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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 haveresponse problem as well as the identification of different
received considerable attention during the last 20 ykdfs. physical effects in the optical spectra. For adsorbed mol-
Discontinuous films are usually formed at some stages oécules, the dipolar approximation might be sufficient, and the
metal deposition on an insulating substrate, and in someptical spectra might provide information about the molecu-
cases they might consist of a collection of supported smallar electronic structure and charge-transfer effects. On the
metallic particles. The optical properties of discontinuousother hand, supported particles are usually described by a
metal films formed by particles whose size is much smallemacroscopic dielectric function, thus particle shape, multipo-
than the wavelength of light depend, among other things, ofar coupling, and local-field effects become the main features
the shape of the particles and their induced mutual interado look for in the optical response. The calculation of all
tion in the presence of the substrate. In the dilute limit, thethese effects has required the construction of more sophisti-
particles interact only with the substrate, which can modifycated theories beyond the simple image-dipole model. In the
their optical properties significantly in comparison with thosecase of supported particles, the development of a more real-
of free-standing particles. For example, in the case of a smaistic model has required both, the treatment of the MC be-
free-standing metallic sphere, only the Mie dipolar mode cartween the sphere and the substrate as well as the extension to
be excited by a long-wavelength applied electric field. Butnonspherical particles.>*11419n the electromagnetic effect
for a sphere supported on a substrate, the field induced on te surface enhanced Raman spectroscopy, although the em-
substrate acts on the sphere. Since this field might not bphasis has been on the calculation of the induced field at
homogeneous over the volume of the sphere, even if thadsorption sites, either on nonflat metallic surfaces or free-
substrate is flat, multipolar modes higher than the dipole castanding particles of very different shapes, one can also find
also be excited, as has been theoretically preditfdd.the  some elaborate calculations of the field around a sphere
simplest model this multipolar couplingC) is neglected, above a flat substraté!’
and the field induced by the substrate is regarded as one One of the objectives in the optical properties of sup-
coming from the mirror-image dipole. This produces a red-ported particles has been the calculation of the esHettive
shift in the resonant frequency of the dipolar mdi@he  polarizability of the supported particle, which takes into ac-
mutual interaction among the particles has been treated byount the contributions to the induced dipole coming not
regarding the system as a collection of induced dipoles toenly from the image dipole but also from the MC with the
gether with their corresponding images. This model was firssubstrate. The main effect is the appearance of additional
introduced to interpret differential reflectance experimentgesonances, which correspond to the resonant coupling with
on adsorbed monolayers of molecuteand it has been modes with a multipolar character. However, despite the nu-
widely used and refined in the interpretation of optical ex-merous experimental investigations of the optical response
periments on both adsorbed molectfeand supported dis- of supported particles, such additional resonances have not
continuous thin film$313But the difference in size between been observed experimentally so far. Since most of the
adsorbed molecules and supported particles of nanometrixperiments®#*have been done with noble-metal particles,
dimensions demands different approaches to the opticalt is possible to conjecture that the isolation of the expected
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resonances has been hindered by the efficient damping
mechanisms present in these materials, as well as the strong
influence of interband transitions which, for example in the
case of silver, are responsible for the close proximity of the
dipole and the expected higher-multipole resonant frequen-
cies. Also, the use of substrates like quitt which yields

a small MC effect as we will show below, might have not
been the optimum choice. An alternative solution would be
the use of alkali-metal particles due to its free-electron char-
acter and moderate damping.

In this paper we present an experimental demonstration of
the existence of substrate-induced multipolar resonances in
small metallic particles by use of a differential reflectance
(DR) spectroscopy on small potassium particles obtained by
deposition on an oxidized silicon substrate. The oxide layer
prevented direct chemical contact between potassium and
silicon, yielding the formation of particles. Here we will
present results only for small K depositions where the par-
ticles can be regarded as isolated. The reasonable agreement 1 1.5 2 25 3
between the DR spectra and calculated spectra, using a Photon Energy (eV)
model which incorporates MC, lead us to conclude that the
additional peak in the DR spectra corresponds to multipolar FIG. 1. Experimental DR spectra for increasing amounts of K
resonances. deposited on oxidized Si surface®)—(c) substrate temperature

The silicon substrates were prepared by chemical etching80° C; times of deposition 60, 90, and 120 séd). substrate
and oxidation, following the procedure of Ref. 18, and thistemperature 37 °C; time of deposition 70 sec. Speya(c), and
resulted in the formation of a silicon dioxide layer, whose(d) have been shifted by-0.002, —0.004, and—0.015, respec-
thickness was 220.2 nm, as measured by ellipsometry. K fively. The continuous lines are guides for eye.
was evaporated from a SAES getter source, with a base pres-
sure in the chamber of>2110 !° mbar. The flux®y of K dent to the eye, we have drawn continuous curves fitted to
atoms arriving at the surface was estimated to~bE0"?  the data by assuming a single Lorentzian resonance in the
atom /nnt/sec. This estimate was reached by determiningjielectric response of the film.
the time needed to obtain a saturation layer of K on a At optical frequencies bulk potassium behaves as a free-
Si(111)7<7 surface under the same experimentalejectron metal with a dielectric function of the Drude type,
con_d|t|ons. “ The opt_u_:al measurements were: performed,yith a plasma frequency, given byiw,~3.8 eV Thus
during thee%lK deposition by use of am situ DR e frequency of the dipolar resonance of a free-standing K
spectrometer, which delivers the rglatlve change_ of reflec- sphere igiw,/\/3~2.19 eV. For very small free-standing K
tivity of the substrate upon deposition of K; that is, pr e

clusters, the dipolar resonance has been observed between
AR, Ry[K/Si]-Ry[Si] 1.93 and 2.1 eV Since the main features of our exper?men—
= i , (1) tal spectra lie around 1.9-2.3 eV, one can assume with con-
Ry Rol Si] fidence that they should come from plasma resonances in
deposited K particles. Furthermore, estimates of the amount

whereR,[K/Si] andR,[ Si] are the reflectivities of the oxi- . ;
p p m m
dized silicon substrate with and without potassium, respec(-)f deposited potassium lead us to conclude that the numhber

tively. The experiments were performedprpolarization, at of particles per unit area i; low enoggh S0 one can consider
an angle of incidence)=60°. Several experiments have that the paruc_les do not mter_act Wlth. each other. For ex-
been performed for different substrate temperatures betwednPle; assuming that a spherical particle of raduisas 2
—120 and 45 °C, and all of them gave qualitatively the same<47/3 (R/a,)” atoms, one can estimate that for spectrum
results. (a) shown in Fig. 1, the two-dimensional filling fractidi

In the very first stages of K deposition, a certain amount=N7R?/A is around~3x10"°, when one takes the flux of
of K atoms migrate through the oxide down to the $i6i K atoms as®x~10"* atoms/(nmsec), and assumes that
interface, where they remain as Kons, as shown by Auger the particles have a radil&~10 nm. Herea =0.525 nm is
spectroscopy and by DR measureméntéfter this initial  the lattice constant of solid KN is the total number of
stage, the migration of K atoms stops and particle formatiorspheres deposited on an afgaand the valu&k~10 nm was
starts on the surface of the oxide. In Fig. 1 we show threehosen because it is about the actual size of the deposited
experimental spectra &R,/R;, as a function of photon en- particles, as will be concluded below. Moreover, the interac-
ergy fiw, after 60, 90, and 120 sec from the initiation of K tion among particles sets up coupled modes in the system
particle formation on a substrate maintained -a80°C.  whose frequencies are blueshifted from the frequencies of
They display a well defined peak around 1.8—1.9 eV, and #he isolated particle¥. Since in the spectra shown in Fig. 1
very distinctive feature above 2.3 eV. An additional spec- the position of the peaks does not show any appreciable shift,
trum obtained at 37 °C is also drawn in Fig. 1, showing thethis fact is in agreement with the idea that we are dealing
same general shape. To make the 2.3-eV feature more ewvith noninteracting particles. Therefore, the profile of the
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FIG. 2. Calculated DR spectra for K oblate spheroids with an
aspect ratia,=2. (1) On top of Si: dipolar calculatiofithin con-
tinuous ling and multipolar calculatiorthick continuous ling (2)

On top of SiQ: dipolar calculation(thin dashed lineand multipo-
lar calculation(thick dashed ling

FIG. 3. Calculated DR specta for K spheré€b). On top of Si:
dipolar calculation(thin continuous linand multipolar calculation
(thick continuous ling (2) On top of SiQ: dipolar calculatior(thin
dashed lingand multipolar calculatiorithick dashed ling

DR spectrum should depend only on the shape of the paratio ry=a/b=2.0. Throughout this paper, the effective po-
ticles and their interaction with the substrate. larizabilities were calculated as if the spheroid were on top of
Although a direct observation of the size and shape of theither a Si or a Si@substrate but the DR spectra were cal-
particles was not possible due, essentially, to their instabilityeylated taking the clean Si substrate as a reference. I2Eq.
a couple of facts suggest that the particles might be close tge ysedaf,=0.0023 nm, in order to attain numerical agree-
be spherical(i) The particles are not stable at room tempera-men with the dataaf, gives a measure of the amount of K
ture and they re-evaporate, as determined by the decrease g5 and is independent of the particle shape. This value of
the DR signal after stopping the deposititthus one might aEfz is about ten times smaller than the one expected from the

expect that they are close to their free equilibrium spheric stimations of the amount of potassium deposited on the sub-

shape. Since the shape qf DR spectra at low temperatur%%ate_ One reason for this is that the calculated spectrum is
does not change, one might expect that the shape of the

particles does not change eithér) Taking oblate spheroids narrow;r thar! th? e;;]pen?ental fstr;ectrla?)l, :lkelyt_dlue t(l\)/l
(OS’y) as the simplest possible model for a supported fla?OMe dISpersion In the shape ot the actual partices. Wiore-
island, calculations of the DR spectra, shown below, yield pver, it indicates that the sticking coefficient of_K shoul_d be
main negative peak at frequencies which are too high relativémaller than 1. We also plot the DR spectra in the dipolar

to the frequency of the main peak in the experimental spec@PProximation (=1). One can see that, for the OS on top
tra. of the SiQ, substrate, the MC has a minor effect. Conversely,

The calculations ofAR,/R, were done for OS’s with for Si, the resonance observed at 2.45 eV for the dipolar

their symmetry axes perpendicular to the interface. In thé@pPproximation is shifted to 2.6 eV, and a small multipolar
low density limit (f,<1), and in cgs unitsAR, /R, is given resonance appears atl.7 eV. The important point is that

by® for both substrates, when the MC is considered, the main
resonance is located at2.6 eV, which is much higher than
AR, wa (eB—sinze)ZzH— €2 sinta, the experimental observation. For an OS with smaller aspect
R—=16—f2 cosé Im - , (2 ratio, the main resonance lies at smaller energgeg., 2.4
p ¢ (1— €g)(Sinf6— eg cOS B) eV for r,=1.5). This provides us with strong evidence to

rule out the possibility that the K particles under investiga-
o B _ - ~-2 - tion could be flat, and to consider rather that their shape is
=a;/ab® (j=1,[); a, anda are the effective polarizabil- ~¢jnse o be spherical. Therefore, in the following we will

ities of the supported K particles for fields perpendicula) ( simplify our analysis by regarding the shape of the supported
and parallel ) to the interface; 2 and 2o are the minor and K particles as spherical.

major axes of the_ OS’s_, respectively; aods the speed of In order to see the effect of the interaction with the sub-
light. The two-dimensional factorf, is now equal to strate, in Fig. 3 we have drawn the spectra\®}, /R, for a
Nwb?/A. The dielectric function for Si was taken from Ref. K sphere on top of Si or Sigin the dipole appro&imZtion. A
26, for SiQ, we took eg=2.25, andz for2 potassium we gingle symmetric deep minimum peaks at 1.9 @05 e\)
adopted a Drude modet(w)=1—wy/(0"+iw/7) With  for the Si (SiQ) substrate, but no distinctive shoulder is
hw,=3.8 eV (Ref. 23 andI'=#/7=0.4 eV. Our choice of gpserved on the high-energy side of the minimum. In Fig. 3
I’=0.4 eV, is supported by recent photoabsorption experiye also show the DR spectra calculated by taking account of
ments on beams of ionized K C|UStéF51~JS|n9 the formalism  \C to all orders. The effective polarizability was calculated
developed in Ref. 9, the calculations @f and«, of a sup-  using the formalism developed in Ref. 8. Actually, in order
ported OS were done to a given spheroidal-multipolar ordeto avoid problems related to multipolar convergence, in the
L, until convergence was attained. In Fig. 2 we showcase of the Si substrate, the calculation was performed for a
AR, /R, as a function of energy for an OS of K with aspect sphere located at a distanger 6 above the substrate with

where ez is the dielectric function of the substraté:j
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«, , respectively. For each negative peak there is a blue-
0 \ ’ shifted positive one. This is seen in only two peaks in the
| figure due to resolution. The negative peaks have a greater
h / strength than the corresponding positive ones, which simply
o 0002 1 means that the external field couples more strongly with the
En- / perpendicular modes. This is the reason why whetn-
g 0004 creases the overall spectrum is negative. Also for large val-
ues of ' the positive resonances appear either as negative
-0.006 + minima, enhancing the distinctiveness of the negative
maxima, or as inflection points in the profile. Finally, we
PYTY R U have to mention that the remaining discrepancy between the
1 15 2 25 3 experimental spectra and the calculated one in Fig. 4,

namely, the high-energy tall, is likely due to the scattering of
light by the particles, which has not been taken into account
FIG. 4. Calculated DR spectra for K spheres above SR~ ere. We hﬁve checked that a simple Rayleigh scattering,
=0.12). Thick line: damping parametér=0.4 eV; thin line:T varying asw”, permits one to reproduce this additional tail
=0.0004 eV. correctly. On the other hand, the larger width of the experi-
_ _ mental spectra+{ 0.6 eV) likely results, as mentioned above,
0/R=0.01. In this case convergence was attained lfor from a distribution of shapes of the particles around the
=36. In the case of the Sisubstrate there were no conver- spherical one.
gence problems fo6=0, and convergence was attained for  |n conclusion, we have shown that multipolar-coupling
L=12. For SiQ, this yields a small broadening of the mini- effects due to the interaction with the substrate occur in the
mum with an asymmetric shape, not large enough to reprogptical response of supported metallic particles. The choice
duce the experimental sh(_)ulder. Conversely, for the Si subss 4 quasi-free-electron metal as potassium and a high-
strate, the spectrum differs markedly from the onegie|ectric function substrate like silicon gave us the possibil-

correqundlng to the dipolar approxmatloh:(l), with a ity to clearly observe an interesting feature in the DR spectra,
broadening and the appearance of rich resonant structure ose to the main dipolar resonance. The use of a theoretical

showing in this case the importance of the MC, Hc)Wever’model, taking into account the multipolar interaction be-

this spectrum does not compare with the experiments on I:'g\'/veen the K particles and the substrate, allowed us to assign

1. At this point we recall that the Si substrate is coated by dis feat  th itati f multiool Thi
thin layer of SiQ, which decreases the Si interaction with IS 1ealure fo the excilation ot mullipolar resonances. 1his
result is important because optical techniques are now

the K sphere. For simplicity, we will assume that the main’~ ) o .
effect of this layer is to keep the particle a certain effectiveVidely used for studying and monitoring metallic growth.
For substrates with small dielectric response, like silica, the

distanceD above the Si substrate, whelkeis close to the ! _ _
actual thicknessd of the oxide layer. Using the same effectis small. Conversely, when the dielectric response of
formalism® we show now in Fig. 4 the DR spectrum for the substrate is large, as in metals and semiconductors, these

spheres located a distanBéR=0.12 above the silicon sub- MC effects have to be taken into account. Furthermore, they

strate. This value corresponds to spheres of radius around £&n provide information about the morphology of the depos-
nm. The shape of the DR spectrum now resembles the exted metal film from the optical data. This is still more cru-
perimental one quite closely. With the chosen parametegial when the particles are not necessarily spherical, which is
(a f,=0.0023 nm the profile of the main minimum and the usually the case for metal film grown on a crystalline
distinctive shoulder agree fairly well with the data of the surface.

60-sec spectrum, differing only in the wider low- and high-

energy tails of the experimental spectrum. In order to show we are grateful to N. Bedeaux for fruitful discussions.
that the distinctive shoulder in the DR spectrum is actually ayne of us(R.G.B) is also grateful for the kind hospitality of
remanent of well-defined multipolar resonances which havehe Laboratoire d’Optique des Solides at University Paris VI,
been broadened by dissipative effects, in Fig. 4 we also shoyhere part of this work was done, and to DirécciGeneral
the DR spectrum calculated with the same parameters byfe Asuntos del Personal Acatieo of Universidad Nacional
with I'=0.0004 eV. There is a series of very sharp positiveAutonoma de Mgico for partial support through Grant No.
and negative peaks, coming from the resonances ahd of ~ IN104297.
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