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The present paper is aimed at distinguishing the surface and particle contributions to the electron-energy-loss
reflection spectrum from supported metallic particles in the thin layer kpit <1, wherek| is the electron
parallel momentum transfer ardf the dielectric effective layer thickness. In the same way as with light
excitation, the key constituents of the response of supported clusters are the cluster polarizabilities which create
the long-range dipole oscillating field resulting in energy loss upon electron scattering. Contributions to the
plasmon peak from either the substréfeg/Si, via the model or a mixture of parallel and perpendicular
excitations linked to the cluster shap®g/MgO, model and experimentare identified. In the case Ag/MgO,
a prototype for the study of plasmon excitation because of the negligible substrate contribution, a plasmon
dispersion is observed even withirkarange in which plasmon confinement is expected. This is interpreted as
the signature of the island polarizabilities oscillatorlike behavior.
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[. INTRODUCTION MgO and Ag/Si, MgO and silicon being chosen because of
their different dielectric properties.
Plasmon excitations in metals in either forms, surfdcés,

thin layers® embedded clustersand supported pr—__lrticlt]a%‘12 _ . EXPERIMENTAL AND RESULTS
have long attracted a tremendous scientific interest since
these collective oscillations are a key tool for understanding Experiment®® have been carried out in an ultrahigh
the behavior of the electronic gas at surfaces and interfacegacuum (UHV) chamber (base pressure of 3310°° Pa)
Here, constant concern is the nonlocal dielectric response &sjuipped with a high-resolution electron-energy-losses spec-
a function of the dimension of the probed system, i.e., size ofrometer(HREELS LK2000 and a SDR setup. The substrate
cluster or layer thickness, notably for silvesee for review, surface Mg@100) was produced bex situcleavage in air
Ref. 7). The most often used means to experimentally probdor HREELS experiments or in a glove bag in which dry

the electronic structure of supported nanoparticles are photomitrogen was circulating for the optical measurements. The
excitation as surface differential reflectancéSDR)  glove bag was connected to the lock-load system of the UHV

spectroscopy''® or electron-energy-loss spectroscopy chamber such that the cleaved sample could be introduced in
(EELS).” These two probes rely on the same physics for thevacuum without any contact with the ambient air. The
coupling with the plasmon excitation through the electro-samples were cleaned lny situ heating aff =1000 K under
magnetic field. Because of symmetry rule, the plasmon excioxygen partial pressure. Silver was evaporated from a Knud-
tation of surfaces can not be probed directly with light re-sen cell whose flux was calibrated by a quartz microbalance.
flection, but only with electrons, meanwhile for films or An equivalent thickness a=0.15 nm was deposited for the
particles both techniques are relevant. They were much apstudied sample in HREELS and the thickness was continu-
plied to the study of simple Drude metals such as alkaliously varied while recording the optical spectra in SDR. The
metals and to silver for understanding the screening roté of SDR setup was already described elsewh®téBriefly, it
electrons in collective excitations. At high-momentum trans-consists in recording the relative variation of the substrate
fer, a “blue shift” is observed for silver particles on reflectivity upon deposition of metal by illuminating the
silicon'? In this case, a model for EELS cross sectionsample with UV-visible light(deuterium lampand by ana-
would permit the decoupling of the shape-support effeclyzing the reflected light with a spectrograph in eitipeor s
from the pure nonlocal behavior of the dielectric constant. Inpolarization. The incident angle was imposedgt 45° by
this respect, a clear link between the Mie optical excitationthe chamber feedthroughs. The electron-energy-loss system
and the EELS response for islands on a surface is still misswas run with an angle of incidence 6§=60° at an impact
ing. energy ofE=37 eV. The energy resolution of the analyzer
However, the loss channels contributing to the EELSwas set toSE=35 meV to allow for a reasonable counting
spectrum of supported clusters have not been identified yetate. By varying the collection angle, the parallel wave vec-
The present paper is aimed at clarifying the nature of the¢or was scanned with a resolution &;=0.3 nm L. During
modes, their dependency on the substrate and the particKREELS counting, substrate charging effé€t€® were
shape. The origin of the features observed in the loss speevoided by illuminating the sample with a defocused addi-
trum of Ag/MgO is discussed as well as their dispersion withtional electron beam (1 keV-1 nA cm).
parallel momentum transfer through a modeling of the loss The HREELS spectra for Ag/MgO are displayed in Fig.
process. The model then allows a comparison between Adl(a) as a function of the parallel momentum transfer which
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FIG. 1. (a Experimental
electron-energy-losses spectra for
a Ag/MgQ(100) cluster layer with
an equivalent thickness of 0.15
nm. The spectra, shifted for a mat-
ter of clarity, were recorded at an
impact energy ofE=37 eV and
an angle of incidencé,=60° for
various parallel momentum trans-
fers k; [from Didier (Ref. 15,
with permission. (b) Experimen-
tal SDR spectra recordedsee
text) in p polarization during va-
por deposition of silver on a
MgO(100) substrate at room tem-
perature. The average silver thick-
nesses are given on each graph.
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was calculated through momentum and energy conservation.
The spectra present a peak with a shoulder at a frequency
close to the surface plasmon mode for silver particles. As the
substrate is nonabsorbing, these features can be safely as-
signed to such a mode. The puzzling fact in comparison to 5
the already published HREELS curves for plasmon in clus- 3.8
ters[Ag/C (Ref. 11)-Ag/Si (Refs. 8 and 14 is the presence ) o o
of a shoulder which develops and shifts with increasing par- o o ]
allel momentum transfek;. These two components are
analogous to the surface and interface plasmon of thin con-
tinuous film despite the fact that the silver overlayer on MgO
is undoubtfully made, for such a coverage, of discontinuous
particles'®*#The dispersion of these two features with
displayed in Fig. 2, was determined by a Lorentzian fit to the
peak structure. Surprisingly, the nonzero slope of the disper-
sion points to a propagative behavior of the plasmon reso-
nance whereas a confinement of the excitation is expected in
the islands? Moreover, an explanation based on the well-
known quantum blue shift observed at highvalue for sil-

ver surface§!??js not compatible with the opposite slopes
versusk| of the observed features.

Figure Xb) shows the sequence of SDR spectra acquired 3.0 "
during the silver deposition on MgO ip polarization. Two
resonances of Mie type which appear aroltd 3-3.8 eV
are ascribed to the excitations of the plasmon oscillations
parallel and perpendicular to the substrate in the growing
particles and have been previously modéfet.?4-2Draw-
ing a parallel, at least for the energy positions, between the
features observed by HREELS and the parallel and perpen- | | i | | , i A

. . - . . 2.6
dicular plasmon resonances excited by the UV-visible light is 00 02 04 06 08 1.0 12 14 16
tempting. However, it is not reconcilable with the observed k (nm'1)
dispersion withk; . A theoretical link between the two plas- I
mon excitation mechanisms in supported metallic nanopar- F|G. 2. Experimental dispersioftircles of the two peaks of

ticles, i.e., photons and electrons, is thus needed to overconmgy. 1(a) as a function ofk;. The straight lines correspond to a
this problem and to have a clear overview of the way inlinear regression. The thin-plate dispersion curves, 2

which the electron-energy-loss channels manifest themselvesquare, calculated with the bulk silver dielectric constant were
in the loss spectrum. added for comparison.
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VO(k,z,0)=Arexpkz) — Ag| expkj2)
z
—2C05<m(k|~v—w)) ,  z<0,
1
(3.33
4 V@)(k,z,0)=Byexp(—kjz) + Agexp( —kjz), z>0,
(3.3b
Zy
. 1 elv, |
FIG. 3. The geometry for the calculation of electron-energy- with  Ap= (3.309

2 2 2"
. : . €160 kiv T+ (k- vi—w
losses cross section. An electron with velocity ¢, ) and wave vt kv~ o)

vectork; impinges on a surface of a substrate defined through itsA B i K Th fi imolv that th
surface susceptibilitiey, 8 (see Sec. Il A. It is scattered in the 1,bp are WO unknowns. ese equations imply that the
direction ofk’ around the specular directioq . typical probed depth by the Coulomb field is proportional to

1k . The frequency dependent dielectric constant is defined

ll. COMPONENTS OF THE ELECTRON-ENERGY-LOSS by €(w,2) = €1(w0)O(—2) + €2(w) O(2), with ©(2) the step
SPECTRUM OF SUPPORTED CLUSTERS fgnctlon. The substrate is suppqsed_to be _nonspaually disper-
sive and fully characterized by its dielectric constas(tw).

In this section, the cross section for electron-energy losses The goal is now to identify the different energy-electron-
is derived for a perturbed surface layer whose dielectridoss channels which are involved in the differential scattering
thicknessd* is much smaller than the depth probed by thecross section. To go ahead, the above unknown parameters
electron 1k, with k; the parallel momentum transfer of the A,,B, which appear in the expression of the potential, will
impinging electrons. A monoenergetic beam of electrons obe first determinated, within the framework of the excess
chargee, massm, energyE (a few tens of eV, wave vector field theory, as a function of surface susceptibilities linked to
ki, and velocityv=(v,v,) impinges with an incident angle the particle polarizabilities parallel and perpendicular to the
6, (Fig. 3). The origin of timet=0 is chosen to correspond substraté®~>*They will be then used to compute the electric
to the electron reaching the surface at the ori@irof the fields and to determine the loss function, prior to being ap-
Cartesian frame with itz axis pointing downwards. Low- plied to experimental findings.
energy electrons penetrate very little into the solid. They are
mainly scattered by the long-range Coulomb interaction
which induces dielectric losses in the sample linked to the
moving image charge. The energy losses being small with Well known in the case of flat substrates or thin continu-
respect to the incident energl ¢ <E), the electron velocity ous films?**>**boundary conditions are far more complex
v is assumed not to be perturbed. The scattering direction ¢¥n rough surfaces. The formalism developed by Bedeaux and
interestk’ is close to the specular reflected beln(y,¢  Viieger® > to treat the optical properties of surfaces as-
<1, see Fig. B As v is much smaller than the speed of sumes that the perturbed surface layer thickness is much
light, this phenomenon is described in the nonretarded apsmaller than the wavelength of the incident wave. It is based

A. The boundary conditions and the surface susceptibilities

proximation by the two Maxwell equations on the concept of excess fiefdsn the Maxwell equations
which stem from the difference between the real fields and
V.D=es(r—wt), (3.13 the extrapolated bulk fields to the surface. For instance, the

electric excess field is written as
VXE=0, 3.1b
(3.10 E(r,t)=Ey(r,t)0(—2) +Ex(r,t)0O(2) + E¢,{r,t),
whereE,D are the electric and displacement fields, respec- (3.4
tively. E being derived from a potentidd=—VW¥(r) [Eq.

3.1b], the Poi i b Ived by introduci : .
(3.1, the Poisson equation can be solved by introducin he bulk fields extrapolated to the surface. Once introduced

the dielectric constant of the various medig ,) and by . he M | ; h fiold definit .
using the Fourier transform in space and time, i.e., an exparl? € Maxwell equations, the excess field definitions give

sion of the potential and fields of typ(r.t) in surface the fpllowmg boundaries conditions for nonmagnetic media
and in a stationary case:

here®(z) is the step function anl,(r,t) andE,(r,t) are

waves:
EZ,H(rH L= 0,(1)) - ELH(FH L= 0,(1)) = VHgs,Z(rH ,w),
f(k”,z,w):f dtf d?rjexdi(ky-r—wt)1f(r),z,t). (3.53
(3.2
DZ'Z(r” ,2=0,0)— Dlyz(ru ,2=0,w)= —VH- ’DS’H(r” W),
The final and classical resulsee, for instance, Ref. 2% (3.5b
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where V| designates the two-dimensional gradient operator
V= (aldx,dldy). The excess fields integrated perpendicu-
larly to the surface previously introduced are defined through

+ oo

8S(rH W)= J_w dzEexc(r” Z,w)

and

+o0
'1)5(['”,(()):J7oc dzDeXC(rH,z,w). (36)

The above relations can be obtained in an analogous way by
gathering the contributions of excess fields in a singular term

at the surface of the substréfté! and by imposing that
DS'Z(I’”,w)ZES'H(I'H,w):OZ

E(FH Z,m)= El(l’” ,z,w)@(—z)+£s(r|| ,w)6(2)

+E2(r” Z,w)0(2), (3.79

D(r|,Z,@)=Dy(r|,Z,0)O(—=2)+ Dg(r|,w)5(2)
+D2(I’H,Z,w)®(2). (3.7b

The so-called surface susceptibilitigsand 8 make the link
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€ El+ €y
-1+ Ekﬂ}:_ > Aok”ﬂ,

+B,

€1

1
€2+ Ek'y:| :Ao(el_ €r— k”'y)
3.9

1
Al El+ EkH‘y +Bz

A discussion on the determinant of this system is given in the
Appendix in terms of surface modes. Solving the system Eq.

(3.9 to first order ink;y andk S leads to

A——a, 2y 26K L e (304
! O+ ey e5— €l 4 2y .
€r— €4 2€lk”
B,=—A — Bejey) |.
2 O t e eg—ei(y Beie;
(3.10b

If y=B8=0, one recovers the classical image teiy=B,
=—Ao(e,— €1)/(€x+ €1). %%

between the integrated excess fields and the value of the bulls, The differential scattering cross section for electron-energy

fields atz=0. For a homogeneous and isotropic interface,

these relations are

- No) B B
Ds(r)=¢€o— [Eqy(r,z=0)+Ey)(r,z=0)],
(3.89
5s,z(f)=—[32(—:))[D1,z(r,Z=0)+Dz,z(f|,Z=0)]-
(3.8b

In the case of clusters on a surface, the surface susceptibi

ties v, are linked to the cluster polarizabilitieg ,«, par-
allel and perpendicular to the substrate=pe /€, and 8

=pa, /(eieo) (p the number of particles per unit of sur-

losses

To derive the scattering cross section, the relevant quan-
tity is the integrated electron-energy-losses which comes
from the induced dielectric losses in the substrate and in the
surface layer:

W=Re“dtf d3rE(r,t)~%D(r,t)}. (3.1

ﬁgf course, in the dielectric approach, the electron-impact
contribution is neglectetf. Using the decomposition of the
field in plane waves parallel to the surface, one ends up with

face. These have been determined in great detail, in the 1

quasistatic limit, for supported clustéfg426-28:303through
a multipolar expansion of the potential. Expressiong
were also derived for rough surfac€s® To apply the sur-

face susceptibilities formalism to electron-energy-losses by

W=(27T)3Im[fdzj dwf d?kjwE(k),®,2)

. D*(k” ,a),Z)

gathering all the excess fields in a singular term at the sur-

face, the surface layer should not perturb significantly the
Coulomb field. This implies that the probed depth is much

higher than the surface “dielectric thicknessi™: k d*

=f d2k||f d(fw)hoP(fhok), (3.12

~kjy~kB<1. Itis worth noting that the nonretarded inter- with D* the complex conjugate of the displacement field. In

action approximation used in Eqg&.1), w/c<k, and the
working limit kjd* <1 are easily fulfilled for thin films. For
example, typical values of energy lodsv=2.5 eV, layer
thicknessd* =0.15 nm, and parallel momentum transkgr
=0.2 nm ! lead tok;= 16w/c andkjd* =0.03.
UsingE(r)=—-VW¥(r) and Egs(3.3) and(3.5—(3.9), the

the above relationP(% »,k;) is the scattering probability of
an electron with a energy logsw and a momentum transfer
To go ahead, all the fields in Eg63.7) have to be ex-
pressed using the definitions of the potential in media 1,2
[Eq.(3.3)], that of the surface susceptibilitigsgs.(3.8)] and

unknownsA,,B, are found to fulfill a linear system of equa- the expressionfEgs.(3.10]. In particular, the singular term
tions whose coefficients are weighted by the surface suscept z=0 [Egs.(3.7)] is given in terms of the integrated excess

tibilities:

fields
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Ds)(kj o) s m? kot
d(h0)dQ 2734 %€,c0s6, [Kfv2 + (k) v)— )?]?

_ 2i€1€0A0kH'y

€2
€1+ e,—kjy— E(fz_ fl)kﬁ} ;

(e1+e€ )2 3 e
s ™ 1- KR Y~ Ber€e;
(3.133 €te €1+ €
SS (kH (U) kil € 2+kl 1 2
,Z ’
I m[ 3] e te, I m[ v] -
2ie;AokB €1— € ) }
=———| ey(e1+€y)— kiy— e €5k B1. (3.17
PRy, €1t €)= —5—Kjy—eekp
(3.130 This equation allows one to compute EELS spectra in the

limit k,d*<1 for any surface layer morphology, provided
As O(*+2)8(2)=348(2), the scalar product in Eq(3.12  there is the knowledge of the surface susceptibilities.
takes the following form: Three important terms appear in £§.17). The kinemati-
cal prefactor, which contains the geometrical constraints for
E.D*=E,.D{O(—z2)+E,.DF0(z) the scattering shows that loss intensity peaks when the ve-
0 RS locity of the electron matches the surface wave phgseg
. = w; this is the well-known “surf-riding” condition of opti-
Z * 1 mal coupling between the incident electron and the excited
28 [DT +D3]0(2) surface wavé>***!Usually, it leads to an /* dependence
in energy. The loss term is divided in two parts, weighed by
. the probed depth k(. The first one is the classical surface
loss function in Inp—1/(e,+ €5)] linked to the imaginary
+ ED? [E,+E,]8(2) + €. D5 5(2). part of €5, thus to dissipative processes inside the substrate.
(5) Note that this factor is modified by a term kjy,k;8 which
accounts for the screening of the field by the overlayer and
for the modified image term inside the substrate. The other
factors

3

(4

(3.19

Term (1), i.e., E;.D} = €;,€0|E4|? does not contribute to the

energy losses becaugg must be realvacuum in practical

case to allow for an undisturbed propagation of the electron. Im[ 8]

Term (5) equals zero since the excess fieElsand D¥ are

orthogonal. After integration overin Eq. (3.12, and using  describe the absorption of energy inside the surface layer.

Egs. (3.3 and (3.13 the remaining terms2)—(4) can be  The terms iny and 3 are weighted according to the classical

calculated to first order ik y, k|8 and inserted in Eq3.12  “dipole rule.” It is clear that, for a substrate with strong

to give dielectric constant, the parallel excitation is “canceled” by
the image term inside the substrate. This approach is equiva-

2
+Im[ v]

1 2

€1+ €)

€2

(3.18

61+ €r

b ki) e2€0A3K| - 1_KR Y= Bere; lent to the thin-plate mod& with the advantage that the
Phw,ky)= 23,2 e tel” Tl €1t e dielectric constang, and the thicknesd* of the plate do not
appear explicitly. In this special case,
2 2
€2
+ + :
klm[ﬂ]’él"‘ €y klllm[y:l El+ € ] 1 1
y=d(ec—€1), B=d|———|. (3.19
(3.15 €1 &
However, one has to keep in mind that E8.15 is restricted
only to small momentum transfds;. Since experimentally C. Comparison between cross sections for optical
the electrons are discriminated in energy in an out-specular and electron probes
direction given byk’ in a solid angled(2, the elementary Another common way to probe the dielectric properties of

volume ink; space can be expressed as a functioml@f  gyrface is the use of surface sensitive optical techniques such
(Refs. 29 and 3pfor low-energy lossed w<E and close to 35 SPR. In both cases, optics and electron-energy-loss spec-

the specular beanf, $<1: troscopy, the inelastic processes are due to the same physical
) 2 phenomenon, the surface vibrating dipole. The electric field
42k— m-v’ 40 31 of the incident light polarizes the surface entitigslecules,
H_hzcoseo ' (3.16 metallic islands, roughness, and s9,deading to a possible

dissipative channel and to optical absorptions. For an elec-
Finally, the differential cross section for electron-energy-tron, because of its movement, the generated Coulomb field
losses is contains all kind of wave vectors and frequencies allowing

045428-5



REMI LAZZARI, JACQUES JUPILLE, AND JEAN-MARC LAYET PHYSICAL REVIEW B68, 045428 (2003

coupling with any surface vibration, in particular, when the -
phase-matching conditionsee Eq.(3.17 and remark be- o Real(e) - Si
low] are met. —— Im(g) - Si
In the framework of the surface susceptibilities motet: —8— Real(e) - MgO
the change in reflectivity in comparison to bare nonabsorbing _, 30 —&— Im(e) - MgO
substrate irp,s polarization at incident anglé, is given by = —>¢— Real(c) - Ag
% 20 —%— Im(g) - Ag
AR 0 \/6_1C0590| 390 S
R, gﬁmh’), (3.208 S .
()
s
AR, _ 42 Ve, cosby g o
Rp C (62_ 61)(62C05290— Elsinzao) .d_-’
(]
X [(€,— €15iP ) IM(y) — e5€;1SirP O Im(B)]. -10
(3.20H
- . . . -20
Equations(3.20 show clearly that inp polarization, two
components of the electric field can probe both parallel and 1 2 3 4 5
perpendicular excitations, whereassipolarization the elec- Energy (eV)

tric field is only parallel to the surface. Equivalent to the

thin-plate moc!ef,z these equations obey to the “dipole se-  FiG, 4. Dielectric constant of Si, MgO, and Ag from Ref. 44.
lection rule” with 1/e, ratio between the parallg@ and per-  Notice the very flat MgO dielectric function in the range of interest.
pendiculary terms. In the EELS cross section, E§.17),

the parallel/perpendicular ratio does not depend on the ang@ubstrate and the high-energy one to the dipole normal to the
of incidence of the electron beam, which only induces a glo,,

bal ch ' intensity. On th ¢ . ics. th surface. Between these, a mode of quadrupolaf nature
al change In Intensity. ©n the contrary, in optics, the evelops. Note that for islands with a low aspect rétiose
strength of the two components of the excitating electric fiel

D o the spherical shapevith a high contact angle, as it is
depends on both the angle of incidence and the beam pOIaé'xpected for a noble metal on a wide band-gap o&id&the

Ization. two resonances are mixed up in a unique broad peak
below) centered below 3.5 e\(the surface-plasmon fre-
IV. ELECTRON-ENERGY-LOSSES SPECTRA FOR guency of a silver sphere in vaculilvecause of the red shift
ISLANDS LAYERS: THE CASES OF Ag/MgO AND Ag/Si caused by the depolarization field induced by the subst?ate.

In the following, the above model is applied to the case of
S”Ver island f|ImS The Surface Susceptibi”ties Wh|Ch come B. Substrate-induced p|asmon sp||t’[|ng and dissipa’[ion

into play in Eq.(3.17) are linked to the island polarizabil- o .
ities. The particles are approximated by truncated sphere or, AS, It |s.|IIustrateq by comparing two supstra(MgQ and
Si) with different dielectric constantsee Fig. 4, the influ-

spheroids and their polarizabilities are computed by solving; . )
in the quasistatic regime, the Laplace equation under an e nce of the substrate on the dielectric response of a supported

ternal applied field, using a previously described multipolarm iS twofold. _ »
expansigﬁ of the potent?éT:z‘F‘)‘Z&SO'”*“%rhe used bulk c§)| First, the shape-induced plasmon splitting of the absorp-

electric constants are tabulated vaﬂf}e(§ig. 4). For conve- tion mode§4’2_6'27*47depends strongly on the dielectric con-
nience, neither interparticle dipolar coupling nor finite-sizeStant. For a dipole paraligperpendicularto the surface, the

effects in the dielectric constants have been accounted for iqepolarlzanon f|eI.d created bY the image dipole reduges
the polarizability calculations. creasepthe restoring force acting on the electron cloud, thus

inducing a softeningstrengthening of the vibration. This
results in a red shiftblue shify of the associated mode, as
shown in Fig. 6 for supported silver hemispheroids with an
Already highlighted in previous worké?42%2%in the case  aspect ratio ofA=4 covering 50% of the surface. Such a set
of the optical response, the shape of the island and, in papf parameters is consistent with the growth of flat silver clus-
ticular, its aspect ratiod=2R,,,/H, defined as the island ters on S{111) (Refs. 14 and 48—-30wvhich percolate at an
apparent diametdas seen from aboyelivided by its height, average thickness of 4 M{monolayey at room temperature.
influences strongly its dielectric response via the island polf for MgO substratd e=3, Fig. 6c)] both parallel and per-
larizability. In Fig. 5, the simulated Ag/MgO EELS spectra pendicular “dipolar” resonances are present in the plotted
[Eg. (3.17] are shown for a truncated sphere. Upon increasenergy range, for Sie=10, Fig. b)], the parallel compo-
ing the aspect ratio of the particle, two peaks appear in thaent is rejected far in the low-energy part of the spectrum
EELS cross section which are mainly linked to the plasmonbelow 1.5 eV. The intermediate-energy peaksE (
modes inside the cluster. To the first approximation, the low=1.75 eV) in the y term are modes of quadrupolar
energy excitation is associated to the dipole parallel to therder?®2” In addition, the contribution from the parallel po-

A. The particle shape
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larizability y tends to cancel for high values of the dielectric
constant. This difference of dielectric behavior manifests it-
self in the polarization process of the island. Figure 7 dis-
plays the equipotential lines obtained by polarizing the island
with a field either paralle(top panel or perpendiculatbot-

tom panel to the surface at energies corresponding to the
maxima of absorption. For MgO, the equipotential lines pen-
etrate inside the substrate. The external field polarizes the
island leading to a dipolelike behavior in both perpendicular
and parallel directions. In a very different way, the silicon
substrate and the supported cluster both behave as equipo-
tential volumegmetal-like behaviorwhich repel the electric
fields when applied perpendicular to the surface.

Second, a dissipative process is linked to the imaginary
part of the dielectric constant. For silicon, the onset of inter-
band transitior?® is close to the plasmon excitation for sil-
ver. As electrons can induce indirect transition, at variance
with optical probes, the surface excitation of the substrate is
mixed with the overlayer absorption. To discriminate the two
contributions, one has to vary the probed deptrk)1/as
highlighted in Fig. 6 for Si with(a) k;=0.02 nn ! and (b)
k;=0.002 nm!. Neglecting size-induced broadening, an
important consequence is that the width of the resonance
cannot be unambiguously connected to the lifetime of the

15 20 25 3.0 35 4.0 45 plasmon oscillation. On the contrary, in the probed spectral

Energy-loss (eV) range, the ab_sorptio_n_within a wide_ band-gap compound
such as MgO is negligibly small. In Fig(®, the computed

FIG. 5. Model spectra calculated for truncated spheres of silveplateau after 4 eV is simply a signature of thep interband
supported on MgO to show the influence of the particle aspect ratitransitions in silver. The system Ag/MgO appears as an ar-
on the EELS cross section. Due to the poor wetting of MgO bychetype of plasmon confinement in nanometric islands, with-
silver, the real case is close to full sphere. The aspect rdtis  out any interference with substrate absorption.
ranging from embedded spherk=2.72 to full sphered=1. The
island polarizabilities have been computed up to multipolar order
M =32 (Ref. 17. For the sake of clarity, the spectra have been C. Experimental high-resolution energy losses and optical
shifted with respect of each other and normalized by the mean film spectra for AgMgO
thickness. The other parameters Bre 40 eV, kH:O.OZ nn !, and
6,=60°.

EELS Cross section (arb. units)

Following the above discussion, the two features seen in
the Ag/MgQ(100 EELS spectrum can be interpreted as sig-

a) Ag/Si, k,=0.02 nm”' b) Ag/Si, k,=0.002 nm”’ c) Ag/MgO, k,=0.002 nm”’

—— Total cross section
—o— Substrate term

EELS Cross section (arb. units)

—— yterm

—— pterm

T T T

2 3 4 5
Energy-loss (eV) Energy-loss (eV) Energy-loss (eV)

FIG. 6. Calculated EELS cross section for supported silver hemispheroidal particle with a raBie$aim and an aspect ratio gf=4
covering 50% of the substratequivalent thickness 0.8 nm—multipolar orddr=32). The substrate nature and the parallel momentum
transfer are indicated above figures. The various components of the cross sections have beer stsaitgd3.17)]. The E=40 eV
electron beam impinges under the surfac@gt 60° incident angle.
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Ag/Si Ag/MgO
+ @ = A -
/’_S\ = L/ A N\
AL A2 e & =1Ters o &
® [/ 7o | O T - ] FIG. 7. Equipotential lines in
}’ ) & i sl i normalized unit ofEqR for silver
Llw ol w2 7Y [ S/ cluster on Si or MgO polarized by
FITTFT? E=1.28eV — E=Z17eV @ an applied fieldE, either parallel

(top panelgor perpendiculatbot-
tom panelsto the surface at ener-
gies of the extrema of Ing) and
Im(y) (see Fig. &.

Perpendicularl y

-0.2
M

natures of the two components of the surface susceptibilitiemf the low size of the clusters, some classical finite-size
parallely and perpendiculag to the substrate. Indeed, these correction$? were applied to the dielectric constant of sil-
components were not simultaneously seen in the case of\er:

silicon substrat¥ because the high particle aspect ratio and

the coupling with the substrate result in a shift of the parallel ()= es(o) o) o)
_ en(w)=€eg(w)+ - ,
resonance towards low energy. In Ref. 8, such a double-peak€m B w2t ngl 0?+3(R)+iwr(R) 1

structure was observed aroukd=1.5 eV for Ag/Si and in- (4.1)
terpreted as the surface-interface plasmon of a thin continu- '
ous film. For Ag/C! the change in shape of the spectra withwith w,=9.17 eV the plasmon frequency of tkeelectrons
k| is likely due to the same effect of spherical shape as in thenly, #/7=0.018 eV the bulk relaxation time, ang(w)
case of Ag/MgO. the bulk dielectric constant. Such corrections introduced
Such an assignment is confirmed by the experimentathrough 7(R) and 2 (R) affect only thes electrons which
SDR spectrdFig. 1(b)] which shows the same type of struc- participate in the collective plasmon oscillation. They in-
tures atE=3.1 eV andE=3.8 eV. An attempt to adjust the volve (i) a correction of the relaxation time link to the scat-
SDR spectrum with a reasonable layer morphology is giveriering of the electrons at the surfack/7(R)=nh/rg
in Fig. 8. The parameters obtained for truncated spfiere +#vg/R (vg=0.91 eV nm, the Fermi velocityand (ii) a
=1.2 nm, A=1.43, andp=3.5x10> cm 2 are in agree- quantum blue shift linked to the spillout of treeelectrons
ment with Refs. 21 and 22 and give the right equivalentat the surface which reduces the coupling betwgand the
thickness. Computed particle polarizabilities were renormaliocalized d electrons of silver? 3 (R)=—1.1265/V
ized by the interparticle dipolar interactioffs>>3*Because eV?nm™ ! is taken proportional to the surfaGeover volume

0.15 . w - -
a) T experiment| = | Total cross section b z k,(nm ) c
010 _Ej :::grwy 8; 3 |- yterm ) : ij ggz )
Ao theory (3) g —=— (3 term @ . 0:4
0.05 G ~_ | <05
c =
< = P
¢ 0.00 AR s
< 2 g
-0.05 3 @
-0.10 o | o .
(7)) o
v 9 D
0.15 H frm} 1 1 L
20 25 30 35 40 45 15 20 25 30 35 40 45 Y 25 3.0 3.5 4.0 4.5
Photon energy (eV) Energy-loss (eV) Energy-loss (eV)

FIG. 8. (a) Experimental and theoretical simulated SDR spectra for an island layer of 0.15 nm takélg=a#ta° incident angle. The
layer morphology is described by truncated spheres Ritl.2 nm, 4= 1.43 at a density gf=3.5x 10'2 cm™ 2. In theory 1, the silver bulk

dielectric constant is used. In theory 2, a finite-size correction is applied to the plasmon lifetime, whereas in theory 3, in addition, a blue shift
proportional to the surface/volume ratio is also added.Simulated EELS spectra with the same parameters as in theory 3 with the two
components parallgs and perpendiculay (E=37 eV, k;=0.02 nm?!, 6,=60°). (c) Calculated EELS spectra versus the parallel mo-
mentum transfek; . The spectra have been rescaledkﬁ)[see Eq(3.17)]. Otherwise, same parameters aghh
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V ratio as suggested by previous experimental and theoreticébr the kinematical prefactor, and of the dipole rule gives a
works!#°2 Spectra intensity and shape are reasonably aczonstantR,=2.5+0.8. Also with such an analysis, the con-
counted for in Fig. 8. The remaining discrepancy betweerstant mode lifetimes are #/~0.55-0.04 eV and 1,

the calculated3.1 eV) and the experimentdB.3 eV) energy  =0.33+0.04 eV. Obviously, in these latter values the homo-
of the low-energy peak could come from the size and shapgeneous and inhomogeneo(is., size-shape distribution
distribution and from finite-size corrections. Despite thiSproadenings come into play. These values are in reasonable

fact, the order of magnitude of the signal and the SpeCtraégreement with the calculated oné&=3, 1/r=0.34 eV
shape are well reproduced within a reasonable layer MOr3 g 15, =0.27 eV. g '

phology. It is worth noting on simulated spectra of Figa)8 In the Ad/Si(Ref. 1 A Ref. 1 he lack of
(curves theory 2 and theory gat the surface/volume effect . nt (_a o/Si(Ref. Z_QF 9/C( i' 3 Cases’t €lacko
dispersion below a critical cutofkj was interpreted as a

>(R) induces very different energy shifts for the surface jgnature of the confinement of the plasmon oscillation in the

susceptibilities and thus for the SDR resonances, compared c o .
to the bulk silver dielectric constant. island. Abovek|, which is inversely proportional to the

With the same morphological parameters, the computefn€an island size, the observed frequency blue'Shifth k|
EELS spectrum of Fig. ®) for k;=0.02 nn ! agrees well is linked to the well-known spillout o electrons in silver
with experiment. The enhancement wih of the shoulder ~and reduceds—d coupling at the surface?>****However,
on the low-energy side of the main feat(iFég. 8(c)] can be  for Ag/MgO, the island radiu®k=1.2 nm corresponds to a
partially related to the kinematical prefactor of “surf riding” cutoff wave vectorkﬁ=27r/2R=2.6 nm ! greater than the
[Eq. (3.17)]. As a result of the 1* dependence, the relative experimentally probed range of the reciprocal spge
intensity of the low-energy side of the loss spectrum is in-<1.6 nm %, thus excluding the appearance of such a quan-

creasing withk . tum blue-shift effect. Contrary to Ag/$f, a dispersion is
observed in conditions where the film is in the form of three-
D. Dispersion of electron-energy-losses for AllgO dimensional clusters, well below the percolation threshold

Further insight can be gained by studying the dispersior?”d in the absence o_f substrate contributions. The appearance
of the two structures with parallel momentum transfer. Thes@f two components in the plasmon peak and the observed
curves displayed in Fig. 2 have been obtained by fitting thelispersion can only be ascribed to the oscillatorlike island
data with two Lorentzian peaks, as suggested by the spectrBplarization process. However, one can argue that the quasi-
representation of the cluster polarizabilitté$’>*As a mat-  Static approximation used to derived the EELS cross section,
ter of comparison, the dispersion relations given by the poléd- (3.17, and to compute the cluster polarizability breaks
of the loss function for a thin continuous lagemre dis- down well belowk. Besides this, the herein developed
played in Fig. 2: model is able to describe qualitatively all the features. The

computation of EELS spectra in the case kgti*>1 for

d3s -1 supported particles would imply the knowledge of the poten-
d7 wdQ ~Im é(kyj,0,d)+1 tial everywhere in space for an approaching electron. Some

_ attempts have been made in this directidhus including
with the inhomogeneities of the excitating field around the par-

ticle.
em(w)tanh(kd) + €,

e tanh( k”d) +en(w)’

§(k||,w,d)=em(w) (4.2)

em(w) stands for the dielectric constant of the layer of thick- V. CONCLUSION

nessd. The agreement with such a continuous layer model The cross section for electron-energy-losses was derived
(which was, in some respect, already observed in Rels 8 \yhen the dielectric effective thickness of the surface layer,
rather poor since the discontinuous nature of the layer ig*, is smaller than the probed deptqd* <1. This dielec-
ignored. Instead, the generalized dispersion relations for sufric model is a generalization of the thin-plate model which
face wave$Eqgs.(A1)—(A4)] should be used. By considering yelies on singular fields at the surface. By using the notion of
that the islands are polarizable entities with a small dampinggrface susceptibilities, it is shown that for island layers, the
the theory leads to two linear branches of dispersion witheross section is driven by the particle polarizabilities as for
opposite signs, as observed experimentally in Fig. 2. A lineapptical excitations. The model was applied to the case of
regression gives the cluster plasmon frequenaigs 3.08  sjlver on silicon and MgO. Either the particle shape or the
+0.02 eV andw, =3.91+0.01 eV, and the “dielectric ef- gjpole selection rule explain the appearance of only one plas-
fective thicknesses’df =0.071=0.02 nm andd}=0.012 mon peak in most experimental studies. However, it was
=0.001 nm. As expected, the eigenfrequencies of the islangxperimentally demonstrated for Ag/MgO that the two com-
polarizabilities are blue shifted in comparison to that of aponents of the plasmon excitation of the particles are present
silver sphere, mainly because of the surface over volumand that the peak dispersion versus the parallel momentum
term X (R). The ratioR, of the parallel and perpendicular transfer is a signature of oscillatorlike polarization process of
oscillator strengths is equal ®,=F/F, =df oj/(d] w,) the islands. This model, which bridges the gap between op-
=4.7+2. An analysis of the integrated intensity of the two tical and EELS spectra, is shown to be able to reproduce the
components of the EELS specfiféig. 1(a)], after correcting main experimental features.
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APPENDIX: SURFACE MODES

The determinant of the linear system, E8.9), up to first
order inkjy andk g is

Det=e;+ e, + K| (y—€1€628). (A1)

In the case of a perfectly flat interface between media 1 and

2, the determinant is equal to zero when the conditgn

+¢e,=0 for the existence of surface-plasmon waves in the

nonretarded limit is fulfilled. The condition Det0, Eg.

(Al), leads to a generalization of the dispersion relation for

self-sustained surface waves in the case of a layer defined
its surface susceptibilitiey, 8. Of course, the existence of

these interface localized and nonradiative waves is linked to
a sufficient lifetime, thus to a small damping. For a thin,

metallic, continuous layer of thicknesswith a Drude di-
electric constank.= ea—wf)/ ? on a substrate with a fre-

PHYSICAL REVIEW B68, 045428 (2003

other one towards zero for sm&l|. For small-damping os-
cillating dipole behavior, as it is found when a spectral rep-
resentation of the islands polarizabilities is develoffed;>
the surface susceptibilities read

w)df

w”—w—i/TH’

widi

—_— (A3)
w, —w—ilT,

i ,dT have the dimensions of thickness and are propor-
tional the effective oscillator strengths of the polarizabiffty:
dj=pleF, d, =pl(eleg)F, . 7,7, define the oscillator
damping. Excluding the case + e,=0, two dispersion re-
lations are found at first order id]" , kjd} :

1 1 1
Re(w,)=w) 1tk Re( 51+52)+w7m 61+62) ]
1 *
~Im(wy) = Lkl epnim| 2
~ o €165 €167
@e(“’—)—wlll CH Re(61+62 Formim €1t € ]

€162
€l+ €o

+1+deIqulm

|

It is worth noting that both types of modes are completely

1
—Im(w,)= Z

(A4)

quency independent dielectric constant, the expression of tHgecoupled. Ak =0, the eigenmodes of the surface suscep-

surface susceptibilities, Eg.19), leads to first order il d
to two dispersion relations

_a)p 1 1 €y kid . kHd
w,—\/e_a 2 eertey) 10 T N g v,

(A2)

tibilities w, =w|,0_=w, are obviously recovered. For a
nonabsorbing substrate, a linear dependencg ifor the
eigenfrequencies is observépbsitive slope for the parallel
mode and negative for the perpendicular mode well as a
kj-constant lifetime 1/Img..) = 7 , . Absorption in the sub-
strate leads to a linear mode broadening vkthand to a
more complex behavior for the eigenfrequencies all the more

These are the limits found from the calculation of the pole ofthan €, depends orw. If the layer is isolated in vacuum:

the layer loss functidt?®*°[(Eq. 4.2]. The first branch of

€,=e,=1, the modes can be classified accordingly to their

dispersion tends towards the plasmon frequency renormabymmetry: thew, one is symmetric 4;=B,) and thew _

ized by the interband dielectric constaai, whereas the

one is antisymmetricA;= — B, with Dg=E5=0).
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