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Optical response of strongly coupled metal nanoparticles in dimer arrays
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The optical responses of structured array of noble-metal nanoparticle dimers immersed in a glass matrix are
investigated theoretically, motivated by the recent experimental observation of the splitting of the surface
plasmon bands in silver arrays. To capture the strong electromagnetic coupling between the two approaching
particles in a silver dimer, the spectral representation of the multiple image formula has been used, and a
semiclassical description of the silver dielectric function is adopted from the literature. The splitting of plas-
mon resonance band of the incident longitudinal and transverse polarized light is found to be strongly depen-
dent on the particle diameter and their separation. Our results are shown to be in accord with the recent
experimental observation. Moreover, a large redshift for the longitudinal polarization can be reproduced. The
reflectivity spectrum is further calculated for a dilute suspension of dimer arrays.
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I. INTRODUCTION novel technologies such as photonic crystals or plasmonic
stripe waveguides.

The optical properties of small metal clusters embedded In the linear arrays of nanoparticles, the optical response
in a dielectric medium have attracted much attention in recan generally be anisotropic, because the interparticle cou-
cent years:® The studies have been developed into manyPling depends on whether incident light is polarized longitu-
new applications in nanostructure enhanced spectroscopiééal or transverse to the chain axis. This is also one of the
such as surface-enhanced Raman scattering and single-targ@gderlying principles of optically dichroic glass. Nowadays,
molecule detectioAS7 with near-field observation on length Structured nanoparticle arrays can be easily made by

scales smaller than the wavelength of light. It is known tha@leﬁtrpn'bgfg ﬂ:ithttr)]graplt%}/ | O{j fc_Jthter d_ﬁfabricatitpn
strong absorption of light occurs at certain frequencies due tgE¢"NIGUES: Un the Iheoretical Side, Tinite-aiference time-
omain (FDTD) simulation methods can accurately repro-

the collective motions of the conduction electrons in metal . . .
called the surface plasmon resonance, as well as to the inteqEJCe the spectroscopic properties of plasmon waveguides

band t ” t alect in d levels. The ol and optical pulse propagation in these structures aswell.
and transition ot €lectrons In deeper 1evels. The plasmoR g, e ineless, theoretical investigations by the full solution
resonant frequency depends strongly on the size and the

X 810 . . 96F Maxwell's equations are complicated due to the coupling
ometry of the particle3?~*°as well as on the dielectric func- penyeen plasmons of different modes. Although there are
tion of metal and the surrounding medid&iThe studies are already some fruitful discussioR24 it is intrinsically a

significant theoretically because these factors lead to charagyany-hody interaction problem. Generally, two types of
teristic charge confinement and strong local fieldelectromagnetic interactions between particles can be distin-
enhancemertf: On the other hand, these properties are alsqyuished: near-field coupling and far-field dipolar interaction
of practical importance in the context of future electronic anddepending on the range of interactions concerned. For par-
optical device applications. ticle separatiorr larger than the wavelength of light, the
For isolated spherical particles with a diameter muchfar-field dipolar interactions with &1 dependence dominate.
smaller than the wavelength of lighd<\), the interactions Much work has focused on these far-field interactions be-
between light and metal lead to an homogeneous but oscitween metal nanoparticles and their possible applications in
lating polarization in the nanoparticles, resulting in a reso-optoelectronic materials. However, relatively little is known
nant absorption peak in the visible part of the optical specabout the nature and the properties of the near-field interac-
trum. The plasmon resonances in more complex structures ¢ibns of closely spaced metal nanoparticles, which is the ob-
nanoparticles such as concentric spherical particles, whicject of the present work. The present work is related to ear-
are the spherical analog of planar multilayer heterostructuresier studies of FDTD by Oliva and Gr&y, experiment and
can be more complicated. These resonances are due to thinulation by Stet al,?8 the finite elements method by Kott-
hybridization of free plasmons, which can be pronouncednann and Martirf/ as well as the pioneering works of the
depending on the geometry of the partictés>For nanopar-  discrete dipole approximatiotDDA) method by Hao and
ticle ensembles like metal clusters, however, the electromagschatz2® who all discovered that the interparticle spacing in
netic coupling between neighboring particles shifts the plasthe particle dimers is crucial to their properties.
mon absorption band§:'” For instance, a nanoparticle chain  In this paper, we will use the multiple-image metfbd
can be utilized for building optical waveguides in the and Bergman-Milton spectral representatfott for a dimer
nanoscalé®29These structures exhibit lateral mode confine-of two approaching particlésto investigate the optical ex-
ment smaller than the optical diffraction limit, which cannot tinction and reflectance spectrum of structured arrays of
be achieved with conventional waveguides nor with othemoble-metal nanoparticles, motivated by the recent experi-
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mental observation of the splitting of the surface plasmorbe extracted for the longitudinal and transverse field case,
resonance bands for polarizations in the arf&y8By taking  respectively. Using the spectral representaifowe have

into account the strong coupling of two approaching particles o L

in a dimer, we will show that the redshift as large as 1.5 eV B=3 Fn
into the near-infrared regime observed in experirfiecain =Rk
be understood. The resonant peak broadening and splitting

for different polarizations can be predicted from our calcula- © M
tions, and the results for the reflectance spectrum are also 73T= 2 N_n(T) (5)
presented. n=15-S,

The rest of the paper is organized as follows. In the next

section, we review the general spectral representation of glyith the complex material parameter

approaching particles. In Sec. lll, we examine the normal- _ Fw)\
incidence extinction spectrum and reflectance spectrum of a s=(1- - , (6)
silver dimer array immersed in a glass matrix, which is fol- m
lowed by discussion and conclusion in Sec. IV. where
Il. FORMALISM

F=F(=- f'n(n + 1)sint? ag”@e,
First we review some formulas regarding the mutual po- 3
larization of two touching spherical particles. These formulas

are first reported in Ref. 32, but in a much different context. SgL) - }[1 — 21+

Considering an isolated spherical metal particle in a lossless 3 '
isotropic dielectric matrix with real permittivity,,,, the com-

plex permittivity of the metal particle i8(w), wherew is the M }[1 4 e, @
3

frequency of the external electric fieéb, and will be dis- Sn

cussed in detail afterwards. In this case, the dipole moment . i )
induced inside the particle is In the case of unpolarized fields, the averaged dipole factor

B' can be derived directly from Eqé3)~(5), namely,

~ 1 =~
p: gsmﬁdsEo, (1) ~, 1 *° FEP FET)
B =§2 ot/ (8
where =1\S—S~ S-S,
~ Fw) -en Equation(5) [or Eq. (8)] is an exact transformation of the

(2 multiple image expressiotf,and consists of a set of discrete
poless;") andsg), which deviates from 1/38pole of an iso-

is the dipole factor, which defines the polarizability of the lated spherical partic)e In particular, the longitudinal and

particle against the host and is related to extinction coeffitransverse poles” ands." shift asymmetrically to different

cient directly,d is the diameter of the particle. To account for sides from 1/3. That is, an unpolarized field can excite all

the multipolar interaction between a pair of particiés., a  poles at both sides. The poles almost collapse to that of an

dimen with spacingo (center-to-center distande=o+d),  isolated spher¢s ands\” —1/3) if o=d, indicating that

we use the multiple image formufd.When the dimer is  the multipolar interaction is negligible. However, when the

subjected to an unpolarized field, the average of the totalyo particles approach each other and finally touch, the lon-

T w) + 2em

dipole moment of one particle is given by gitudinal (transversgpoles decreas@ncreasg far from 1/3.
. 1 Thus, in this case, one should take into account the effect of
P =Pr(cos ) +Py(sir’ 0) = E(bT +P), (3)  multipolar interactiongsee Fig. 5 in Ref. 32 for detajls

The complex dielectric function(w) is crucial to the op-
whered is the angle between the dipole moment and the lindical properties of metal-dielectric system&or noble met-

joining the centers of the two particles. H§ig andpy are  als, it can generally be described by the free-.e.lectron Drude-
the longitudinal and transverse dipole moment,Lorentz-Sommerfeld model plus an additive complex

respectively’? contribution from interband transition, i.e.e(w)=1
» o 5 +xPS(w)+x'B(w). A complicated function of the dielectric
~ _= y: Sinha dispersion of Ag takes the form
= 28" —— |, p g
PL p%( 2 (sinr(n+1)a) ) N
a.
8((,0):1"'830_ 2(1)’.) +E 2 2] . [} (9)
o~ ( sinha )3 o'ty 77 05~ o —iol]
Pr=P2 P\ = | . 4 . . .
Pr pgg( A sinhin+ 1)« @ which could be adopted to approximate the measured dielec-

o . tric function over a wide wavelength rangeln Eq. (9), a;
where « satisfies the relation cost=(o+d)/d. Now the 5y he negative. The sum ovisrLorentz functions and the
new dipole factorgB, andBy) of a particle in the dimer can constants are meant to reproduce the interband and all other
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non-Drude contributions to the dielectric function. Lorentz 2 4
functions are chosen because it is known thab) must &
obey the Kramers-Kronig relations. However, in the fre- 2
quency range of interestl-4.5 eV}, a modified Drude 0

model is easier to describe the dielectric response of°Ag:

Energy (eV)
(85— 8h)wzg
e(w)=¢gp— @+i) (10 FIG. 2. Extinction spectra for an array of dimer with particle
w(w+1y,

diameterd=5 nm, at two different spacings. The polarization of
the incident light is longitudinallong-dashed curyeor transverse

ith the hiah-f limit _diel ic f . - (medium-dashed curydo the axis of the dimer. For reference, the
with the high-frequency limit dielectric functioe,=5.45 g4 cyrve is the extinction spectra of isolated and well-dispersed

and static dielet_:tric function;=6.18. These v_alues were fit- particle collections.
ted out to be in good correspondence with the literature

valuest** And the collision frequencyy in the material is

assumed to be related to the particle diametaround 10 of s.ize—depend.ent dielectric responses come to appear for
nm by?5 particles with diameters less than 5 Afn.

Let us uses;(w) ande,(w) to denote the real and imagi-
ve  20p nary parts of the dielectric function obtained by E0),
—+— (11 respectively, that iss(w)=g1(w)+iey(w). Figure 1 shows
¢ d g1(w) and e,(w) versus light wavelengtih in the span of

with bulk Fermi velocityor=1.38x 1m/s, room tempera- 2°0-1500 nnii.e., photon energy around 0.8-5 ¥ nega-
ture electron mean free path=52 nm. Ford=10 nm, y tive g1(w) is guaranteed for the_ proper !oha_se relatlon be-
=3.025x 104 for d=5 nm, y=5.785x 1014 These results tvyeen thg external field a_nd particle polarlzathn. The_ dielec-
show that the mean free path of an electron in a nanopartic/8ic function changes slightly when the particle diameter
is reduced compared to its bulk value due to inelastic colli-decreases from 10 to 5 nmot shown in Fig. 1, however,
sions with the particle surface. Thevalues are taken in our the resonantline shape is very sensitive/fae., the particle
latter calculations of different metal-dielectric systems, andliameter(see Sec. )l d<\ ensures that the plasma reso-
compared to the two experimental samples, within which thd'@NCe IS inquasistatic regimeso phase retardation is negli-
diameters of Ag nanoparticles were in the span of 5_15_glble, effects qf h|ghe_r multlpo_les can also be neglected for
nm2235Note thaty determines the linewidth of the resonant isolated sphencgl particles, which means that dipole plasmon
peak. In the diameter range under consideration,(Et).is ~ fésonance dominatés.

safe® and indicates that a smaller particle diametézads to

a wider resonant peak. We are not intended to quantitatively
compare with the experimental data of Ref. 22, otherwise,
we would be restricted to a somewhat more rigid size- Now we consider an array of silver dimer immersed in a
dependent dielectric function, for example, as was Westcofglass matrix of refractive index 1.61, with the spacing be-
et al1® Nevertheless, the local dielectric treatment is satisfactween the two particles in a dimer being less than their di-
tory as Hao and Schatz pointed out that the significant effectameter(c<d). Any two dimers are assumed to be far away

with plasmon resonant frequeney,=1.72x 10* rad/s and

’y:

IIl. NUMERICAL RESULTS
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FIG. 3. Splitting of the extinction spectra for an array of dimer with particle diamistdlO nm, at four different spacings Others are
the same as in Fig. 2.

enough, so the dimer-dimer interaction can simply be at farlated particles, whereas the plasmon resonance band for
field approximation, which is neglected in our calculation fortransverse polarization is blueshifted. These were also ob-
simplicity. In the particle diameter regime around 10 nm, theserved in the experimeft.In detail, after the sample was
dipole absorption contribution dominates the scattering efsubsequently irradiated by 30 MeV Si with fluences up to
fect, although dipole scattering increases and dipole absor@x 10*/cn?, clear alignment of Ag nanocrystals was ob-
tion fades away for increasing particle sizeSo in thequa-  served along the ion-beam direction. Additionally, farther
sistatic regimethe extinction coefficient of a well-dispersed redshift and blueshift occur when decreasing the spacing of
collection of small particles is mainly contributed by absorp-the two nanoparticles in a dimer from 1.5 to 0.5 (see Fig.

tion, with absorption cross section proportional to2)- Thatis, a stronger electromagnetic coupling induces fur-

- (£ d2
o Im(B).137 The complex value expressions of the dipolethe;.balndlsmﬁé' i ith al ficle di ‘
factor in Eqs(2), (5), and(8) lead to different resonant peaks Imitarly, an array ot dimerwith a farger particie diameter

_ ) ) L~ d=10 nm are investigated in Fig. 3, for different spacing
at different frequencies. To calculate optical extinctignis =0.5, 1.5, 2.5, and 3.5 nm. Splitting of the resonant peak for

taken for well-dispersed(isolated nanoparticles, while 4ty the longitudinal and transverse polarized light can also
B (By) is adopted for an array of dimers. be observed. However, a second resonant band appears as the
Figure 2 shows the optical extinction spectra of an arrayjtwo particles in the dimer approach to each other. The second
of dimers with particle diameted=5 nm, spacingr is 0.5 peak position is around 830 n¢olose to 1.5 eYwhen spac-
and 1.5 nm, respectively. For comparison, the solid curve iing decreases to=0.5 nm[see Fig. 8a)]; this is in good
plotted for the extinction spectrum of isolated silver par-agreement with the experimental observation of the second
ticles. The surface plasmon resonant peak is located aroursdmple in Ref. 22. For this sample, growing and more com-
410 nm(~3.0 eV), which is in agreement with the first ion- pact alignment of the silver nanocrystals are assumed to hap-
exchanged sample irradiated by 1 MeV Xe in Ref. 22. Thepen in response to higher Si ion fluence irradiatiop to
sample contains randomly dispersed silver nanocrystals aritix 10'%/cn?), and much higher irradiation fluences induces
the resonant band is polarization independent. Long-dasheduch larger splitting of the resonant band for both the lon-
curves and medium-dashed curves in Fig. 2 are the extingitudinal and transverse polarizations. In fact, all of these are
tion spectra for the array of dimers with illumination light also obtained from Fig. 3. In principle, even in the quasistatic
polarized in the longitudinal and transverse direction, respecegime, there are different causes of multipeak behavior of
tively. It is clear that the plasmon resonance band for longi-optical spectra¢1) the splitting of the dipole mode owing to
tudinal polarization is redshifted with respect to that of iso-nonspherical particle shape&) the excitation of higher
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multipole modes in irregularly shaped clusters as a result of £, [ 21 “kgaea ** °
inhomogeneous polarizatio(in this case, the number of ;E: -
resonances strongly increase when the section symmetry de- i s|
creasep (3) the enhanced excitation of multipoles due to - /
image interactions for spheres. Multipeak structures can also 0 = , ,
be produced b_y appr_opriatgl_(w) spectra, and may be 1 2 3 4
damped away ife,(w) is sufficiently large. But as Fig. 1 Energy (eV)

shows, the model dielectric function resulting from experi-
ments of silver nanoparticles does not exhibit these behav- FIG. 5. Unpolarized light extinction spectrum for an array of
iors, so we are confident that the multipeak behavior obdimer with particle diameted=10 and 5 nm, respectively, at dif-
served in the sample is substantially due to the stronglyerent spacingr. Insets in each panel are the poles and residues of
coupling between the two particles in a dinjee., the point  the spectral representation.
(3) mentioned abovie because no obvious identical irregular o .
shape can be seen for the sampfes. _the average of the I_ongltudlnal_ an_d transverse dipole factor,
The largest shift of resonant peak of the dimer array ig-€-» EQ. (8) to obtain the extinction spectra. Results are
shown for the longitudinal and transverse field cases in FigShown in Fig. 5 for the two different cases of particle diam-
4, atd=10 nm. The figure shows the farthest shifting of the®€rd=5 and 10 nm, respectively. Corresponding poles and
peak positions versus spacing The results are obtained by residues oh=1to 10 in the spectral representation are given
first calculating the extinction spectra with differanin the = N the insets. It can be clearly seen that extinction spectra still
range of 0.5-20 nm, and then finding out the position 01:(:hang.e when particles aggregate into struct.ured.array frpm a
resonant peak at the longeshortest wavelength for the Well-dispersed assembly, even though the illumination light
longitudinal (transversgpolarization. Large shifting is obvi- k_eeps unpolarized. This IS due to t_he asymmetric cou_pllng in
ous only whenr/d<1, and this can also be understood from diff€rent topology of the field distribution inside and in the
the spectral representation in the inset of Figo)5which vicinity of the particlest? Note that the shifting tendency of
demonstrates that the spectral poles collapse to 1/3 when plasmon-resonance band could be related to the pole deviat-
tends to be larger than 10 nm. Within the spacingrefd, ing from 1/3. For specific spacing, say=0.5 nm, the pole

. o N ; of n=1 of the dimer with large particlegsee inset in Fig.
the redshift for the longitudinal polarizatiofdiamond is 5,1 is further away from 1/3 than that with small particles

obviously stronger than the blueshift for transverse polariza[See inset in Fig. @)]. Equivalently, there is a corresponding
tion (circle). The large splitting is due to both the dipole (egonant peak appearif§ig. 5b)] at long wavelength re-
mode COUpIing(CO”eCtiVe excitation momand the excita- g|me for the case of |arge part|c|qg_o nn»y whereas no
tion of multipole modes by image interactions. obvious peak appearir§ig. 5a)] for the case of small par-

We also note that the main resonant peak is narrower ificles (5 nm). Theoretically, the discrete terms in the spectral
Fig. 3 than that in Fig. 2, which is mainly ascribed to the representation should generate a series of resonant bands, but
different intrinsic damping efficient concerning the particle they are generally very close and superpose to each other, so
diameter. The narrowing of the resonant peak for increasing is hard to resolve them. In many cases the effect is broad-
particle diameter was also observed in the experim@nts. ening of the resonance only, so the plasmon modes remain
Note that no obvious peak shifting is observed in the experispectrally unseparated.
ments for isolated particles after their growing. For interest, we compare the reflectivity spectra for the

It is instructive to investigate the optical extinction prop- different cases. In the dilute limit, the effective dielectric
erties of the array of dimers for unpolarized light. We takefunction of the composite is given B°
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FIG. 6. Normal incidence reflectivity spectra for an array of dimer with particle diandetrnm for different spacings, taking volume
fraction p=0.1[(a) and(b)] andp=0.01[(c) and(d)], respectively.

Z —e +3e ng (12) cribed to the absorption of the matrix itself, see the reference
e Tmo mmmEE measurement for a Ag ion exchanged sample that was irra-
wherep is the volume fraction of the silver particles. Reflec- diated with Si only. It does not show a plasmon absorption
tance at normal incidence R=|(1-1z¢)/(1+\g.)|2.14 Fig-  band and is colorless, because there were no silver nanocrys-
ures 6 and 7 are plotted as the reflectance versus photdfls formed. We did not take it into account in our calculation
energy of the illumination light for the different arrays dis- Of the extinction spectrum. Furthermore, the experimental
cussed above, with particle diametsr5 and 10 nm, respec- spectra are broader than our results, which is due to particle
tively. Volume’fractionp:O.l [see Figs. @) and Q,b) and Size distribution and coupling of particles in a chain through
Figs. 7a) and 1b)] andp=0.01[see Figs. &) and &d) and many-body interaction although we show that two-body in-

Figs. 7c) and 7d)] are taken in the calculations. We can Seeterac_tion contributes Iitt_le \_/vhen particles are far away with
slight shift of the reflectivity spectra for light with longitudi- SPacing larger than their diameter. _ _

nal and transverse polarization as compared to the case of !N the present work, we are concerned with the multipolar
isolated particlegsolid curves in Figs. 6 and)7Reflectance  Interaction between particles, i.e., we focus mainly on the
decreasing in low-frequency regime is notable when spacingimerization effect. In doing so, we could neglect the nonlo-
decreasefsee Figs. @) and Gc) and Figs. 7a) and 1c)]. A cal eﬂ‘ects_ |n't.he present cIaSS|_caI treatment. |t'IS be!leved
large fluctuation in response to longitudinally polarized lightthat the significant effects of size-dependent dielectric re-
is observed in the case of the larger particles with a smaffPOnses come to appear for particles with a diameter less
spacing(long-dashed curves in Fig).Meanwhile, increas- than 5 ni:® Although near adjacence may enhance nonlocal
ing the volume fraction of the metal nanoparticles leads tgOntribution, our calculation results depend on the spacing-
the descending main peak of the reflectivity spectra. But notdiameter ratios/d, rather than the absolute value @f That

that the order of the absolute value of reflectance is differenS: the spacing in use is scaled by the particle size, regardless
for the two different volume fraction. These are also ascribe® the retardation effect. So we also did not consider the

to the very strong electromagnetic coupling between théuPPression of the dielectric confinement due to quantum
nearby particles and the strongly enhanced local field. penetration effects with very small interparticle gaps. We
should worry about retardation effects when the particles size

becomes large.
IV. DISCUSSION AND CONCLUSION _ Due to strong coupling in th_e d_imer, the enhanged exci_ta-
tion of multipoles of the electric field that occurs in the vi-
Here a few comments on our results are in order. Firstlycinity of the dimer appears, which is responsible for the ex-
the tail going up of the extinction spectra in Ref. 22 is as-citation of spectrally distinct higher-order plasmon modes,
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FIG. 7. Normal incidence reflectivity spectra for an array of dimer with particle diandet&® nm. Others are the same as in Fig. 6.

such as the quadrupole plasmon-peak feature around 900 nm. We can take one step forward to include the nonlinear
Cross-talk between adjacent dimers is expected to have ¢haracteristics of noble-metal particles. For instance, based
negligible effect on the optical spectra since it takes place vign Eq.(12), we could derive the effective third-order nonlin-
1 e ;

taaryce d?penttgielncg of", vr\l/hde_reas r;]ear:geolld |ntedract|ons gf be studied by taking into account multipolar interactions. Re-
adjacent particies in each dimer show a dependence an garding nonlinear enhancement due to dimerization, we can
dominate at small distances, which is captured by our muls : Ad i
tiple image model. formulate some equations, based on, say, Yuen and Nus

also interesting to apply the present theory to the polydis-

Maier et al. used a coupled dipole model in a particle X ) / X )
chain and predicted a value of 2:1 of the ratio of peak shiftéégrsr']eet?rzse case, in which the two particles have different

of the longitudinal collective modes to peak shifts of the
transverse collective modes, which is smaller than experi-
ment value 2.3:%! We believe that if one takes into account

the multiple image interactions in the nanoparticle chain, the ACKNOWLEDGMENT
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