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Collective optical properties of silver nanoparticles organized in two-dimensional superlattices
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In this paper we describe collective properties of silver nanoparticles organized in two-dimensional super-
lattices. Our aim is to show that we can control the state of organization of the silver particles deposited on the
substrate. Then the particles are found in the form of either a well-organized two-dimensional array of isolated
particles or disordered and coalesced particles distributed more or less randomly on the surface. The optical
spectra are compared with both polarized and unpolarized light. When particles are arranged in a hexagonal
array, an asymmetrical and broad peak is observed. Underp-polarized light, a new high-energy peak appears
that is interpreted as a collective effect, resulting from the mutual interactions between particles. We support
this conclusion from numerical calculations performed on finite-size clusters of silver spheres, where only the
electrodynamic interactions between the spheres are taken into account. With disordered and coalesced system
the high-energy peak disappears whereas a peak toward low energy is observed. This is attributed to coalesced
particles.@S0163-1829~99!12415-9#
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I. INTRODUCTION

Well-defined, ordered solids prepared from tailor
nanocrystallite building blocks provide opportunities for o
timizing properties of materials and offer possibilities f
observing interesting, new, and potentially useful collect
physical phenomena. In the past few years, several t
niques have been developed for directing the self-assem
of nanocrystals into ordered aggregates or quantum
superlattices.1–11 These assemblies present some very ex
ing possibilities. In principle, interparticle separations, p
ticle size, and particle stoichiometry may be individua
controlled to produce a macroscopic solid with a tailor
band structure. This is similar to the well-known case o
one-dimensional quantum dot superlattice that might be
gineered to provide unique physical properties. Such ma
als could be important constituents of tunnel resona
resistors12 in microelectronic devices.

Large classes of material can be produced by using
verse micelles as templates.1–3 Several years ago, by usin
this technique, we demonstrated that nanosized silver m
particles can be obtained.13 The particle size was controlle
from 2 to 8 nm and the optical properties of these clust
confirm predictions based on simulations. To decrease
size distribution, a size selection precipitation method w
used.14 Particles were arranged either in monolayers or
nized in a hexagonal network, or in three-dimensional~3D!
superlattices with a face-centered-cubic~fcc! structure.14

Similar arrangements were obtained a few years ago w
silver sulfide nanoparticles.15–17 By using different prepara
tion modes, several groups have succeeded in forming
terns with gold and silver nanosized particles.18–24 We pre-
viously compared the optical properties of nanosized sil
particles dispersed in hexane solution and self-assemble
2D or 3D networks.25

In this paper, the optical properties of silver particles d
posited on a cleaved graphite substrate organized or no
PRB 590163-1829/99/59~20!/13350~9!/$15.00
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2D superlattices are presented. A peak toward high ene
compared to that of isolated particles is observed. It dis
pears when particles are either disordered and coalesce
order to explain qualitatively this optical response numeri
calculations of the extinction cross section for finite-si
clusters of spherical silver particles are presented.

II. EXPERIMENT

A. Products

AOT was purchased from Sigma. Isooctane, hexane,
pyridine were from Fluka. Hydrazine and dodecaneth
were obtained from Prolabo~France! and Janssen chem
cals, respectively. The materials were not purified any f
ther. Silver di~2-ethyl-hexyl! sulfosuccinate, Ag~AOT!, was
prepared as described previously.26 The graphite substrate
highly oriented pyrolytic graphite~HOPG! were obtained
from Carbon Loraine~France!.

B. Optical measurements and characterization

Measurement of the optical spectra have been perform
on a conventional Varian Cary I spectrophotometer equip
with rotational stages for angular measurement in the ene
interval 1.9,E,4.9 eV. The polarization of the light can b
perpendicular~s! or parallel~p! to the plane of incidence an
the angle of incidence can range from 15° to 60° with resp
to the surface normal. For particles in solution, absorpt
spectra were recorded in 2-mm cuvettes. For particles de
ited on a cleaved carbon graphite substrate, the differe
reflectanceDR between the substrate with the particles on
surface and the clean substrate has been measured. The
width have been measured at half-maximum by taking
minimum at low energy~approximately 2 eV! as a reference
for the zero of the spectra. The transmission electron
croscope~JEOL 100CX! operates at 100 kV. The mean d
13 350 ©1999 The American Physical Society
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PRB 59 13 351COLLECTIVE OPTICAL PROPERTIES OF SILVER . . .
ameterDm and the standard deviationsm were derived from
an average number of 500 particles.

III. MODELIZATION AND CALCULATION
OF THE OPTICAL SPECTRA

OF SILVER NANOPARTICLES

In this section we consider silver nanoparticles coa
with dodecanethiol. They are either dispersed in a solven
hexane and considered as isolated particles or organized
graphite substrate in a 2D hexagonal network. We calcu
the optical properties of these particles either dispersed
solvent or organized on a substrate.

The absorption spectrum of isolated spherical particle
characterized by the well-known Mie resonance,28–30 occur-
ring at a frequencyv0 such that

«1s~v0!522«m , ~1!

where«s(v)5«1s(v)1 i«2s(v) is the dielectric function of
the silver spherical particles and«m is the dielectric function
of the surrounding medium. Because the particles are co
by the dodecanethiol and the particles are dispersed in
ane, the dielectric constant can be assumed to be«m52. As
matter of fact the dielectric constants of dodecane and h
ane solvent are 1.98 and 1.88, respectively. The full h
width of the resonance peak is determined by the imagin
part and also by the slope of the real part of the dielec
function at the frequencyv1 . For randomly oriented ellip-
soidal particles, the optical response can be interprete
terms of the depolarization factors. The optical spectrum
characterized by two resonance peaks corresponding to
polarisabilities along the major and the minor axes.31–34,36–38

The optical response of isolated spherical particles coa
by an alkyl chain~dodecanethiol! deposited on a substrat
with a rather small distance of closest approach is inve
gated. The optical absorption spectra are deduced from
merical calculations on clusters of silver spheres by using
framework of available calculations.39–43 In first approxima-
tion, we focus on the effect of the mutual electrodynam
interactions between the particles separated by a given
tance. Furthermore, the substrate is not taken into acco
We consider finite-size clusters includingNt metallic spheres
of radii Ri located at positionsr i and the extinction cross
sectionse is calculated. The absorbanceA can be related to
se according to

A52 log10~12rse!, ~2!

wherer is the density of metallic particles per unit area.34–36

Here, avoiding the determination ofr, the present results ar
explained in terms of ln(se) which presents a similar behav
ior as A, in particular concerning the resonance peak str
ture. In order to take into account the presence of the coa
molecules at the surface of the metal spheres, the cluster
be immersed in an homogeneous medium of dielectric c
stant«mÞ1. The metal spheres are characterized by an
form and local dielectric function«s(v). In this work, we
take«s from the Drude approximation:

«s~v!5«b2vp0
2/@v~v1 i t!#, ~3!
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wherevp0 , «b , and t are the free electron plasmon res
nance, the polarizability due to thed electrons and the relax
ation time, respectively.«b can be considered as a consta
for silver at the frequencies that we consider (\v
,4.5 eV), and is fitted in such a way that the bulk plasm
frequency,vp5vp0 /«b

1/2 coincide with the experimenta
value, vp53.8 eV.44 The relaxation timet is corrected to
take into account the finite size of the spheres in the stand
way,39,45

1/t51/t01vF /R, ~4!

wheret0 andnF are the value for the infinite system and th
Fermi velocity, respectively. This particle size correction
only approximate, but this is sufficient for the present calc
lation since our aim here is not a precise determination of
width of the resonance peaks. Moreover, this one is in
case greatly affected by the chemical species adsorbed a
surface of the particles, an effect that cannot be taken
account through a simple correction like Eq.~4!. Notice that
the correction~4! does not affect the position of the res
nance, and only widens the peaks. The magnetic suscep
ity of the spheres ism51. The incident electromagnetic fiel
is a plane wave of wave vectork and frequencyv. Inside the
spheres, the wave vector is complex and of amplitudeks

5(v/c)(«s)
1/2.

The calculation of the extinction cross section is done
the framework of the method given by Ge´rardy and
Ausloos43 and is described in the Appendix~see below!. It is
found that

se52Fp (
i 51,N

~kRi !
2G21

3ReH (
i 51,N

(
q,p

„a* qp~ i !cqp~ i !1b* qp~ i !dqp~ i !…J .

~5!

In the following, the normal to the surface is thez axis, the
surface defines the~x,y! plane and the plane of incidence
the ~x,z! plane. The wave vector of the incident wave is d
fined by the three Euler anglesb, u, andg ~Fig. 1!. The angle
b defines the orientation ofk with respect to a fixed direction
in the surface plane~we takeb50 for ky50), u coincides
with the incident angle, andg defines the polarization of the
incident electric field:g50 andg5p/2 correspond to thep
and to thes polarizations, respectively.

In order to use the calculations performed on finite-s
clusters for the description of actual infinite two-dimension
systems, we must take care of both the shape and size ef
on the results of the calculations. Concerning the shape
fect we find that a spurious anisotropy of the optical respo
in the ~x,y! plane is obtained if the symmetry of the clust
does not respect the symmetry of the whole lattice we mo
Therefore, in the present calculations, we use only clus
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symmetric with respect to a rotation of anglep/3 and axisz
to represent the two-dimensional hexagonal lattice. Avoid
the finite-size effects is more complicated. As we shall
below, the spectra are characterized by two main resona
modesv2 and v1 ; let us denote byDv the shift (v1

2v2). Assuming that the leading contribution of this effe
is due to the long-range dipolar interactions between the
poles induced in the polarizable spheres by the local field,
find that the shiftDv behaves as

Dv~l,N!5Dv~l,`!2 f ~l!/N1/2, ~6!

wherel5(2R/d)3 and f, determined by the sum of the po
larization fields created by all the induced dipoles, depe
only on l. For a given value ofl we can then estimate th
correction @Dv(l,`)2Dv(l,N1)# by using the results
Dv(l,N1) andDv(l,N2) calculated on two clusters of dif
ferent sizes,N1 andN2 , provided thatN1 andN2 are suffi-
ciently large. We get

Dv~l,`!5Dv~l,N1!1@„Dv~l,N1!

2Dv~l,N2!…/~N2
21/22N1

21/2!21#/N1
1/2.

~7!

From the numerical calculation, we find that limiting th
multipole expansion tol s52 is sufficient, the same result
are obtained when we compare the calculated absorp
spectrum with eitherl s52 or l s54. Notice that the expan
sion limited to l s52 is so accurate partly because the p
ticles are not nearly at contact. The clusters that we cons
are mainly 19 particles clusters with a hexagonal struct
and the size effect has been estimated, according to Eq.~7!,
from calculations on 37 particles clusters. The clusters
shown in Fig. 2. The interparticle distance isd52R1D,
where D is the minimum spacing between particles and
independent ofR (D51.85 nm). Concerning the diameter
the particles we take 2R55.30 or 6.60 nm. The externa
medium dielectric constant, is chosen close to that of
alkyl chain used to coat the particles («m52). The cross
sectionse for particles of diameter 2R56.60 nm, interpar-
ticle distanced57.15 nm and«m52 as calculated with a
19-particle cluster is shown in Fig. 3 for thes andp polar-

FIG. 1. Coordinate system used in the calculation. The s
circles represent the center of an hexagonal cluster.
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izations, respectively. The main features of the spectra
first that we get two resonances at frequenciesv2 and v1

with v2,v0,v1 , and second that thes-polarization spec-
trum presents only a single peak atv5v2 while the
p-polarization spectrum presents both peaks, the amplit
of the high-energy one being an increasing function of
angle of incidence. Such a behavior is clearly the result
the optical anisotropy of the system; namely, its polarizab
ity takes a different value in the direction normal to the s
face, and in a direction parallel to the surface~for the lattice
considered the system is isotropic in the surface plane!. This
anisotropy is exhibited in thep-polarization case since the
the incident electric field has a component parallel,Ex , and
a component normal,Ez , to the surface, while in the
s-polarization case the electric field has only a compon
parallel to the surface,Ey . For the smaller particles (2R
55.30 andd57.15 nm), the absorption spectra are simil
with a smaller value for the shiftDv, due to a smaller value
of the parameterl. The results for the resonance frequenc
are given in Table I.

IV. SYNTHESIS OF SILVER NANOPARTICLES

The silver nanoparticles are synthesized in water drop
in oil stabilized by a monolayer of surfactant.1,3 This colloi-
dal dispersion is usually called reverse micelles and the
factant used is sodium bis~2 ethyl-hexyl! sulfosuccinate des
ignated Na~AOT!. The diameter of the water droplets varie
linearly, from 0.5 to 18 nm,1 with the water to surfactan
concentration ratio. When two droplets, one containing
drazine as a reducing agent and the other Ag1, are in con-
tact, they form a dimmer which induces a reducti
reaction.13 Immediately after mixing these two reverse m
cellar solutions, (Ag)n nanoparticles are formed. Such sy
theses are performed at various droplet sizes. Particles ke
long time in reverse micelles flocculate and remain in
bottom of the vessel. To prevent such effect, dodecanethi
added to micellar solution containing (Ag)n nanoparticles. A
selective reaction with the silver atoms at the surface of
particles takes place. To remove the surfactant, ethano
added to the micellar solution. This induces flocculation
dodecanethiol coated particles. The precipitate is then
persed in hexane. The size and shape of particles obtaine

d FIG. 2. Clusters used in the calculations~a! and~b! correspond
to the hexagonal structure~see text for details!
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FIG. 3. Extinction cross section for the cluster of Fig. 2~b!; 2R56.60 nm,d58.45 nm,«m52, for boths andp polarizations. In this later
case, the angle of incidence, in degrees is indicated.
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using this procedure differ with the amount of dodecaneth
added and with the delay before the extraction process t
place.

At this point of the procedure, various approaches
taken.~i! Syntheses are made in water droplets having
nm as average diameter. Immediately after mixing the t
micellar solutions, (Ag)n nanoparticles are formed. Thre
different procedures are used:~1! Immediately after syn-
thesis, the particles are coated with a very small amoun
dodecanethiol~0.5 ml/ml! and extracted from micelles an
then dispersed in hexane. After 24 h, the particles floccu

TABLE I. Energy resonance obtained from the extinction cro
sections calculated on the clusters with hexagonal structure.
shift Dv for the infinite surface is deduced using Eq.~7!.

N 2R ~nm! d ~nm! «m v2 ~eV! v1 ~eV! Dv ~eV!

19 5.30 7.15 1 3.14 3.40 0.26
19 5.30 7.15 2 2.77 3.10 0.33
19 6.60 8.45 1 3.12 3.42 0.30
19 6.60 8.45 2 2.72 3.16 0.44
37 6.60 8.45 2 2.67 3.20 0.53
37 6.60 8.45 1 3.10 3.43 0.33
` 5.30 7.15 2 0.51
` 6.60 8.45 2 0.76
es,
l
es

e
.6
o

of

te

and those left on the bottom of the vessel are deposited
the substrate. The transmission electron microscopy~TEM!
pattern@Fig. 4~a!#, shows isolated nanoparticles with 5 n
average size and 17% polydispersity. Some amount of c
lesced particles are observed in part of the copper grid
covered by cleaved carbon.~2! Immediately after synthe-
sis, 2ml/ml of dodecanethiol is added to the reverse micel
and the coated particles are immediately extracted from
verse micelles and then dispersed in hexane. A size selec
takes place. The average diameter of the particles is 5
with a rather low size distribution~15%!. The particles are
highly stable. By deposition on a cleaved carbon substrat
self-organization in a hexagonal compact network@Fig. 4~c!#
is observed.

~ii ! For droplets having 12 nm as average diameter,
average (Ag)n size is 3.4 nm with a rather large size distr
bution ~43%!. Dodecanethiol~1 ml/ml! is then added to the
micellar solution. The particles are extracted from the m
celles as described above. To reduce the size distributio
size selected precipitation process, as described in deta
our previous paper,14 is used: pyridine is progressively adde
to hexane solution containing the silver coated particles. A
given volume of added pyridine~roughly 50%!, the solution
becomes cloudy and a precipitate appears indicating agg
eration of the largest particles. The solution is centrifuga
and an agglomerated fraction rich in large particles is c
lected, leaving the smallest particles in the supernatant.
precipitate, dispersed in hexane, forms a homogeneous
solution. By repeating the same procedure several tim

s
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4-nm silver nanoparticles with a rather low size distributi
~13%! are obtained. By deposition of the particles dispers
in hexane on a copper grid covered by cleaved carbo
self-organization in a hexagonal network is observed@Fig.
4~b!#.

By using these various procedures, it is possible to ob
particles having an average size of either 4 or 5 nm wit
low size distribution and arranged in a hexagonal netw
after deposition on a carbon grid,@Figs. 4~b! and 4~c!# or
isolated and/or coalesced particles@Fig. 4~a!#. To simplify
the text, the various particles will be referred to as particle
@Fig. 4~a!#, II @Fig. 4~b!#, and III @Fig. 4~c!#, respectively. In
first approximation we consider that particles II and III a
spherical. This is consistent with the TEM patterns. T
number of silver atoms on a carbon grid is evaluated
assuming an average size and by counting more than
particles. On average the number of silver atoms depos
on the grid remains at approximately 50/nm2.

V. OPTICAL PROPERTIES OF SILVER NANOPARTICLES
ARRANGED OR NOT IN 2D SUPERLATTICES

From the syntheses described above, it is clearly sho
that the particles differ by their size and shape. We choos
separate them into two classes:~i! Particles I@Fig. 4~a!# are
not ordered on the substrate. The size and the shape of
ticles I are mainly spherical and isolated on the substr

FIG. 4. TEM patterns of particles I~a!, II ~b! 4 nm, and III~c! 5
nm.
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However, some of them are close together or coalesced@see
arrow in Fig. 4~a!#. ~ii ! Particles II and III are, in first ap-
proximation, spherical with a very low size distributio
They are organized, all over the substrate, in a hexago
network. The average distance between particles is 1.8
From the TEM grid, no coalesced particles are obser
@Figs. 4~b! and 4~c!#. When they are dispersed in a solve
they are considered as isolated particles.

In the following we present the optical properties of eith
particles dispersed in a solvent or deposited on a substrat
the case of particles deposited on the substrate we first
sider particles I and then particles II and III.

A. Isolated spherical particles

The optical response of particles II@Fig. 5~a!# and par-
ticles III @Fig. 5~b!# dispersed in hexane are characterized
well-defined plasmon peak centered at 2.9 eV. The simula
spectra~dashed line! indicate that the resonance peak is clo
to a Lorentzian@Fig. 5~a! and 5~b!#. The misfit observed a
the high energy is due to the interband transitio
(4d-5sp).27 Such an optical response has been well
scribed by the quasistatic approximation of the M
theory,28–29 where the optical extinction cross section
given mainly by the dipole absorption and shows a narr
plasmon resonance influenced by the contribution of the
terband transitions. Table II shows an increase in the ba
width with decreasing the particle size. This has been w
established in these decades.29,39 It is attributed to a decreas
in the electronic mean free path for the smaller particles
monitored by the imaginary part and the slope of the real p
of the dielectric function at the frequencyv1 . From Eqs.~1!
and~3! @used for silver with«m52 for hexane solution# @see
Sec. III!, the peak position (v052.95 eV) is found to be
similar to that obtained from experimental data@Figs. 5~a!
and 5~b!#.

FIG. 5. Absorption spectra normalized to unity of particles
and III dispersed in hexane~a! and ~b!, and reflectance spectra o
these particles deposited on the substrate under unpolarized ligh~c!
and ~d!.
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B. Optical properties of nonspherical particles deposited
on a substrate in a disordered way„particles I…

To investigate the presence of several resonance pe
the reflective spectra under polarized light perpendicular~s!
or parallel ~p! to the plane of incidence at various incide
anglesu are recorded. Unders polarization, the electric field
vector is always directed along the major axis of the sp
roidal particles@parallel to the substrate#. This tends to be
insensitive to plasmon mode oriented perpendicular to
substrate35 and does not provide any information on the o
tical surface anisotropy. Conversely, underp polarization,
the electric field has two components: One is along the m
axis growing with increasing theu angle. The second one i
along the major axis and decreases with increasing thu
angle. Hence, the~p! polarization provides information on
the optical film anisotropy.32

Unders polarization, the optical spectra obtained at va
ousu angles@Fig. 6~a!# show one resonance peak at 2.7 e
This is attributed to the surface plasmon parallel to the s
strate. Conversely, underp polarization@Fig. 6~b!#, a split-
ting of the optical spectra with increasingu angle is ob-
served: one of the peak is shifted toward high ene
compared to that of isolated spherical particles whereas
second one is at lower energy.

Figure 4~a! shows that most of the particles keep simi
size. However, it can be observed that, in some part of
TEM pattern, some particles form chains that are either cl
together or coalesced@see arrow on Fig. 4~a!#. Taking into
account the TEM pattern, the optical behavior is explained
follows: Unders polarization the longitudinal surface pla
mon mode is investigated whereas under thep polarization
the longitudinal and transversal mode are explored. Howe
under p polarization and lowu value, the contribution of
longitudinal mode is higher than the transversal one. T
explains why unders andp polarization at lowu value only
one resonance peak is observed. In the present case
maximum is found centered at 2.7 eV. This value is shif
toward low energy compared to that of the isolated spher
particles~2.9 eV!. Such shift corresponds to a deviation
the shape compared to spheres. More the particles are a
metrical, more the shift toward low energy is enhanced.40 On
increasingu value underp polarization, the contribution o
transversal mode increases and induces the appearance
new resonance peak which is shifted toward high ene
compared to that of isolated spherical particles. Hence
presence of the two plasmon modes@Fig. 6~b!# indicates an

TABLE II. Maximum of the plasmon peak and average ban
width obtained with nonpolarized light,Emax and DE, s polarized
light, Emax

(s) andDE(s), andp-polarized light,Emax
(e) . All energies are

in eV. ~a! particles dispersed in solution;~b! particles deposited
on the substrate.

Particles I II II III III
b a b a b

Emax 2.9 2.7 2.9 2,7
Emax

(s) 2.7 2,9 2.9

Emax
(p) 2.7–3.1 2.8–3.8 2.8–3.8

DE 0.860.05 1.160.05 0.760.05 1.060.05
DE(s) 1.260.05 0.860.05
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optical anisotropy due to the non spherical shape of the
ticles as shown on a TEM grid@Fig. 4~a!#.

C. Optical properties of spherical particles organized
in 2D superlattices

Figures 5~c! and 5~d! show the optical spectra under un
polarized light of particles II and III deposited on graphi
substrate and organized in hexagonal network. Their m
mum is centered at 2.7 eV. In both cases, the optical spe
are shifted toward low energy compared to that of partic
dispersed in hexane~2.9 eV!. Conversely to what is observe
for isolated particles@Fig. 5~a! and 5~b!#, the optical spectra
are asymmetrical. An increase in the bandwidth~1.1 and 1
eV, respectively! compared to isolated particles~0.8 and 0.7
eV! is observed. By washing the substrate, the absorp
spectra of particles II and III dispersed in hexane are sim
to those observed for isolated spherical particles. This in
cates that the coated particles do not coalesced after de
tion. The increase in the bandwidth compared to that
served for isolated particles has already been observed
silver particles randomly deposited on a glass substrate.
lack of symmetry observed can be attributed to additio
resonance when particles are organized in a hexagonal
work.

Unders polarization, the optical spectra of particles II an
III ~Fig. 7!, recorded at various incident anglesu do not
change with increasingu. They are characterized by a max
mum centered at 2.9 eV which is similar to that observed
isolated particles~Table II!. However, the plasmon reso
nance peak remains asymmetric as observed under unp
ized light @Figs. 5~c! and 5~d!#.

-

FIG. 6. Reflectance spectra of particles I under perpendicula~a!
and parallel~b! polarized light at various incident anglesu.
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Underp polarization, the optical spectra of particles II an
III markedly change with the incident angleu ~Fig. 8!: At
low u angle, one peak is observed. On increasingu, a new
plasmon resonance peak appears at high energy~Fig. 8!. The

FIG. 7. Reflectance spectra of samples II~a! and III ~b! obtained
with s-polarized light at various incident anglesu.

FIG. 8. Reflectance spectra of particles II~a! and III ~b! ob-
tained withp-polarized light at various incident anglesu.
comparison between the relative intensity peak indicates
the high-energy peak increases with increasing the par
size @Fig. 8~a!, particles II~4 nm!; Fig. 8~b!, particles III ~5
nm!#. At u560°, the two peaks are well defined: One
centered at 2.8 eV (v2) @close to that observed for isolate
particles, (v052.9 eV)] whereas the other one is centered
3.8 eV (v1). Hence, when particles are organized in a he
agonal superlattice with 1.8 nm as average distance betw
particles, a new resonance peak appears at high en
whereas that one (v252.8 eV) close to that of isolated
spherical particles (v052.9 eV) still remains. These data a
highly reproducible and do not depend on coverage defe
@This is because the excitation wavelength is large compa
to the particle size and to the defects of the particle mo
layer. Furthermore, the beam is rather broad. Hence, the
tical response take into account the overall surface#.

The comparison between the optical properties of p
ticles deposited on the same substrate@cleaved graphite# and
differing by their organizations@particles II and III form 2D
superlattices whereas particles I are either isolated or c
lesced# permits to conclude that the appearance of the re
nance peak at 3.8 eV is due to the self-organization of
particles in a hexagonal network. This can be interpreted
terms of mutual interactions between particles. The lo
electric field results from dipolar interactions induced by p
ticles at a given distance between each others. Near the
ticles, the field consist of the applied field plus a contributi
due to all other dipoles and their images. The calculation
finite-size clusters shown in Sec. III gives, at a qualitat
level, a correct explanation concerning the difference
tween thes- and thep-polarization spectra~Fig. 3!: Unders
polarization one resonance peak is observed whereas unp
polarization an additional peak toward high energy appe
As observed in the experimental data shown in Fig. 8,
intensity of high energy peak increases with increasing
incidence angle.

Some discrepancies between the experimental and the
culated data can be listed as follows:~i! the absolute value
of the low-energy resonance peak,v2 , is 0.3 eV lower than
that determined from the experiments (v252.8 eV). Con-
versely, for isolated spherical particles, a good correlation
the resonance frequency, between calculation (v0
52.95 eV) and experimental (v052.9 eV) data is obtained
The calculated value for (v12v0) is comparable to that for
(v02v2) while in the experimentv2 is very close to
v0 . ~ii ! The shift between the two resonance peaks,Dv, is
underestimated by nearly a factor of 2.

These discrepancies between the experimental data
the calculation could be due to the following.~a! The fact
that, in first approximation, the particles are assumed to
spherical. In fact, it has been demonstrated that the si
nanocrystals are faceted.22 This could enhance the optica
anisotropy. ~b! We did not take into account the substra
effect. Although, for spherical particles, we do not expect
important change of the shift (v12v2) due to the
substrate37,38 the dielectric discontinuity due to the substra
leads to a shift in the resonance peak frequencies.36–38On the
other hand, the substrate may introduce additional change
the position of the frequencies through specific interactio
with the particles and/or the chains of the molecules coa
the particles.
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We do not invoke either the interband transition or t
bulk plasmon resonance in order to explain the high-ene
peak observed at 3.8 eV in the particles II and III that dis
pears with the particles I because these two effects are c
acteristic of the bulk material and therefore should dep
neither on the state of polarization nor on the shape of
particle. The calculation of the plasmon resonance of sm
metal particles including the bulk plasmon resonance
been performed by Ruppin and this latter resonance lead
a peak of very small amplitude that does not depend on
direction of the incident field.42

VI. CONCLUSION

Marked changes in the optical properties of silver na
particles deposited on graphite substrate and organized in
superlattices are observed. A high-energy resonance pea
pears underp polarization and is attributed to the collectiv
effect in term of mutual interaction between particles.
matter of fact, this high energy peak disappears when
ticles are either isolated or coalesced. The calculations ta
into account interactions between particles permit to expl
qualitatively, such behavior. However, the particle-substr
interaction cannot be excluded.

APPENDIX

The calculation of the extinction cross section is done
the framework of the method given by Ge´rardy and
Ausloos.43 We do not consider longitudinal fields, since th
dielectric function in the metallic spheres is local, and th
the electric and magnetic fields,E and H, respectively, are
expanded on the sets of vectors$mqp,s( i )% and $nqp,s( i )%
defined in the reference frames of the spheres (i 51,N), in
terms of the unit vectorsr ,u,w of the corresponding spherica
coordinates

q~q11!1/2mqp,s~ i !

5 ipzq,s~kr !~Yq
p/sinu!u2zq,s~kr !]u~Yq

p!w,

~A1a!

q~q11!1/2nqp,s~ i !

5q~q11!@zq,s~kr !/~kr !#Yq
pr

1@krzq,s~kr !#8/~kr !]u~Yq
p!u

1 ip@krzq,s~kr !#8/~kr !~Yq
p/sinu!w, ~A1b!

where r 5ur2r i u, the Yl
m are the spherical harmonics, an

zq,s(kr) are spherical Bessel functions of either the fi
kind, j q , if s51, or the third kind,hq

(1), if s53. The prime
in Eq. ~A1b! denotes the derivative with respect to the arg
ment. In the region surrounding the spheres, referred to
the following as the medium, we write43
y
-
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-
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EM5E0 (
i 51,N

(
q51,̀

(
p52q,q

$cqp~ i !mqp,3~ i !

1dqp~ i !nqp,3~ i !%1E0 ,
~A2!

HM5H0 (
i 51,N

(
q51,̀

(
p52q,q

$dqp~ i !mqp,3~ i !

1cqp~ i !nqp,3~ i !%1H0 ,

where E0 and H0 are the incident electric and magnet
fields, respectively. Inside a spherej we have

E~ j !5E0 (
q51,̀

(
p52q,q

$aI
qp~ j !mqp,1~ j !1bI

qp~ j !nqp,1~ j !%,

~A3!

H~ j !5H j (
q51,̀

(
p52q,q

$bI
qp~ j !mqp,1~ j !1aI

qp~ j !nqp,1~ j !%,

the amplitude of the magnetic field,H j being related to that
of the incident field byH j52 i (cks /v)E0 . The incident
electric and magnetic fields can be expanded on the vec
mqp,1( j ) and nqp,1( j ) corresponding to any of the sphere
say, j, chosen arbitrarily:

E05E0 (
q51,̀

(
p52q,q

$aqp~ j !mqp,1~ j !

1bqp~ j !nqp,1~ j !%,
~A4!

H05H0 (
q51,̀

(
p52q,q

$bqp~ j !mqp,1~ j !

1aqp~ j !nqp,1~ j !% .

The coefficientscqp( i ) anddqp( i ) for the fieldsEM andHM
are then calculated in terms of the coefficientsaqp( i ) and
bqp( i ) relative to the incident fields from the boundary co
ditions satisfied at the surface of each sphere, namely,
continuity of the tangent fields

~EM2E!x~r2r i !50,

~HM2H !x~r2r i !50, for ur2r i u5Ri . ~A5!

In order to perform the calculations, we have to limit th
value of the multipolar order taken into account, namelyl
< l s . Then, defining the vectora by the set of the coeffi-
cients $aqp( i )% i<N; q<s; p<q and similarly the vectorsb, c,
andd from the corresponding coefficients, the solution foc
andd can be written in a quite compact form, using a mat
notation43

c5M1
21@a1M3b#,

d5M2
21@b1M4a#, ~A6!
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the important point in this equation being the fact that
matricesMk are independent of the incident wave.

The extinction cross sectionse is determined from the
integral of the normal component of the Poynting vector o
large sphere including the whole cluster and is given~in unit
of the surface of the particles! in terms of the expansion
coefficientsaqp( i ), bqp( i ), cqp( i ), anddqp( i ) ~Ref. 43!,
e

r

-

r

L

e

a

se52Fp (
i 51,N

~kRi !
2G21

3ReH (
i 51,N

(
q,p

„a* qp~ i !cqp~ i !1b* qp~ i !dqp~ i !…J .

~A7!
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