated dispersion of the particles, be-
cause the MG theory incorporates the interparticle interac-
tion through the local Lorentz field acting on the patrticles.

It should be also noted that the dielectric function re- o
ported for bulk metal samples may not be directly applicablewith 8., N, 1 given by Eqs.(2.24—2.27). We also intro-
to small particles. If the dimensioth (core radius and shell duced unitary vectors along th& 7, and { coordinates as
thickness for core/shell structured particles becomes compafollows:*4

EL=F+Bu(NL-DCh (i=xy,2),  (A2)
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1ox 1oy 19z
Ng= (N Ngy,Ngy) = (h_lﬁ_h_lr?_fh_lé_) (A39)
1ox 1oy 1oz
nnz(nﬂx'nny'nﬂz)=(h_2;]1h_2;],h_2_7]), (A3Db)
1ox 1oy 19z
N = (NpoNgys Ny = (h_3(9_§h_3(7_§h_3(9_§) (A3c)
They satisfy the orthonormal relations
ng'ngzl, (A4a)
ng-n,=0, (A4b)
NgXn,=ng, (A4c)
NgXn,=-n,, (A4d)
Ny Xn,=-ng. (Ade)

In deriving Eqg.(Al), we used, in addition to EqA4), the
relations

%) e %) =omm
‘95 §m— a?nbmcm, 075 §m_ amb%Cm,
OA? -1
(é_é)gm - ammeEn' (A5a)
(X)g _2am< §> (y)gm_Zb ( §) (Z)g _20m<a§>
(A5b)

which are derived from Eq$2.4), (2.16), and(2.249—2.27).

Substituting Eq(A1b) into the boundary condition of Eq.

(2.209, we obtain

2 Ee (e, = 2 Ende (e, (AB)

Since(E! )§ and(E,H)g are constants bmhn,)g is a func-
tion of nandg we must havéE' )§ —(Em 1)§ (i=x,y,2), or
in vector form,

(Ee, = (Empe,

in order for Eq.(A6) to hold for arbitrary values ofy and{.

(m=1,2,...n), (A7)

Substituting Eq(Alc) into Eq.(2.20b as well as gives Eq.

(AT).
The left side of the remaining boundary conditifig.
(2.200] is expanded as

(Df)g, = (smEm+ ey EN+ e5ER), (A8)

Here, we obtain(sﬁ?)§m by the unitary transformation as

follows:
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(Srgng)gm = E m(n§|n§])§
i

- SmE (n§|)§m(n§|).§m

+> (8” + 8 (n§|n§1)§ =em, (A9)

i1#]

by using Eqs(2.8b and (A4a). In a similar way we obtain
(e, as

(e57)e, = 2 emNe)e (N

)

= em (Ng)e (N)

i
=- E Sk(ngk(i,j))gm,
i%]

in which we used EqiA4b) and introduced the suffik (i, )
as

&t § em(NaNy = NgNyi)g
i#]

(A10)

x (i,j)=(y,2)
kii,22=1y (,))=(zx) (A1)
z (i,j) = (xy)
Similarly, we obtain
(e5)e = 2 eh(Ni e, (A12)

i#]
Substituting Eqs(Ala), (A9), (A10), and (A12) into Eq.
(A8), we get

(DR)e, -sz (Ene, (Nag, 2 (En)e, (= iy

i#]
+ N Nae,,

= sz (Em)gm(n§|)§ + 2 (Em)g 8m(n¢1<[| k(, J)])

i#]
(A13)

which is further transformed to
- (D§ {Sm(Em)gm“' en (B, )gm + SQZ(EQ)gm}(ngx)gm
+ {8¥(E®§m + Sm(Emg + S)F;Z(E?lofm}(nfy)f

+{em(Ep) + Sm(Em)gm}(ngz)g
(A14)

A

Replacing the suffixm with m-1 in Eq.(Al14) gives
r1(Bhde
X(ngx)g +{eh 1 (B 1)§ +8m—1(Em—1)§m
+enr (Ez—l)gm} Ney)e, +{em 1 (En Ve,

+ent (B —1)§m + 8m—1(Ean—1)§m}(n§z)§m-

- (Dﬁrl)gm: {8m—l(E)r(n—1)§ +en (B e+ Emr

(A15)
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Substituting Eqs(A14) and (A15) into Eg. (2.2009, we ob-
tain the following vector formulas:

8m—l(Em—1)§m + (81— 8m—11)(Em—1)§m
= sm(Em)gm +(&m— Sm]-)(Em)gm
(m=1,2,...n). (A16)

By substituting Eqs(2.149 and (A2) into Egs. (A7) and
(A16), we get

PHYSICAL REVIEW B 70, 235103(2004)

For1* BeNnCrr1 = Fn* BuNnCr, (A7)
em-1Fm1+ Bm(zm—lﬁlm - 8m—1’i)cm—1
=EmFm+ﬁm(EmNm_ 8m?l’-)Cm- (A18)

Eliminating C,-; or F,—; from Egs.(A17) and (A18) gives
Eq. (2.2]) or EqQ.(2.22, respectively.
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