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Substrate-induced multipolar resonances in supported free-electron metal spheres
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The optical response of small potassium particles grown on an oxidized silicon substrate has been investi-
gated by surface differential reflectivity spectroscopy. Together with the usual dipolar resonance, an additional
resonance is observed in the spectra at larger energy. We assign the origin of this resonance to the multipolar
coupling between the potassium particles and the substrate. This is demonstrated by the good agreement found
between the experimental data and spectra calculated using a model where this multipolar coupling is included.
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The optical properties of metal discontinuous films ha
received considerable attention during the last 20 years1–11

Discontinuous films are usually formed at some stages
metal deposition on an insulating substrate, and in so
cases they might consist of a collection of supported sm
metallic particles. The optical properties of discontinuo
metal films formed by particles whose size is much sma
than the wavelength of light depend, among other things
the shape of the particles and their induced mutual inte
tion in the presence of the substrate. In the dilute limit,
particles interact only with the substrate, which can mod
their optical properties significantly in comparison with tho
of free-standing particles. For example, in the case of a sm
free-standing metallic sphere, only the Mie dipolar mode c
be excited by a long-wavelength applied electric field. B
for a sphere supported on a substrate, the field induced o
substrate acts on the sphere. Since this field might no
homogeneous over the volume of the sphere, even if
substrate is flat, multipolar modes higher than the dipole
also be excited, as has been theoretically predicted.6,8 In the
simplest model this multipolar coupling~MC! is neglected,
and the field induced by the substrate is regarded as
coming from the mirror-image dipole. This produces a re
shift in the resonant frequency of the dipolar mode.10 The
mutual interaction among the particles has been treated
regarding the system as a collection of induced dipoles
gether with their corresponding images. This model was fi
introduced to interpret differential reflectance experime
on adsorbed monolayers of molecules,5 and it has been
widely used and refined in the interpretation of optical e
periments on both adsorbed molecules12 and supported dis
continuous thin films.1–3,13But the difference in size betwee
adsorbed molecules and supported particles of nanom
dimensions demands different approaches to the opt
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response problem as well as the identification of differ
physical effects in the optical spectra. For adsorbed m
ecules, the dipolar approximation might be sufficient, and
optical spectra might provide information about the molec
lar electronic structure and charge-transfer effects. On
other hand, supported particles are usually described b
macroscopic dielectric function, thus particle shape, multi
lar coupling, and local-field effects become the main featu
to look for in the optical response. The calculation of
these effects has required the construction of more soph
cated theories beyond the simple image-dipole model. In
case of supported particles, the development of a more r
istic model has required both, the treatment of the MC
tween the sphere and the substrate as well as the extensi
nonspherical particles.6–9,11,14,15In the electromagnetic effec
in surface enhanced Raman spectroscopy, although the
phasis has been on the calculation of the induced field
adsorption sites, either on nonflat metallic surfaces or fr
standing particles of very different shapes, one can also
some elaborate calculations of the field around a sph
above a flat substrate.16,17

One of the objectives in the optical properties of su
ported particles has been the calculation of the exacteffective
polarizability of the supported particle, which takes into a
count the contributions to the induced dipole coming n
only from the image dipole but also from the MC with th
substrate. The main effect is the appearance of additio
resonances, which correspond to the resonant coupling
modes with a multipolar character. However, despite the
merous experimental investigations of the optical respo
of supported particles, such additional resonances have
been observed experimentally so far. Since most of
experiments1,2,4,14have been done with noble-metal particle
it is possible to conjecture that the isolation of the expec
6018 ©1999 The American Physical Society
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resonances has been hindered by the efficient dam
mechanisms present in these materials, as well as the s
influence of interband transitions which, for example in t
case of silver, are responsible for the close proximity of
dipole and the expected higher-multipole resonant frequ
cies. Also, the use of substrates like quartz1,3,4, which yields
a small MC effect as we will show below, might have n
been the optimum choice. An alternative solution would
the use of alkali-metal particles due to its free-electron ch
acter and moderate damping.

In this paper we present an experimental demonstratio
the existence of substrate-induced multipolar resonance
small metallic particles by use of a differential reflectan
~DR! spectroscopy on small potassium particles obtained
deposition on an oxidized silicon substrate. The oxide la
prevented direct chemical contact between potassium
silicon, yielding the formation of particles. Here we w
present results only for small K depositions where the p
ticles can be regarded as isolated. The reasonable agree
between the DR spectra and calculated spectra, usin
model which incorporates MC, lead us to conclude that
additional peak in the DR spectra corresponds to multipo
resonances.

The silicon substrates were prepared by chemical etch
and oxidation, following the procedure of Ref. 18, and th
resulted in the formation of a silicon dioxide layer, who
thickness was 2.260.2 nm, as measured by ellipsometry.
was evaporated from a SAES getter source, with a base p
sure in the chamber of 1310210 mbar. The fluxFK of K
atoms arriving at the surface was estimated to be;1022

atom /nm2/sec. This estimate was reached by determin
the time needed to obtain a saturation layer of K on
Si(111)737 surface under the same experimen
conditions.19,20 The optical measurements were perform
during the K deposition by use of anin situ DR
spectrometer,21 which delivers the relative change of refle
tivity of the substrate upon deposition of K; that is,

DRp

Rp
5

Rp@K/Si#2Rp@Si#

Rp@Si#
, ~1!

whereRp@K/Si# andRp@Si# are the reflectivities of the oxi
dized silicon substrate with and without potassium, resp
tively. The experiments were performed inp polarization, at
an angle of incidenceu560°. Several experiments hav
been performed for different substrate temperatures betw
2120 and 45 °C, and all of them gave qualitatively the sa
results.

In the very first stages of K deposition, a certain amo
of K atoms migrate through the oxide down to the SiO2 /Si
interface, where they remain as K1 ions, as shown by Auge
spectroscopy and by DR measurements.22 After this initial
stage, the migration of K atoms stops and particle format
starts on the surface of the oxide. In Fig. 1 we show th
experimental spectra ofDRp /Rp as a function of photon en
ergy \v, after 60, 90, and 120 sec from the initiation of
particle formation on a substrate maintained at280 °C.
They display a well defined peak around 1.8–1.9 eV, an
very distinctive feature above;2.3 eV. An additional spec
trum obtained at 37 °C is also drawn in Fig. 1, showing
same general shape. To make the 2.3-eV feature more
ng
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dent to the eye, we have drawn continuous curves fitted
the data by assuming a single Lorentzian resonance in
dielectric response of the film.

At optical frequencies bulk potassium behaves as a fr
electron metal with a dielectric function of the Drude typ
with a plasma frequencyvp given by\vp'3.8 eV.23 Thus
the frequency of the dipolar resonance of a free-standin
sphere is\vp /A3'2.19 eV. For very small free-standing K
clusters, the dipolar resonance has been observed bet
1.93 and 2.1 eV.24 Since the main features of our experime
tal spectra lie around 1.9–2.3 eV, one can assume with c
fidence that they should come from plasma resonance
deposited K particles. Furthermore, estimates of the amo
of deposited potassium lead us to conclude that the num
of particles per unit area is low enough so one can cons
that the particles do not interact with each other. For
ample, assuming that a spherical particle of radiusR has 2
34p/3 (R/aL)3 atoms, one can estimate that for spectru
~a! shown in Fig. 1, the two-dimensional filling fractionf 2

5NpR2/A is around;331023, when one takes the flux o
K atoms asFK;1022 atoms/(nm2 sec), and assumes tha
the particles have a radiusR;10 nm. HereaL50.525 nm is
the lattice constant of solid K,N is the total number of
spheres deposited on an areaA, and the valueR;10 nm was
chosen because it is about the actual size of the depo
particles, as will be concluded below. Moreover, the inter
tion among particles sets up coupled modes in the sys
whose frequencies are blueshifted from the frequencies
the isolated particles.10 Since in the spectra shown in Fig.
the position of the peaks does not show any appreciable s
this fact is in agreement with the idea that we are deal
with noninteracting particles. Therefore, the profile of t

FIG. 1. Experimental DR spectra for increasing amounts o
deposited on oxidized Si surfaces.~a!–~c! substrate temperature
280 ° C; times of deposition 60, 90, and 120 sec.~d! substrate
temperature 37 °C; time of deposition 70 sec. Spectra~b!, ~c!, and
~d! have been shifted by20.002, 20.004, and20.015, respec-
tively. The continuous lines are guides for eye.
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DR spectrum should depend only on the shape of the
ticles and their interaction with the substrate.

Although a direct observation of the size and shape of
particles was not possible due, essentially, to their instabi
a couple of facts suggest that the particles might be clos
be spherical:~i! The particles are not stable at room tempe
ture and they re-evaporate, as determined by the decrea
the DR signal after stopping the deposition;25 thus one might
expect that they are close to their free equilibrium spher
shape. Since the shape of DR spectra at low temperat
does not change, one might expect that the shape of
particles does not change either.~ii ! Taking oblate spheroids
~OS’s! as the simplest possible model for a supported
island, calculations of the DR spectra, shown below, yiel
main negative peak at frequencies which are too high rela
to the frequency of the main peak in the experimental sp
tra.

The calculations ofDRp /Rp were done for OS’s with
their symmetry axes perpendicular to the interface. In
low density limit (f 2!1), and in cgs units,DRp /Rp is given
by5

DRp

Rp
516

va

c
f 2 cosu ImF ~eB2sin2u!ã i2eB

2 sin2uã'

~12eB!~sin2u2eB cos2u!
G , ~2!

where eB is the dielectric function of the substrate;ã j
[a j /ab2 ( j 5',i); a' anda i are the effective polarizabil
ities of the supported K particles for fields perpendicular (')
and parallel (i) to the interface; 2a and 2b are the minor and
major axes of the OS’s, respectively; andc is the speed of
light. The two-dimensional factorf 2 is now equal to
Npb2/A. The dielectric function for Si was taken from Re
26, for SiO2 we took eB52.25, and for potassium w
adopted a Drude modele(v)512vp

2/(v21 iv/t) with
\vp53.8 eV ~Ref. 23! andG[\/t50.4 eV. Our choice of
G50.4 eV, is supported by recent photoabsorption exp
ments on beams of ionized K clusters.24 Using the formalism
developed in Ref. 9, the calculations ofã i andã' of a sup-
ported OS were done to a given spheroidal-multipolar or
L, until convergence was attained. In Fig. 2 we sh
DRp /Rp as a function of energy for an OS of K with aspe

FIG. 2. Calculated DR spectra for K oblate spheroids with
aspect ratior o52. ~1! On top of Si: dipolar calculation~thin con-
tinuous line! and multipolar calculation~thick continuous line!. ~2!
On top of SiO2: dipolar calculation~thin dashed line! and multipo-
lar calculation~thick dashed line!.
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ratio r 0[a/b52.0. Throughout this paper, the effective p
larizabilities were calculated as if the spheroid were on top
either a Si or a SiO2 substrate but the DR spectra were c
culated taking the clean Si substrate as a reference. In Eq~2!
we useda f250.0023 nm, in order to attain numerical agre
ment with the data.a f2 gives a measure of the amount of
atoms, and is independent of the particle shape. This valu
a f2 is about ten times smaller than the one expected from
estimations of the amount of potassium deposited on the
strate. One reason for this is that the calculated spectru
narrower than the experimental spectrum~a!, likely due to
some dispersion in the shape of the actual particles. Mo
over, it indicates that the sticking coefficient of K should
smaller than 1. We also plot the DR spectra in the dipo
approximation (L51). One can see that, for the OS on to
of the SiO2 substrate, the MC has a minor effect. Converse
for Si, the resonance observed at 2.45 eV for the dipo
approximation is shifted to 2.6 eV, and a small multipo
resonance appears at'1.7 eV. The important point is tha
for both substrates, when the MC is considered, the m
resonance is located at'2.6 eV, which is much higher than
the experimental observation. For an OS with smaller asp
ratio, the main resonance lies at smaller energies~e.g., 2.4
eV for r o51.5). This provides us with strong evidence
rule out the possibility that the K particles under investig
tion could be flat, and to consider rather that their shap
close to be spherical. Therefore, in the following we w
simplify our analysis by regarding the shape of the suppor
K particles as spherical.

In order to see the effect of the interaction with the su
strate, in Fig. 3 we have drawn the spectra ofDRp /Rp for a
K sphere on top of Si or SiO2 in the dipole approximation. A
single symmetric deep minimum peaks at 1.9 eV~2.05 eV!
for the Si (SiO2) substrate, but no distinctive shoulder
observed on the high-energy side of the minimum. In Fig
we also show the DR spectra calculated by taking accoun
MC to all orders. The effective polarizability was calculate
using the formalism developed in Ref. 8. Actually, in ord
to avoid problems related to multipolar convergence, in
case of the Si substrate, the calculation was performed f
sphere located at a distanceR1d above the substrate with

n
FIG. 3. Calculated DR specta for K spheres.~1! On top of Si:

dipolar calculation~thin continuous line! and multipolar calculation
~thick continuous line!. ~2! On top of SiO2: dipolar calculation~thin
dashed line! and multipolar calculation~thick dashed line!.
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d/R50.01. In this case convergence was attained forL
536. In the case of the SiO2 substrate there were no conve
gence problems ford50, and convergence was attained f
L512. For SiO2, this yields a small broadening of the min
mum with an asymmetric shape, not large enough to rep
duce the experimental shoulder. Conversely, for the Si s
strate, the spectrum differs markedly from the o
corresponding to the dipolar approximation (L51), with a
broadening and the appearance of rich resonant struct
showing in this case the importance of the MC. Howev
this spectrum does not compare with the experiments on
1. At this point we recall that the Si substrate is coated b
thin layer of SiO2, which decreases the Si interaction wi
the K sphere. For simplicity, we will assume that the ma
effect of this layer is to keep the particle a certain effect
distanceD above the Si substrate, whereD is close to the
actual thicknessd of the oxide layer. Using the sam
formalism,8 we show now in Fig. 4 the DR spectrum fo
spheres located a distanceD/R50.12 above the silicon sub
strate. This value corresponds to spheres of radius aroun
nm. The shape of the DR spectrum now resembles the
perimental one quite closely. With the chosen parame
(a f250.0023 nm! the profile of the main minimum and th
distinctive shoulder agree fairly well with the data of th
60-sec spectrum, differing only in the wider low- and hig
energy tails of the experimental spectrum. In order to sh
that the distinctive shoulder in the DR spectrum is actuall
remanent of well-defined multipolar resonances which h
been broadened by dissipative effects, in Fig. 4 we also s
the DR spectrum calculated with the same parameters
with G50.0004 eV. There is a series of very sharp posit
and negative peaks, coming from the resonances ofã i and of

FIG. 4. Calculated DR spectra for K spheres above Si (D/R
50.12). Thick line: damping parameterG50.4 eV; thin line: G
50.0004 eV.
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ã' , respectively. For each negative peak there is a b
shifted positive one. This is seen in only two peaks in t
figure due to resolution. The negative peaks have a gre
strength than the corresponding positive ones, which sim
means that the external field couples more strongly with
perpendicular modes. This is the reason why whenG in-
creases the overall spectrum is negative. Also for large
ues of G the positive resonances appear either as nega
minima, enhancing the distinctiveness of the negat
maxima, or as inflection points in the profile. Finally, w
have to mention that the remaining discrepancy between
experimental spectra and the calculated one in Fig.
namely, the high-energy tail, is likely due to the scattering
light by the particles, which has not been taken into acco
here. We have checked that a simple Rayleigh scatter
varying asv4, permits one to reproduce this additional ta
correctly. On the other hand, the larger width of the expe
mental spectra (;0.6 eV! likely results, as mentioned above
from a distribution of shapes of the particles around
spherical one.

In conclusion, we have shown that multipolar-couplin
effects due to the interaction with the substrate occur in
optical response of supported metallic particles. The cho
of a quasi-free-electron metal as potassium and a h
dielectric function substrate like silicon gave us the possi
ity to clearly observe an interesting feature in the DR spec
close to the main dipolar resonance. The use of a theore
model, taking into account the multipolar interaction b
tween the K particles and the substrate, allowed us to as
this feature to the excitation of multipolar resonances. T
result is important because optical techniques are n
widely used for studying and monitoring metallic growt
For substrates with small dielectric response, like silica,
effect is small. Conversely, when the dielectric response
the substrate is large, as in metals and semiconductors, t
MC effects have to be taken into account. Furthermore, t
can provide information about the morphology of the dep
ited metal film from the optical data. This is still more cru
cial when the particles are not necessarily spherical, whic
usually the case for metal film grown on a crystallin
surface.
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