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Multipolar plasmon resonances in supported silver particles: The case of Agv-Al,05(0001)
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The present paper is devoted to the description of optical absorptions in supported metallic particles smaller
than the wavelength of light. The breaking of symmetry brought by the presence of the substrate and by the
finite contact angle for the particle leads to a nonhomogeneous local field and allows excitation of multipolar
absorption modes. Their energetic positions, oscillator strengths, and widths are calculated in the limit of zero
damping by use of a multipolar expansion of the potential inside and around the island. The charge vibration
pattern and the location of the field enhancements are clearly identified for each mode. Even if the dipolar
mode is the most intense, the highlighting of the secondary modes in optical measurements is possible in
peculiar experimental conditions. Some experiments of surface differential reflectivity spectroscopy for silver
deposits on oxide substrates are given as examples.
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[. INTRODUCTION ~(RI\)* is of three orders of magnitude lower than absorp-
tion o 4,5~ (R/N\). More precisely one has:

Over the last 100 years, there has been a tremendous the-
oretical and experimental work on the optical properties of
metallic particlel as they represent an intermediate state be-
tween molecules and solid. The starting point was the work
of Maxwell Garnett at the turn of the century. He gave the wheree(w)=€;(w) +ie€,(w) is the frequency-dependent di-
first explanation of the coloration of glasses doped by eelectric constant of the metal particlg, the dielectric func-
metal precursor. The link between the optical properties ofion of the surrounding medium, anty= (47/3)R? the vol-
such glasses and the presence of metallic particles was nome of the cluster. A resonance occurs at the minimum of the
obvious since the bulk dielectric constant of metal does notlenominator] e;(w) +2€m]2+ €x(w)2. If €,(w) is small or
show such absorptions. A more complete derivation of lightdoes not vary in the considered frequency region, one recov-
scattering by a spherical particle was given by Mie in 1908. ers the classical relatiosy = — 2¢,, for the Frdnlich mode of
He solved the complete Maxwell equations for an incominga sphere. With a Drude metal, the absorption is found at
plane wave on a sphere by the method of Rayleigh partiak wp/\/§ with w,, the bulk plasmon frequency. For an ellip-
waves and calculated the scattering and absorption cross seswidal particle, the same type of dipolar vibrations are seen
tions. Of course, in the size regime where the particle radiualong the main axis. However, by breaking the symmetry of
is much smaller than the wavelength of lighkR/\ the surrounding, high-order multipoles can be excited.
<few %), the quasistatic approximation can be assumed by The first example is when the ratio between the sphere
solving only the Laplace equation for the potential. In thisradius and the wavelength increases. For such particles sizes,
case, the main effect of the electric field is to polarize thethe incoming fieldE, develops oscillations inside the particle
electronic gas of the metal and to excite collective motion ofin such a way that neglecting the retardation effects becomes
electrons: surface plasmon polaritons. The term surface findsot valid. The nonhomogeneous fielg allows the appear-
its origin in the fact that, despite a collective oscillation of ance of electric and magnetic multipoles. Far away from the
the electronic gas with respect to the positive background ofluster, the associated waves are identical to those coming
ions in a jellium picture, the restoring force comes from thefrom equivalent point multipoles. As underlined above, the
surface polarization. The excited quasiparticles are a result @lectric multipolar modes are linked to surface polarization
the mixing of plasmon and photons. In dielectric particles,while magnetic multipoles are due to eddy currents. Clear
exactly the same phenomenon occurs in the infrared witlexperimental evidence of these modes is scarce in the
excitation of phononssurface phonon polaritopsFor a me-  literature®® The great difficulty in experimental spectra is to
tallic sphere, the polarization process leads simply to a dievercome the size distribution of the particle collection and
pole behavior with a surface charge distribution equal to thehe interface dampirfg which smear out all the structures.
cosine of the angle between the homogeneous excitatingloreover, the mixing between absorption and scattering
electric field and the current point on the surface. In themodes implies the use of many experimental techniques to
quasistatic size regime, the extinction cross sectiqpy is  be separated. Most of the time, noble metals like silver or
mainly given by absorptiono,,s as the scatteringrs.,  alkali are chosen for their free-electron gas behavior. Their
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plasma oscillations are not damped by interband transitions Il. EXPERIMENTAL SETUP

and the absorption structures are sharp. . Experiments have been performed in a ultra high-vacuum
~Another way to put forward this phenomenon is to studycpamper equipped with the classical surface science tools
irregularly shaped particles. In this case, the mhomogenel%ase pressure>310 8 Pa). The sapphire-Al,05(0001)

does not come from the EXCiting field but from the partiCleSamp|eS purchased from Matek Gmbh were epitaxia”y p0|_
susceptibility itself. Even in the quasistatic regime, a greaished with a miscut less than 0.2° as checkedeBysitu
variety of charge vibration patterns can be excited particuatomic force microscopy. Once mounted on a tantalum plate
larly in the presence of sharp corners. These type of geonin UHV, thanks to an electronic bombardment system, the
etries are encountered in the faceting processes of nanocrygHbstrates were cleaned by a strong annealing under partial
tallites. The Wulff construction at thermodynamic OXygen pressure provided by a gas dosing pipehe sur-
equilibriunf gives the relative spreads of the crystallographicfac€ composition was checked by x-ray photoemission and
planes and the overall crystal shape. Fdttied to illustrate ﬂ;le C Isline V\()as_below the (rj]eteciuon limit. Th'f proceg%re
this phenomenon by computing the phonon-polariton absorpf"21 OWs Us to obtain a (¥1) sharp low-energy electron dif-
tions of small dielectric cubes like NaCl or MgO. He under- raction (LEED) pattern. S|Iv_er was evaporated from a

X i ; I .~ Knudsen cell and the flux calibrated by a quartz microbal-
Il_ned the importance of corners in .the trapp|.ng of p°|a”za'ance(0.07 ML/s with 1 ML given by the spacing between
tion charges. Furthermore, optical studies are ofteqwo atomic plane along thgl11] direction of the fcc struc-
performed on supported particles. Their final shape arisefure). The sample temperature was regulated at600 K
from a complex balance between thermodynamic and kinetey a Chromel-Alumel thermocouple force wedged to the
ics factors but, at least, the notion of contact angle has to bsubstrate surface.

introduced to describe the geometry of the system and the The optical experiment used to monitarsitu and in real
wetting properties. The influence on the optical absorptionéime the growth is surface differential reflectivity spectros-
of such a line of contact between three dielectric media i€OPY- The recorded quantity is the relative variation of the
poorly known. Moreover, the presence of the substrate coms@mPple reflectivity: AR R-R

plicates greatly the situation as it brings a new breaking of 2t o )
symmetry with the image field, even for a supported R Ro

sphere'®*!n the quasistatic regime, the optical behavior of The reference is the reflectivity of the bare substige The

a particle on a substrate can be seen as a cascade of polight emitted by a deuterium lamp in the UV-visible range
ization processes. The incident field field creates a dipol¢l.5-6 eV is collimated on the sample with an incident
inside the particle. The substrate reacts by creating an imagingle of 45°, collected ip or s polarization and dispersed by
dipole which in turn modifies the local field around the is- @ grating spectrograpt300 grooves/minon a Peltier-cooled

land. This image dipolar field excites the quadrupolar polarPhotodiode array. The environment is carefully controlled
gurlng the recording of the optical spectra. This advice is of

ourse essential with highly reactive metals like alk&i°
ut more generally, the surface plasmon even with noble
metal is highly sensitive to the adsorbed species. The phe-

et al2 and Chauvaux and Meesénietected and underlined n°menon of interface damping put forward by Kreibig and

. : : o-workers and Persofir?tinduces a strong broadening of
this phenomenon on supported alkali clusters, clear eV|denc;[ e absorptions peaks. Thus, it is really difficult to identify

of such multipolar absorptions is still lacking because of ex—he multipolar resonances for samole submitted to ambient
perimental difficulties and because rather crude simple moaI- P pi€
mosphere or elaborated by a chemical way.

: ) t
els are often used to interpret the optical response of su@ It is well known that the low affinity of noble metal with

H 4-16
ported particles: ielectric substrates leads to a cluster growth rddeéth

The aim of the present paper is to demonstrate the occug/I ical size in the nanomeric range. Upon deposition. the
rence of multipolar absorption modes in experimental spectr pI 1z€ 1 ; ge. Up posttion,

from small supported particles and to give a description O]morphology of the thin film is dictated by both thermody-

these modes in the nonretarded limit for supported truncate amgz.a?qb ktl_netlcfs ﬁaciors, Iﬁadlng mdrg(%séta?ltuat;)g; o a
spherical particles. The paper is organized as follows. After road distribution of clusters shapes an rom 0

0 : .
description of the experimental setup in Sec. Il, surface dif-° 100%) which mixes up all the features. The substrate

ferential reflectivity(SDR) spectra from silver nanoparticles inhomogeneities worsen the situation by creating nucleation

; : enters and paths of diffusion of different energies. The way
supported by alumina substrates are presented in Sec. Ill. (i . T
the discussion of Sec. IV, it is explained that the multipolart0 reduce the width of the distribution up to a few tens of a

modes are found in the zero damping limit. The role of sybRercent is to activate the diffusion process and to get closer

strate in their appearance and of the way to reveal them ty the_lfrf:ermpd%/hnamlc eqlf['l'b”umtﬁy mcrealsw][g the tert'npera—
increasing the coupling between the particles are studie dré. 1hus, In € present case, the sample temperature was

Oscillator strengths and broadenings of these modes arrggulated af =600 K.
evaluated to first order in the imaginary part of the dielectric
constant. The model is then applied in Sec. V to the experi-
ments ofin situ SDR for silver on alumina. Clear evidence is  SDR spectra collected during the deposition of silver on
given of the occurrence of multipolar modes. a-Al,05(0001) are shown in Fig. 1. Spectra collectedpin

image appears in the substrate and so on. This mechanism
image interaction is in a complicated way linked to the mul-
tipolar polarizabilities of the particle. But even if Beita

lIl. REFLECTIVITY OF SILVER THIN FILMS
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FIG. 1. Evolution of the SDR spectra recorded during the growth of a thin silver filfi=800 K on ALO3(0001) inp (left pane) or
s (right pane) polarization. The dispersion of the high-energy resonance with deposited thicknessgqdiagization is given in the inset.
The evolution of the main structures srpolarization is displayed with broken lines to guide the eye.

polarization involve three features lying above 3.6 eV,notede; with i=1,2,3,4 (,=¢€5). The supported sphere is
around 3.5 eV, and below 3.2 eV, respectively. The disapdefined by means of a truncation paraméterThe Appen-
pearance of the 3.6-eV peaksmpolarization indicates that it gix A presents a detailed derivation of the polarization pro-
is dominated by excitations normal to the surface. At vari-cess of such particles through a multipolar expansion of the
ance, the other features mostly come from excitations paralystential. The polarizability tensor results from the solution
lel to the surface. The positions and shapes of the 3.65-3.§ 3 jinear system of equations for the multipolar coeffi-
eV and 3.2-2.6 eV peaks are characteristic of a threegjents.
dimensional growth mod!:*° For particles smaller than the wavelength, the absorption
Redshifted at the beginning of the silver deposition, the high<ross sectiorr,ys is mainly given by the imaginary part of
energy feature of the SDR spectra shifts toward higher enthe particle polarizability Imé,,) (m=0,+1).! As for a free
ergy at a coverage higher than 0.3 himset of Fig. 1a)]. It ~ sphere in vacuunfsee Eq.(1)], the multipolar absorptions
is after the onset of this blueshift that the 3.5-eV featureare defined by the poles of the polarizabilities in the zero-
becomes sizable in both polarizations. The two main surfacdamping limit which is found when the imaginary parts of
plasmon-polariton peaks im polarization and the main fea- the dielectric constants of the particle and the substrate van-
ture in s polarization are qualitatively understood in the ish, that is to saysizeiRJriKei' with k—0. To be clearer, let
framework of the dipole mod¥*® and can be modeled by us introduce the following notation for the linear system,
means of multipolar approach&s*>However, the origin and Eq. (A5):
behavior of the shoulder are to be explained.

M(w,k)X(w,k)=E(w,k). 3)

IV. DISCUSSION The matrices are denoted by script letters, the vector by italic

Because the two mains features observed in absorptiol§tters, and the indem=0,*1 is most of the time dropped.
spectra are assigned to dipolar resonances, the new modé&4(w,«) stands for matrix (A8) which describes the
lying around 3.5 eV can be suggested to arise from a multifrequency-dependent response of the system up to multipolar
polar response. In addition, since these modes appear at tRederM. HereX(w, «) is the vector for the multipolar com-
onset of the blueshift of the high-energy resonance, they argonents of the potential expansiojy(w,«) = (Ajm,Bim)
likely perturbed by particle-particle interactions. A first goal With =1, ...,2M. The source field which excites the sys-
in this discussion is therefore to show how multipolar modegem either parallem=+1 or normal to the surfacen=0 is
can be identified in the zero-damping limit. E(w,«). Thus, as formally,

_ _ -1
A. Revealing the multipolar modes am~Aim=Xim=[M(@, ) ]3] mE1 m( @, 1), (4)

The thin film is modeled by a distribution of particles the resonances occur at frequencies where the matrix
which are represented by truncated sphémesdium 3 sup- M(w,k) eigenvalue finds its lowest moduli. In the zero-
ported on a substratenedium 2, embedded in a medium 1, damping limit k—0, it corresponds to frequencies where
and excited by a uniform fiel&E,. The buried part of the these eigenvalues are zero. Another way to understand
sphere is introduced as a different medium 4. The correshese resonant modes is to see them as undamped oscilla-
ponding frequencys-dependent dielectric functions are de- tions of the potential which need no external field to be

235424-3



REMI LAZZARI et al. PHYSICAL REVIEW B 65 235424

100

I m=0
1 m=1
— Im(c)

maintained, which corresponds td(w,x=0)X=0; the
solution is found when the determinant of the matrix,
Def M (w,k=01]), is zero. This condition gives the reso- 10

nant frequenciess, and the associated eigenvectotéw
= w,) and matrixM(w=w, ,xk=0). The corresponding map
of the potential gives information on the self-polarization
charges since the equipotential lines surround charges.
The oscillator strengthsgthe integrated intensitigsand 0.1
broadenings of the absorption modes are determined by in-
troducing the damping in the excitating field at resonance
E(w=w,,xk=0) via a limited development of the matrix
and of the vector around the poinb € w, ,k=0) up to first
order in the differencew — w, and in the damping:

Im(c)/V

0.01 |

2.0 25 3.5 4.0

3.0
Energy (eV)

FIG. 2. Absorption peaks defined by the imaginary part of the
polarizability normalized by the particle volume Im(+ «,)/V

IM
M(o,k)=M(w;,0)+ W) Kk, (5) [Eq. (A17)] for a silver hemispheret(=0, M =28, €,=3).

(9/\/1) _
E (w—wr)—i-l

~ oX oX T oy
X(w,k)=xX(w,)+ —)(w—wr)-i-i —>K. (6) 1 Xl(zif EI'Y|>
Jw JK F=——
r ginc Y !
Partial derivatives are taken ab=w,,k=0. By using %: Yf(ﬁ o ) ,r
7 . xk=0/ ::
M(w,;,0)X(w,)=0, the linear system, Eq3), becomes to 4
first order ink andw— w, : IM
k2 Y{( . ) ;
&X . 07)( 1] aK k=0 ij
M(wr,o) % (w_wr)+| E K Yr= IM ) (11)
S 9o | %
1) k=0

i
+X

IM\ |-
dw )(w w’)+|( IK )K X(wr)=E(er0). with 1/EI' the right normalization by the incident electric
@ field Eq as given_ by Eqs(A6) and (A7). The termao(w,x)
stands for the difference between the approximated spectral
To determine the amplitude terrp the rotation terms for the representatiofisum in Eq.(10)] and the exact polarizability
eigenvector are eliminated by multiplying this equation bycomputed by solving the linear system, E8). A discussion
the left eigenvector Y(w,) of M(w,,0). Indeed, as On the validity of such a spectral decomposition is given in

M(w,,0), whose determinant is zero, is nonsymmetric, thedhe Appendix and the numerical implementation of the prob-
left X(w,) and rightY(w,) eigenvectors defined by lem is presented in the Appendix.

/\/l(wr,O)')V((wr)=0, t./\/l(wr,O)?(wr)=O ®) B. Nature of the modes

The oscillator strength and energy of a series of surface

are not equal. Thus, one has plasmon-polariton modes are shown in Fig. 2 in the case of a
hemispherical particle of silver supported on a substrate with

Y (w,)E(w,,0) a dielectric constané,=3 which is supposed to be nonab-

X= 9 sorbing. The bulk dielectric constant of silver is extracted

%)K X(w,) from Palik’s compilatior?® The equipotential lines associ-
ated with the four more intense normal and parallel modes
. o L . are represented in Figs. 3 and 4, respectively. Bearing in
Finally, the polarizability is found by multlplylrlg this am- mind that the equipotential lines surround the polarization
plitude x by the first term of the right eigenvectd(w;) in  charges, these maps give a visualization of the charge loca-
the basis of fn,Biy) [Egs.(A6) and (A7)]. At the limit of  tion. The two dipolar modes, which are labeled 0-A and 1-A
small damping by summing on all modes, the polarizabilityin Figs. 3 and 4, dominate the optical response. Their oscil-
is written in the spectral representation: lator strength$, are one order of magnitude greater than the
other modes of similar polarization. T&-A) mode presents
a strong pining of the charge at the triple-contact line be-
tween vacuum, substrate, and island, which can be under-
stood in terms of the tip effect in electrostatics. Ti0eA)
whereF, and vy, are the oscillator strength and the width of mode corresponds to a dipole with a accumulation of charges
the absorption peak, respectively: at the interface with the substrate and the top of the cluster.

Y(w;)

aM) _
% (w—w,)+i

F
a= +ag(w,k), (10

r W01y,
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the oscillator strength and the energy of each mode. As a
trend, the modes represented in Figs. 3 and 4 are redshifted
when the real part of the dielectric constapincreasesFig.

5). This can be explained in the framework of the dipole
interaction model by replacing a particle of polarizability

by a dipole at a distance from the surface. Accounting for
the substrate-induced local field on the dipole, the polariz-
ability is renormalized by this depolarization field in the fol-
lowing way:

_ a| * _ L
1+Aq "7 1+2Aa,’

*
|

(12

{ 1 where

1 €1 €y
32medd 1t €

Here A characterizes the image dipole strength. Indeed, the
frequency of a Lorentz oscillator,

FIG. 3. Maps of potential at orddvl =28 along a plane perpen-
dicular to the substratey&0) for the four most intense normal _ F,
(m=0) modes(from A to D) for a hemisphere of silver on a di- a= w—w—iy’ (13

electric substratee,=3). . . . . . .
is redshifted proportionally to its oscillator strength, sifce

All the others modes displayed in Figs. 3 and 4 are of quais negative. One has

drupolar nature. Although these are optically inactive for an F. . F,
isolated sphere, they show up in the present conditions be- U o —wtAF,—iy,' " o —w+2AF —iy,
cause the breaking of symmetry due to the particle truncation (14)

and the presence of the substrate increase drastically th H other words. the image dinole creates a depolarization
oscillator strengths. Roughly, one order of magnitude is los}. Id which t’ in th Y Ft) directi thpf be-
between each type of mode: dipolar, quadrupolar, ... . As © th’:c Iacts in the Oppg?;]e '"?t(." |or;) ask N %rcef:_ €

consequence the shape of the absorption given by the ima 'hv_veen de clec r_?nlcf?ast_an et posi |\f/e ac l_?roun 0 ;ﬁ_ns,
nary part of the polarizabilityFig. 2) is mainly governed by us reducing 1ts eflective restoring force. HOwever, this

X . . : odel does not end up with a modification either of the
:)hneefse(\(/)v_zrit_;\r;ode and in some situations only by the deOIa'Ic])qscillator strength(observed in Figs. 3 and)4or of the

broadening. Moreover, the divergence of the dipole interac-
tion whend— 0 indicates that the high-order coupling must
C. Substrate-induced depolarization field be accounted for.

When it is brought in contact with a particle, a dielectric  After a careful analysis, modes can be classified into two
substrate creates a depolarization field which perturbs botfategories: those arising from the field singularity at the trun-
cation angle of the supported partidie-B, 0-C, 1-A, and
1-B), which are mildly perturbed by the substrate, and those
due to charges at the particle/substrate interface, which are
very sensitive to the contact with the substrédeA, 0-D,

1-C, and 1-D. For instance, the oscillator strengths of the
modes denote(D-A) and(0-D) in Fig. 3 and(1-C) in Fig. 4
increase by four orders of magnitude upon increasingith

the substrate. Therefore, because the most intense modes un-
dergo the strongest shifts upon increaséagthe presence of

the substrate may help revealing features of higher multipo-
lar order.

However, contact with the substrate also results in a
damping of the oscillations through dissipative processes
and, consequently, in an increase of the width of the modes
(see Fig. & with increasing the imaginary part of the dielec-
tric function e,. As expected, Fig. 7 demonstrates that the
higher the vibrating charge at the interface, the higher is the
damping (broadening of the modes. Thus, as always, an
increase of Ref,) implies an increase of Ineg), there is an

FIG. 4. Same plots as for Fig. 3 for the parallel modesexperimental limit in the use of the substrate interaction to
(m=1). isolate multipolar features.
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D. Particle-particle interactions: A way to shift the resonances

Another important point is how these multipolar modes
behave upon interactions between particles. In the frame-
work of the quasistatic approximation, it has been shown that
it is sufficient, up to a rather high coverage (50%), to take
into account particle interactions only up to dipolar order by

sE
a-
2_
2108:_ ’/ 1
e
E [, -
— , >
2F A
>
1
8
s
4 l 0.1
1.5 2.0 2.5 3.0 3.5 4.0 4.5
Energy (eV)

227-31

w & o~
T

| [0 4 e ——
F1-2a0 T e
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FIG. 5. Influence of the substrate-induced de-
polarization field on the oscillator strengths and
frequencies of the most active modes for a silver
hemisphere M1=20). The lines with symbols
correspond to théA-B-C-D) modes of Figs. 3
and 4 (vertical dotted lines,= 3). The other dot-
ted lines correspond to less important modes.

a renormalization of the polarizability in the following
way

ay | a” (15)

Here,a, or a) stands for the polarizabilities of a cluster in
interaction with the substrate as calculated from EHAS)
and(A7). The interactions functions?® are defined by:

m=0 1B m=1
- 7t
- —o— 0-A ::
o —a— 0-B =~ a
- —-+0C | 3
— 0-D :._. 3
2|
g ezriitEl i 5
---- i | | | | | | | | | |
0 1 3 4 5 6 7 0 1 2 3 4 5 6 7

FIG. 6. Effect of the damping in the substrate on the imaginary FIG. 7. Influence of the imaginary part of the substrate dielectric

part of the polarizabilityf Re(e,) = 3,M = 20]. Note the disappear-

constant on the widths of the modéM =20, Re,=3)]. The

ance of the intermediate quadrupolar feature upon broadening of tHaes with symbols correspond to the four modes seen in Figs. 3 and

structures.
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20_ 1 _(61_62)~r } AR, 4° n,cose
L \207T€1L3 SZO €117 € SZO ' Rp ; c (62_61)(€1Sin26_ €2C0§6)
X{(e,— €;SirP0)Im(y) — e3¢e;sir6lm(B)},
o1 +(—61_ “ly (16)
H ~ 207e, L3 20 €17 € 20 (20

, . with y=pa} and B=pa /(€*)? [Egs.(15)]. €* =€, €, for
The higher the substrate coupling and the coverage, thgn island a”nd a cap, reispectively, aik the anglé ofzinci-

larger thesd*° functions are. The dire,, andS}yimages  dence.p is the surface density of clusters. Equatidas)

lattices sums by: demonstrate clearly that the SDR spectra arise from the
3 imaginary part of the particle susceptibilities, i.e., from the
Syo= (E) Yo(6,8)|, - absorption. It has to be noticed that the same type of formu-
ey \r) T2 r=Re las were derived by Bagcht al®® for the reflectivity of a

surface with a nonlocal surface dielectric tensor. By putting
L\3 the spectral representation, E&18), into Egs.(20), as ex-
2 (‘) Yg( 0,0)|r=r'- (17) pected, the parallel polarizability determines the SDR spectra
7o\ T ' in s polarization whereas ip polarization, the normal and

Here S,, describes the interaction with the others direct di-Parallel modes appear with opposite sign.

poles placed at=R; whereas the effect of image dipoles at  FOr small particles, it was established several years ago
r=R' is included inE). L is the lattice parameter of the that the bulk mean free path of the conduction electrons is

divoles network where are placed the particles. No Stronincreased by the scattering at the surface of the particle. For
P P P : %ilver, a classical finite-size correction is often used $or

Sho

discrepancies were found up to rather high coverageto electronst®
50%) between regular and random arrays of dipdtdso- '
tice that the term=0 is excluded as the polarizability is 2 2
. . . . w w
that of an interacting island. These formulas are valid only e(w)=ep(w)+ : P — _p , (21)
for the island case. For the cap particle, one has to invert o’+tiorg't 0*tior !

ande,. : - : : -
. . . . where eg is the bulk dielectric functionfiw,=9.17 eV is
By putting the expressio(10) into Eq. (15) and by im- the plasma frequency of electrons alone, andi/7g

plicitly mak!ng f'" development to order zero around each_ 0.018 eV is the bulk relaxation time. The main effect of
mode one finds:

such a correction is to modify, quasiuniformly, the width
of the absorption modes. The key point is the energetic po-

a= Fr , (18) sition of the modes as the increasefdfr results in an in-
T wlr—w—i'yr crease of Imé;) in the low-energy part of the spectrum.
_ The present model of a truncated sphere was used to fit
with the experimental data with a finite-size correction for the

| 20 | 20 silver dielectric constant, Eq21). The correction for the
(w) = (o) —21T(F) L, (o)= (o)) +HI7(F) 1o relaxation time was

These expressions demonstrate that particle-particle interac- é = i + JF (22)

tions only induce a frequency shift of the oscillator, propor- T 7 R’
tional to its strength, but its strength and width remain conyyherey-=0.91 eV nm is the Fermi velocity ari the par-
stant. Parallel and normal modes shifts have opposite sign {fcje radius. The particles were placed on an hexagonal lat-

the terml *® keeps constant over the spectral range which igjce. The best agreement with the 4-nm spectrum shown in
the case with dielectric substrate in the UV visible. Noticerjg. g was obtained with a radit®=6.4 nm, a density

that the negative sign of theé® terms justifies the blueshift —3 2x 1011 partent2, and and a truncation parameter

and redshift of then=0 andm=1 modes, respectively. =0.57. The obtained thickness=2.8 nm is a bit lower than
the nominal thickness because of the sticking coefficient be-
V. MULTIPOLAR RESONANCES FOR SILVER ON ing lower than 13" Heret,=0.57 leads to an effective con-
ALUMINA tact angle ofg.=125° close to that expected for the ex-

ected equilibrium shape. All the features are accounted for
y the present model, in particular the shouldepipolar-
ization. This shoulder is revealed upon the increase of the
deposited thickness by the electromagnetic coupling between
the growing particles. Indeed, this feature appears when the
dispersion with the deposited thickness of the high-energy
—4— Im(y), resonance ip polarization(inset in Fig. 2 changes sign. At
Rs C e 6 the beginning of the growth, the size of the particles is such

The formalism of the surface susceptibilities develope
by Bedeaux and Vliegét*°allowed us to derive the formu-
las of differential reflectivity on a nonabsorbing dielectric
substratee,:
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p-polarization s-polarization

= Experiment
The

ory
« M=24-without Interaction
= « M=24-with dipolar

FIG. 8. Comparison between
the truncated sphere model at or-
der M=24 and the 4-nm SDR
spectrum of Fig. 1 imp polariza-
tion (left pane) ands polarization
(right pane).

b\
)
[}

)
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;o
HER A
Fy
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"
"
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“
*»
s,

-polarization -polarizati .
Fr Spo é”za on FIG. 9. Computed absorption

coefficient at ordeM =24 of the
4-nm layer of Ag/AbO5(0001) by
reducing the imaginary part of the
metal dielectric constant (0.63).
The interparticle coupling up to
dipolar order is accounted for in
the dotted line plot whereas it is
switched off for the solid line plot.
The locations of the modes are
marked with vertical bars in the
lower panel according to their
activity.

dipolar interaction-M=24

without infergction-M=24 t

Absorption coefficient
Absorption coefficient

2-component
Xx-component|

T T T T T T T T T T T T T T T
26 238 3.0 3.4 3.6 38 26 28 3.0 3.4

3.2 3.2
Energy (eV) Energy (eV)
that 3&@50 surface plasma resonance is shifted towardg their activitym=0,+1 [Eq. (19)]. In s polarization, the
blue”*~""This quantum size effect disappears when the ratiqn— o modes are inactive and the spectrum is greatly simpli-
surface over volume increases, leading to a redshift in thgeq allowing to appear only the structure 3g. 10, lower
above-mentioned energy shift. Then a new blueshift showgane|s and Fig.)1 1t is interesting to notice that the spectral

up because of particle couplingee Sec. IV The inter-  gecompositior[Eq. (A18)] is unable to describe the optical
particle coupling is essential to the appearing of the intermepgnavior beyondE=3.8 eV. Indeed, the interbandsBp

diate shoulder irp polarization whereas i polarization the  {ransitions in bulk silvet* are not accounted for in this type
peak is present even at the beginning of the growth. To isozpproach as the absorption is only described in terms of plas-
late the absorption structures in the simulation, the imaginary,on oscillations which are artificially broadened. Of course,
part of thg silver d|_electr|c constant was qlrgstlcally reduceqhe full solution of the linear system in the Appendix ac-
to 1% of its value in the absorption coefficient of the layer coynts for this phenomenon. This onset of interband transi-
(Fig. 9. Five main modes are isolated with roughly the cor-tions appears, like the plasma oscillation, from the early be-

respondence given in Table | with the above me”tione‘binning of the growth, implying that the clusters size is

modes: . sufficient enough to develop the band structure. To com-
Obviously, the quadrupolar modes 3-4-5 modify com-pjetely assess this decomposition, the 4-nm spectrurs in

pletely the overall shape of the SDR spectraplpolariza-  pojarization was fitted with three LorentziatBig. 11) as

tion (Fig. 9), the situation is complicated by the fact that all suggested by formulé20). A linear background was sub-

the m=0,~1 modes are active and, as demonstrated Withracted and to get rid of the interband transition the spectral

Eq. (20), act with opposite signs as shown in Fig. A®per  range was limited below 4 eV. The obtained parameters are

panel$. As a consequence, the structures are isolated in Sfresented in Table II.

periments only when the particle interaction pushes away the Tphe agreement is fairly good for the peak position. The

mode frequencies according to their oscillator strengths anda|cylated intensities do not take into account the coupling

TABLE |. Correspondence with the modes depicted in Figs. 3 TABLE Il. Experimental and theoretical values for the 4-nm
and 4 and the isolated structures for silver deposited on aluina. SDR-spectrum multipolar decomposition.
and Q mean dipole and quadrupole, respectively.

Peak 1 Peak 3 Peak 4
Peaks 1 2 3 4 5 .
Position(eV) 2.75-2.78 3.54-3.55 3.05-3.19
1-A 0-A 1-C 1-D 0-B Width (eV) 0.27-0.16 0.10-0.14 0.14-0.17
Nature Dy D, Q Q Q. Intensity (a.u) 1.04-0.46 0.06-0.16 0.06-0.03
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between modes due to the particle interacti&ys. (18)]
which seems to modify the oscillator strength as seen in Fig
10. For the quadrupole modes, the order of magnitude for th
widths is correct but the dipolar mode is broader than ex:
pected, which may be because of a size distribution.

o experiment (e=40A)
1.0 — Fit

0.8

o
V. CONCLUSION e
<

A formalism of multipolar absorptions has been devel- 0.4
oped to understand the optical properties of supported nant
particles. Even if the size of the particle is smaller than the o.2
optical wavelength, the nonhomogenous field generated b
the image term inside the substrate and the realistic shape ¢.¢ g™
the cluster modify drastically the problem of the absorption N B
of light by allowing the excitation of high-multipolar-order 2.0 2.5 3.0 3.5 4.0
modes. The multipolar expansion of the potential gave the Energy (eV)
opportunity to derive a spectral representation of the particle
polarizability in terms of damped oscillators. The influence FIG. 11. Fitting of the 4-nm SDR spectrum &polarization
of the various parameters on the oscillator strength, Width‘,"”th the three main Lorentzian peaks of Fig. 9. Notice that a linear
and frequency has been carefully examined. By taking ad?@ckground was subtracted.
vantage of the polarization activity and the particle-particle ) )
coupling, quadrupolar absorptions were clearly isolated if€ction of the substrate. The substrate plane is defined
some experiments of differential reflectivity for silver depo- through its altitudez=d with —R<d<R and the image

sits on oxide substrate. point ©" is introduced as the symmetric point (0,8)2with
respect to the surface. A poi(x,y,z) is marked by its
APPENDIX spherical coordinates r(6,¢) in the O system and

(p,6,,4,) inthe ©' systen?* The signed quantity
Expansion of the potential

The chosen particle shape is that of a truncated sphere of
radius R (medium 3 supported on a substratemedium 2
and embedded in medium 1. The buried part of the sphere is
introduced as a different mediumedium 4. The origin of is introduced as a truncation parametgr=1 is a sphere
the coordinates systed is taken at the center of the sphere touching the substrate in only one point, ahe-0 corre-
and thez axis is oriented downwards, pointing into the di- sponds to a hemisphere where¢as — 1 is associated with a

tr== with —-1=<t,=<1 (A1)

without interactions with interactions
20 — 20 —
gl 2.0
g 15— ;
.ﬁn: i ':,: =410 4 e 2F 10 o
N e 0.5 ,"’ 3 | E E | E
E R I“‘.. 00 g 1 ! 00 2
o 0.0 fmsnsssszzz= o = —’/
g 05 X —{-1.0 0 — 1.0
1.0 l l l l l l | | |
15 20 25 30 35 40 45 15 20 25 30 35 40 45
Energy (eV) Energy (eV)
= 25 12F 25
c 0.8
] - 20 10— 20
T
N 06 15 08 15 m
< < =
8 3 LY A 5 Sosf 2
e} 04— :- A — 10 = 1.0 &
o 7\ 0.4 =
7] 0.2 0.5 ;
0.2 0s
= | 1 1 | | - 0.0 | 0.0
15 20 25 30 35 40 45 15 20 25 30 35 40 45
Energy (eV) Energy (eV)

FIG. 10. Calculated SDR spectra for the fitted morphology with the location and integrated intensities of the absorption modes. The
curves are computed either directly by solving the linear system(A&5j.(solid line), or by the spectral representation of £418) (dotted
line) at orderM =24,
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completely buried particle. As a language convention, a €— € 2¢,

t,>0 particle is called an island while a cap designates a |rm=(—1)'+m€ e Ao Altm:mAlm1

t,<0 particle. The system is excited by a uniform fidg 20 20

with polar coordinates {,,®). The dielectric functions of €1— €3 2¢,

the various media are denotedwith i=1,2,3,4 €,=¢,). Bl,=(—1)*m Bim,» Bin=—""Bim. (Ad)
E4+ €3 E4+ €3

The Laplace equation has been already solved for a posi-
tive truncation ratid, =0 (Refs. 24, 25, 27, and 4Dy using  To get the multipole unknown independent coefficiefts
spherical multipole® Y"(9, $) (see Ref. 24 for the precise andB,,, the boundary conditions on the sphere surface are
definition) and treating the substrate plane by the charge imused. The boundary conditions, E¢a3), are projected on a
age technique. Fdy <0, this approach no longer hold. Wind spherical harmonit/["( 6, ¢) using the fact that these func-
and Vliegef*?suggested to use a trick consisting of invert- tions form a complete basis on the sphere surface. This weak
ing the axis system to derive the cap case€0 from the formulation of the boundary conditions gives an infinite lin-
final formulas of the island oné,>0. In this context, Simo- ear set of equations for the multipolar coefficients for
nsenet al?* allowed the expansion center to freely move on=1,2,3 ... andm=0,*=1:
the revolution axis in order to always keep it inside the
physical domain. But as the spherical symmetry is lost, the
computational burden greatly increased. Even if the final for-
mulas of the Wind-Vliegeet al. approach are correct, the
underlying expansion of the potential used is not transparent. »

|12=1 Cﬂ“lR—'l—ZAllerllZ:l D' R'*™!B) m=H[",

Here, we give the complete derivation of the_potentlal for 2 = R"l‘ZA,lm+ 2 Gp Rll_lBllm:JIm- (A5)
t, <0, in a completely analogous way as for-0: =1 ! =1 !
The equations with the matrix elements for an island or a cap
1#0 are given hereafter. The right-hand side of this system de-
W) =Wo(r)+ > Alr 716, ¢), scribes the source fiel, while the matrix system represents
m the geometric and dielectric response function of the island.
The potential is fully obtained with the constant tefg
1#0 given by the equations containirfr%. Its expression is given
W) =W+, Al ~' 71YM(0,6) in the Appendix. The system, EqEA5), is solved numeri-
Im cally by truncating it at an arbitrary multipole ordet. Here
1#0 M is in principle choseff such that the boundary conditions
+ 2 Al IO, 9T, and thus the potential converged with the desired accuracy.
Im The effective polarizability tensor links the dipole mo-

mentp of the charge distribution and the applied external
1#0 field Egq: p:;EO. Because of the symmetry constraints of

— t .l =
Wa(r)=dot % Binl Y1"(6, ), the system, only two components @fparallel and normal to
the surface &,a,) are nonzero. The terms in" 2 in the
multipolar expansion in medium 1 give the far-field dipole

170 120 behavior with the following relations between the polariz-
Wy(r)= lﬂo+|2 B|mr'Y|m(0,¢>)+|Z Bimp' Y"(6",¢"). abilities and the multipole coefficients for an islartg0):
m m
(AZ) o, = 27TElA10/[ \ ’7T/3EOC0560],
Wo(r) and Wi(r) (Refs. 24 and 2b6are the potentials in- a)=—4me Ay /[ V2mI3Egsin fpexp( —ido)]. (A6)

duced by the uniform incident and transmitted fields, respec, . .ap case t(<0). the dividing electric field is
tively. ¢ is a matching constant. In medium 1, the field is IeE P o instead ,fE o f rgth > component
transmitted from pointO to the surface, giving rise to the (€1/€5)EqCOS6y instead ofEqcos, for the z component,
term Al whereas the_ parallel one is kept Bgsin 6pexp(—igg), be-
Im - . . . . cause the direct multipoles are located below the surface.
The boundary conditions, i.e., continuity of potential andMoreover ¢, should be replaced by,:
of normal displacement fieftf;?® are the following at each =1 P 2

interfacer  between media andj: a, =2meA/[ (€1/€y)\TI3EHCOSH,],

\Ifi(rs):q,j(rs)v &n\Pi(rs):an\P](rs)- (A3) aH=—47T€2A11/[ \/27T/3EOSiI’]909X[X—i¢O)]. (A7)
These are used to get the unknown multipolar coefficients Matrix elements and the constant potentialss,
AimBim, ... . In comparison to the >0 case, those at the The boundary equationi®\3) lead after a straightforward
substrate surface are modified in the following weglid for  algebra to the linear system, Eq#7), whose matrix ele-
t,<0): ments are given by:
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261 €1 €

€l+ €

m _
Cir, = Uzl

Iy

51_52)

€
Hloz ‘/477/3E0C0500{ Usy : o tv €
2 2

v =
€e1te €

s ¢m mt__1|1+mmt'

Qi {Qi (to) = (= 1)+ Sy (to) } X[\/EtoQOoQ?o(to)_§?1Q|01(t0)]]a
263
ezt ey

€3 €y

m _
Dy, = —Uss

5”l+v €3t €, JP:\/47T/3E0C0500615|1,

XZMQN (to) = (= D)™ (to)},
||1{ i, to Ity o} H|1:—\/2w/3EOSin008XF(—i¢0)5|1,
26162
€1t e

€17 €

SHE

(l1+1)d), —vune It=— 2 mI3ESin Goexp — i do)[Uss€adi

+v(e—€) QN (to)], (A15)

€1t e,

(9 m
ESIl(tvtO) - ’

X §|r|nl{ I+ 1)Q|r|nl(to) —(=1)htm
with v=1 and (—1)'"2 for an island and a cap, respectively.

Dene e To conclude the constant tergiy, [Eq. (A2)] which permits
Gl :_(ﬁ)hg” — U Uyg€3 3 4) one to match the potential inside and outside the sphere is
! €3t € ! €3t € found in terms of the multipole coefficients thanks to the

9 =0 equation of the linear system:
X QI (t) + (=DM 2T (L) |,
t=1 . 1
(A8) o= R( —- 1) [ﬁfnggl(to) +tolp— §80Q80(t0)]}

€2
with to=|t,|, U;=us,s=v=1 for an island, andu,,

=e€,/€1, Ups=¢€4le3, v=(—1)"""1%1 for a cap. Here the 1 i L [ee

i i i : X Egc0Sly— ——= AR q ——

following notation has been introduced: 0 0 2 im 2 10 q et e,
m [ 2+1)20+ 1)1 —m)!(l;—m)!

1/2
=2 T+ m)l (1, +m)! } - (A9

1
XﬁdQ&ﬂd—(—lﬂ%m%n+57;

In the previous system, tr@ﬂ‘l are defined by the integrals

[

€Ex— €
XE BioR'q =_°
=1

£o[Q5 (t) = (=)' T (to) ],

to
Qll (to)= J _1P{“(x)P{j(x)dx. (A10) €3t €

(A16)
The matriceSﬁ’}"l(to) andTﬂ‘l(to) are defined by:
with p=q=1 for anisland angp=0, g=(—1)'** for a cap.
S, (to) =[ST (L te) -1, T (L) =[ T} (t,t0) e=1,

(A11) Spectral representation of the polarizability
where Being decomposed in a sum of damped Lorentz oscilla-
tors, in the limitw— w, , the polarizability is written in Eq.
m (Y m m ) 2o 1y (10) in a local Kramers-Heisenberg form. In the limit=0,
Si,(tto)= _1PI () PII([tx—2t][t*— Atotx -+ 4tg] ~ %) the system behaves as a sum of undamped oscillators with
Dirac absorptions:
X (12— 4totx+4t3) ~ (1 D2gy (A12)
1
t — + i —
T (tto) = f_olP{"(x)P,"I([tx—2t0][t2—4t0tx+ ) a=2, FfP( W —w w2 Fedlw=wp), (A7)
X (12— 4tgtx+4td)'12dx, (A13)  wherePis the principal part. Of course, in the forth0), the
) polarizability does not fulfill the Kramers-Kronig relatith
with as it results from a local development around each mode. It
] is possible to artificially impose this condition by writing
t= R’ X=Co0s6. (A14)
. . . . zwrFr KK
One can recognize the Legendre functi®f¥x) defined in a=, ——— - tag (0,k). (A18)
Refs. 24 and 25. The source field is given by: r oy e i 20y,
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40 Direct calculation

=— Real

FIG. 12. Comparison between

1
E ==Im -1 60
20| '; Spectfal iepresentation’ | 5 6 reduced polarizabilities computed
= i --im 3 g directly by solving Eq.(3) (bold
— i =3 i curves or with the spectral repre-
g T e 28 2 sentation [sum in Eg. (10)]
1]

(k=1) (thin curves for a hemi-
sphere {,=0) of silver on a sub-
strate with a dielectric constant
€,=3 (M=24).

-20

et
;
==q” 1 1
25 30 35
Energy (eV)

.
Seox
SZ 3y,

L S=meprea,, k===""
30 35 40 45
Energy (eV)

L
2.0

ar basisM. Obviously, their optical activity-, depends on
e dielectric constants of the materials and on the system
geometry.

In this approach, the modes are supposed to be uncoupled
the fact that one can choose arbitrary small dampéirgnd
deviation from the resonant poiat, . This model gives only
an estimate of the broadening to first orderinUpon ap-
proaching the limitk=1, the interactions between modes
can greatly modify the widths and the oscillators strengths in Cm
such a way that the notion itself of eigenmodes loses its The Legendre po'yn"m';"%%(x) are computedn'ghrough
meaning. However, polarizability curves computed by solv-Stable recurrence  relatiofis.™ The integrals Q”l(tf)’
ing exactly the system, Eq$3), compare quite well with ~ Si (t;), Ty (t;) [Egs. (A10)—(A13)] are computed by
absorptions curves calculated by takirg=1. An example numerical integration with the algorithm of Piessensal?’
for the polarizabilities of a hemisphere of silver is given in which handles well the strong oscillating behavior of the
Fig. 12. The graph in Fig. 12 shows that the main differencd-egendre polynomials. However, recurrence relations for
[term ao(w,«) in Eq. (10)] comes from a mainly constant these integrals derived in Ref. 27 have shown that they are
shift of the real part of the polarizability. The consequenceregular functiongpolynomialg of the truncation parameter.
on the optical properties of islands layers is negligible sincd=or finding the multipolar absorptions peaks, first the roots
they depend mainly on the imaginary part of the polarizabil-0of the determinant of the matrix systet(w,0), Eq.(A5),
ities. Notice that the spectral representation is not able t@e bracketed by dichotomy. The matrix determinant is com-
describe the increase of absorption bey@d3.8 eV; this Puted by the.apack LU-decomposition schenfé.The asso-
phenomenon is linked to interband transitions in silver ancfiated leftX(w,0) and rightY(w,0) eigenvectors are then
not to collective damped oscillations of the electric charge. found by an inverse iteration proceSsThe development of

A careful analysis of the matrix, EG6A5), shows that its terms in (& — €;)/(&+ €j) aroundw = w, and«=0 gives the
determinant is a rational function of ordst in the particle ~ derivative matricesoM/dw|,,  —o and dIM/dw|, .o
dielectric constants. Thus, for a substrate whose dielectric Thus using the formulagll), one is able to compute the
constant presents a small dependence on frequency, tloscillator strengthF, and broadeningy, for parallel
maximum number of modes is given by the size of multipo-(m= *=1) and perpendiculami=0) modes.

Numerical implementation of the oscillator strength and
broadening
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