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Optical anisotropies of metal clusters supported on a birefringent substrate
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We report on the optical properties of Ag nanoparticles supported on an insulating, birefringent substrate for
nominal film thicknesses of less than 4 nm. Spectroscopic ellipsometry (SE) and reflectance-difference spec-
troscopy (RDS) were employed to detect out-of-plane and in-plane anisotropies of particle-plasmon reso-
nances, respectively. Quantitative agreement between measured and calculated spectra is achieved using the
morphological parameters determined independently from electron microscopy images. The substrate birefrin-
gence allows the detection of cluster layers by RDS via the screening of the substrate signal proportional to the
layer susceptibility. In addition, an intrinsic lateral anisotropy, which is explained by the lifting of the degen-
eracy of planar modes due to the anisotropic images forming in the substrate, has been detected. For higher
coverages the influence of anisotropic cluster shapes and strong multipolar resonances are identified.
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I. INTRODUCTION

Nanometer sized metal particles have recently attracted
much scientific interest due to their promising applications in
catalysis, ultrahigh data storage, and biomolecular sensors.
Access to their physical properties can be gained via optical
means by probing the particle-plasmon polariton resonances,
i.e., the excitation by light of collective electron motion."? In
the case of nanoparticles supported on a substrate, the optical
response is manifested in form of resonances with different
spectral positions corresponding to plasmon modes polarized
perpendicular (1,0) and parallel (1,1) to the substrate.>= In
the following we will refer to this kind of splitting as out-of-
plane anisotropy. Under certain conditions the otherwise de-
generate planar modes (1,1) can also be split;6‘9 this second
class of anisotropy will be referred to as in-plane anisotropy.

In this paper, we present a characterization by means of ex
situ spectroscopic ellipsometry (SE) and in situ reflectance-
difference (-anisotropy) spectroscopy (RDS/RAS) of nomi-
nally few nanometer thick layers of Ag clusters supported on
a laterally anisotropic Al,O5(1010) substrate. This combina-
tion of SE and RDS allows us to selectively study out-of-
plane and in-plane anisotropies, respectively.

SE probes the change in polarization state upon oblique
reflection of linearly polarized incident light [Fig. 1(a)]. The
splitting between the (1,0) and (1,1) modes can have differ-
ent origins, such as the oblateness of the particle,m trunca-
tion of the figure,'""'> and even the filling fraction in a two-
dimensional distribution of particles.>'® Besides SE,'#
several other techniques such as extinction/absorption,>*
reflectivity,' and surface differential reflectance (SDR) (Ref.
16) are sensitive to the out-of-plane anisotropy.

RDS (Refs. 17-20) measures the difference in reflectivity
at normal incidence for two orthogonal, linear polarizations
of the incident light, E, and E,, which are aligned with the
in-plane optical eigenaxes of the sample [see Fig. 1(b)]. The
acquired signal can be written as

Ar oy (1)
r retr,

where r4is the complex reflection coefficient for light polar-
ized along the in-plane ¢ eigenaxis of the sample. In the
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following, & (=x,y,z) will be used as the laboratory frame.

Due to the normal incidence of light Ar/r is a measure of
the lateral anisotropy of the system, which in the present case
consists of small metal particles on top of an anisotropic
substrate. Therefore, the optical anisotropy arises from both
the intrinsic optical anisotropy of the cluster layer, giving
rise to a splitting of the in-plane (1,1) plasmon resonance,
and from the overlayer induced modulation of the aniso-
tropic substrate response, similar to the screening due to
roughness in surfaces of bare materials?!?? or adsorbed spe-
cies on anisotropic substrates.”> As we will show in this pa-
per, this screening contribution produces most of the aniso-
tropy signal for overlayers with strong plasmon-related
features. Nevertheless, the different contributions to the
reflectance-difference (RD) signal can be properly analyzed
and the part of the spectrum that corresponds to the intrinsic
causes of anisotropy of the cluster layer can thus be sepa-
rated from the screening contribution. Note that the (1,0)

(a) SE

FIG. 1. Metal cluster optical anisotropies measured by (a) SE
and (b) RDS. The complementary information obtained in the two
cases is shown schematically in terms of the imaginary part of the
polarizabilities Im(a)=a,. (c) Sample representations with the defi-
nitions used in the paper.
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plasmon resonance is polarized perpendicular to the substrate
and cannot be excited at normal incidence of light. Conse-
quently, RDS can be used as a measure of the small in-plane
anisotropies without the influence of the out-of-plane (1,0)
mode.

The intrinsic lateral anisotropy in the optical response of
metal clusters supported on a substrate can have different
sources: it can be caused directly by the shape of the particle
(anisotropic shape, SH), e.g., if the particle resembles an
ellipsoid where the lengths of the in-plane axes are
different.”®2* Alternatively, the anisotropy can be caused in-
directly by anisotropic interactions between the particles (an-
isotropic interaction, IN) if they are arranged in a pattern of
lower than square symmetry®?® or by the strong interaction
in particle pairs.?® As we will demonstrate in this paper, an-
other indirect cause for the optical anisotropy is the develop-
ment of an effective anisotropic polarizability of the particle
in response to a substrate with a laterally anisotropic dielec-
tric function (anisotropic images, IM). Miiller et al.?’ and
Park and Stroud?® reported a similar situation in which a
spherical particle embedded in a polarized nematic matrix
has been described as behaving optically as a spheroid with-
out actually being distorted.

II. EXPERIMENT

The Ag clusters were prepared in a UHV chamber (base
pressure p=5X1071" mbar) by depositing Ag onto
Al,05(1010) substrates (from SurfaceNet) at room tempera-
ture by means of an EFM3i UHV-evaporation source sup-
plied by Omicron/Focus. A controlled Ag deposition rate of
0.1 nm/min was used. The dielectric response &, and the
anisotropy Ag;=0.03 of the back-side roughened

AlL,O5(1010) substrates were measured before Ag deposition
by SE and RDS.

For the in situ characterization of the cluster layers we
used an RD spectrometer from Horiba Jobin Yvon in the
Acher-Drévillon configuration.'® The spectrometer was at-
tached to the UHV chamber through a low-strain window.
The photon energy range is 1.5-5.5 eV.

Ex situ characterization was carried out by means of RDS
and a variable angle of incidence M-2000 rotating compen-
sator spectroscopic ellipsometer from J. A. Woollam Co. The
multichannel ellipsometer has a photon energy range of
1.2-5 eV.

The morphology of the cluster layer was determined by
means of a LEO supra 35 scanning electron microscope
(SEM) from Raith.

_ XE (8[)_ 1)[8p+(8_8p)(1 _fv)Lﬁ] +fv£p(£_8p)
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II1. MODEL

A. Spectroscopic ellipsometry

Given the small size of the particles involved in the
present work, we will restrict ourselves to the quasistatic
approximation. The polarizability of an ellipsoidal particle
embedded in a medium with dielectric function ,, (¢,,=1 for
vacuum or air) is given by>?’

RXRYRz
Ay =

s—¢g,

3 eg,+Lge—¢,) @
where 9=(X,Y,z) and Ry, Ry, and R, are the radii of the
particle along its major axes (the frames ¥ and & are related
by a rotation around z). & is the bulk dielectric function of
the particle material (silver) whose imaginary part has to be
corrected to account for the reduced electron relaxation time
due to the limited size of the particle,®® and L4 are the shape
depolarization factors.> For an oblate spheroid Ry=Ry=R,
Ly=Ly, and axy=ay=q

The polarizabilities have to be transformed into the aniso-
tropic surface susceptibility tensor® with principal compo-
nents (7, v, B) by formally taking into account the truncation
of the spheroid, the interaction between particles, and the
interaction with the substrate’! up to quadrupolar order.
However, in the dipolar approximation*> the picture can be
simplified and the truncation enters in the self-image term of
Ref. 5 as S2/(4f%), where S.=R,/R. is the aspect ratio,
=D/R, is the truncation of the spheroid, with 2D as the dis-
tance between the direct dipole and its image, and f- =p7TRﬁ is
the two-dimensional filling fraction, with p as the number of
particles per unit area.

For dilute systems y=pa, and B=pa, (¢,=1), ie., a
simple average of the responses of noninteracting particles,
but for medium coverages the surface susceptibility has to
account for at least dipolar interactions. These are usually
included in models assuming particles arranged in a square
lattice or for random distributions within the framework of
the mean field approximation (MFA). The randomness of the
system induces further broadening and splitting of the
modes, which are underestimated by the MFA. In our case
we adapted the renormalized polarizability theory® (RPT) to
account for the oblateness of the particle. RPT considers the
variance of the dipole-dipole interaction tensor caused by
randomness in the positions of the clusters which leads to the
coupling of the cluster eigenmodes.?’

As will be discussed in the following sections, SE spectra
were measured in ambient air, thus the effects of tarnishing
ought to be considered. To this end we used the polarizability
of a particle coated by a dielectric shell (Sec. 5.4 of Ref. 2)
instead of Eq. (2). If the shell and the core have the same
aspect ratio the net polarizability can be written as

Ay

where ¢ »

B 477[8/; + (8 - Sp)(l _fv)Ll‘)][l + (8p - l)Lﬂ] +va1‘)8p(8 - Sp) ’

is the dielectric function of the shell, v, is the volume of the coated cluster, and fszﬁ/ (R”+dp)3 is the volumetric

3)

fraction of the particle occupied by the core. The shell thickness d, can be positive or negative indicating added material
(contamination) or tarnishing (e.g., oxidation) of the outer rim, respectively. As with Eq. (2), the truncation parameter is
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introduced externally as a perturbation to the dipole formed in the cluster. The fact that Eq. (3) was originally developed for
completely surrounded particles and that it assumes well-defined interfaces constitutes a limitation for the present application.
However, for the given conditions of the shell (transparency and small thickness) it is still a viable approximation.

Finally, the effective dielectric function (e)=(g,)+i{e,) of the layer/substrate system as a whole, as measured in SE, is

obtained by introducing in the ellipsometry formulas’? the reflection coefficients according to the thin-film theory,>!%-33-34
cos O—n,cos 0" + ik
= — )
cos O+ ngcos 0" —iky
k2
(n; cos 8- cos 0’)(1 - Zy,B sin’ 0) — ik7y cos 0 cos 8 + ikn,B sin® 6
rp = B ’ (5)

where 6 and ¢’ are the angles of incidence and refraction,
respectively, n,=1, is the refractive index of the substrate,
and k=2m/\. In the rest of the paper we will choose the real
or the imaginary part of the effective dielectric function (&)
to illustrate the apparent optical response of the whole
sample, whereas the dielectric response of a particular layer
or component of the system will be addressed when neces-
sary [see Fig. 1(c)].

In Fig. 2 we show the output of the model in form of
surface susceptibilities y=pea; and B=pa., where o is the
renormalized polarizability, together with the real part () of
the effective dielectric function (&) derived from r, and r, of
Egs. (4) and (5).3? Note that {g,) peaks at the resonant ener-
gies of the loss functions Im(y) and Im(g8), corresponding to
the excitation energies of the (1,1) and (1,0) plasmon modes,
respectively. Thus the real part of the effective dielectric
function of the whole system (g) is directly related to the

2 3 4 5
T T T T T T T

24 (a) N

& I (1,0)
30| (1,1)
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2 3 4 5
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FIG. 2. Output of the SE model. (a) Surface susceptibilities
calculated for Ag cluster layer with a nominal thickness of 1 nm on
Al,05(1010) (parameters as in Table 1) and (b) real part of the
effective dielectric function of the whole system.

k
(n; cos O+ cos 0’)(1 - Z*y/% sin’ 0) — ik cos 0 cos 6 — ikn,B sin® 6

imaginary part of the cluster layer dielectric function ;. In-
deed, in the long wave approximation the dimensions of the
cluster and the separation distances are both much smaller
than A\, and the cluster layer might be regarded as a continu-
ous flat film with dielectric function &;. Thus in Eq. (5), B
~1 —siylz.lo On the other hand, the resulting effective dielec-
tric function of the entire system (&) is similar to —ig; (with
the factor —i implying an interchange of the real and imagi-
nary parts, as seen in Fig. 2). This is a consequence of having
a stacked system where the material with the strongest spec-
tral features lies on top of a transparent substrate with no
pronounced spectral structure. The opposite sign of the (1,0)
related plasmon peak in (g,) as compared to the (1,1) mode
is a consequence of the discontinuity of the normal compo-
nent of the field at the inferface between the cluster layer and
the external medium (vacuum).?-37

B. Reflectance-difference spectroscopy

RPT was adapted to include anisotropic substrates. In this
case the originally isotropic contribution of the images A

=(g,—1)/(g,+1) has to be transformed as3%-4
A+ 0 0
A=l 0 A+ 0 , (6)
0 0 2(A,+ AA)
where
g, —1
=4, 7
“ g,+ 1 M
Ae
A=——, 8
2(e, + 1) ®

corresponding to a uniaxial crystal with the ¢ axis lying in
the plane of the substrate surface. In our convention the com-
ponents of the substrate dielectric tensor &, are (&,),,=&,,
(&5)yy=(gy),; =€, and Ag;=e.—¢g,, implying that the RDS
instrument was aligned to obtain maximum positive signal of
the bare substrate (& frame). As a consequence, the surface
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FIG. 3. Output of the RDS model. The thick line is the result of
Eq. (10) for a 1 nm Ag cluster layer on Al,05(1010), whereas the
thin and the dash-dotted lines are the screening and the intrinsic
anisotropic image contributions according to Eq. (I11) and
Eq. (12) |y, respectively. The dashed line shows the result for an
effective homogeneous overlayer on top of anisotropic

AlL,O5(1010) substrate obtained using the Abelés approach.

susceptibility becomes effectively in-plane anisotropic
(7¢» ¥y»B) due to the local field induced by images forming
in the birefringent substrate. The diagonal form of the tensor
is retained.

The reflection coefficient r for light polarized along the
in-plane direction & impinging at normal incidence on a thin
film of clusters on a substrate is

_ 1- nsy5+ lk’y(;

)

rs= L

1 +ng s—ikys
where ng ;5 is the refractive index of the substrate along &
=x,y and ys=pa’j is the in-plane surface susceptibility con-
sidering the in-plane anisotropic renormalized polarizabil-
ities @ The RD signal is then obtained by substitution of
Eq. (9) for polarizations of the incident light along the x and
y eigenaxes of the substrate in Eq. (1),

Ar Ang—ikAy
r - 1- (ns,x - lkyx)(nav - lky)) '

(10)

Equation (10) contains two sets of contributions, namely,

Ar : —2Any (11
r Ay=0 1- (ns,x - ik'}’)(ns,y - lk7) '

Ar B 2ikAy (12)
r Anj_:() 1- (nx - lk‘)/x) (ns - lk7\) .

Equation (11) describes the effect of the presence of a cluster
layer with in-plane isotropic plasmon resonances on top of
an anisotropic substrate, which we will refer to as the screen-
ing effect (see Fig. 3). This contribution can also be well
reproduced using the Abeles approach for a homogeneous
overlayer as will be described below.
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FIG. 4. Imaginary part of the apparent dielectric function of a
homogeneous overlayer (HL) which has been extracted from the
experimental data in Fig. 6 using a three-phase model.

The different intrinsic anisotropies can be described by
means of Eq. (12). Although Eq. (12) was developed in the
present work for anisotropic images via Eq. (6) and thus we
should have formally written Ay™, we would like to empha-
size its generality as it can also be used for the other intrinsic
sources of anisotropy described in Sec. L. In fact, Eq. (12) is
of the same form as Eq. (3) in Ref. 8 derived for elliptical
cluster shapes (Ay°%). In Fig. 3 we present the output of the
calculations for the same set of parameters used in Fig. 2
illustrating the different contributions to the full spectrum for
the case of anisotropic images [Eq. (10)=Eq. (11)
+Eq. (12)|;y]. From the comparison of the curves in Fig. 3
with the (1,1) mode in Fig. 2(a) we observe that Eq. (11)
oc—Im(ey) as discussed above in the context of Fig. 2 and that
Eq. (12) is dominated by a contribution %—d Im(e)/dE
(with p included in the proportionality factor). The latter re-
lationship is a consequence of the anisotropy term Ay in Eq.
(12) and reminiscent of the so-called derivative model often
evoked in the context of the three-phase model in RDS.*!

C. Three layer model and Abelés approach

Simplified phenomenological models can be used for
comparison with the results of those simulations based on a
realistic description of the cluster layer described above. In
particular, we can obtain, in an alternative way, the screening
contribution to the RD spectrum using a three-phase model
(vacuum/HL/anisotropic substrate) where HL stands for a
hypothetical isotropic homogeneous layer with a constant
width corresponding to the nominal thickness of the cluster
layer (1 nm in Fig. 3) but with an effective dielectric function
which includes all relevant plasmonic excitations.

In a first step, the effective dielectric function of the over-
layer ey was extracted directly from the experimental SE
data (Fig. 6) using the built-in routines of the spectrometer to
convert the ellipsometric data on the basis of a three-phase
model (vacuum/l nm HL/isotropic substrate). Thus, in this
first step, the anisotropy of the substrate is neglected but will
be reintroduced below in the actual calculation of the screen-
ing effect. For the isotropic substrate dielectric function we
used the average value of the measured anisotropic response

of Al,05(1010), which is a good approximation given that
A(g)<(g). The result is plotted in Fig. 4 along with a fit by
two Lorentzians corresponding to the (1,1) and (1,0) modes.
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As already discussed in the context of Fig. 2, the extracted
effective dielectric function e; may exhibit negative peaks
and even unphysical negative values in its imaginary part,
here associated with the (1,0) resonance.

Next, we have used the Abelés approach®” to estimate the
screening contribution to the RD signal, explicitly taking into
account the measured dielectric anisotropy of the substrate.
To this end the system is modeled by an isotropic homoge-
neous layer (j=1) with an effective optical response de-
scribed by the (1,1) curve of Fig. 4 on top of the anisotropic

Al,05(1010) substrate (j=2), surrounded by vacuum or air
(j=0). Note that we only retained the Lorentzian contribu-
tion corresponding to the (1,1) mode in &y, (dashed line in
Fig. 4) since only this resonance can be excited in the RDS
geometry for normal incidence of light. In the Abeles ap-
proach the light propagating through each layer j of a
stacked optical medium is represented by the product of the
Jones matrix describing the layer L; and the reflection/
transmission coefficients at the interfaces /; ; 132 The advan-
tage of this method is that the anisotropy of any of the layers
can be easily introduced in its Jones matrix. The Fresnel
coefficients for the J polarization of the light are obtained as
r5=Ss0.1/Ss(1.1), Where the scattering matrix S=1I, LI,
(omitting the subscript & for the two polarization directions)
and the subscripts in the parentheses denote matrix elements.
Finally, the RD signal is calculated by substituting these
Fresnel coefficients for normal incidence in Eq. (1). The re-
sult is shown in Fig. 3 along with the outputs of the RDS
simulations described in Sec. III B. The screening contribu-
tion to the RD signal is well reproduced using the homoge-
neous overlayer model, as can be seen by the overlapping of
the corresponding curves at the vicinity of the peak in Fig. 3.
The deviations at higher energies result from the fact that the
effective homogeneous overlayer dielectric function was de-
rived from the experimental SE data by assuming a simple
Lorentzian line shape for the isotropic (1,1) mode (Fig. 4).

IV. RESULTS

The morphology of the cluster layers, as determined by
SEM and the analysis performed with the aid of image-
analysis programs,*>*3 is presented in Figs. 5(a)-5(c). Figure
5(d) displays the Feret radius (R), defined as is the radius of
a circle with the same area as the actual cluster, versus the
major semiaxis of the cluster R,. The dashed line depicts the
trend for the present range of cluster sizes. The deviation
from the line of perfect circles (solid line) which increases
with cluster size is a clear evidence for an elongation, of the
larger particles, though not necessarily for their preferential
orientation or alignment. Whether this elongation occurs ran-
domly or preferentially along a certain direction can be in-
ferred from the fast Fourier transform (FFT) images pre-
sented in the right panels of Figs. 5(a)-5(c): from the ringlike
structure in the FFT image of Fig. 5(a) we conclude that the
cluster shape and arrangement for the 1 nm Ag sample is

PHYSICAL REVIEW B 78, 075416 (2008)

FIG. 5. [(a)—(c)] Real space SEM images and calculated recip-
rocal space power spectra (FFT) for 1, 3, and 3.8 nm
Ag/Al,0O5(1010), respectively. Scales are indicated (FFT in nm™").
(d) Feret radius Ry plotted against the cluster major semiaxis length
Ry. The solid line (slope=1) represents clusters growing with an
in-plane circular shape.

laterally isotropic. Thicker cluster layers (3 and 3.8 nm Ag),
however, are characterized by a weak but non-negligible el-
lipsoidal shape in the FFT images [Figs. 5(b) and 5(c)] indi-
cating that either the cluster elongation or their alignment
occurs preferentially along the direction indicated by the
dashed lines in the FFT images. Evident alignments of Ag

clusters on Al,05(1010) have been reported previously.25*

Since the out-of-plane anisotropy is better known in the
literature, we first present our SE results expressed in terms
of an effective dielectric function (&) for the different
samples (Fig. 6). Two situations are considered, according to
whether the samples were measured before or after SEM
characterization, which imply different degree of tarnishing
or contamination. The differences are clearly evident in the
direct comparison of both stages for the 1 nm Ag layer. Also
shown are simulations of the experimental SE spectra based
on the model described in Sec. III A. The geometrical cluster
parameters were extracted from the SEM images in Fig. 5.
For the dielectric function of silver we used experimental
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FIG. 6. Real (left) and imaginary (right) parts of the effective
dielectric functions (&) for Ag films on Al,05(1010). Circles and
squares correspond to experimental data recorded either before or
after SEM measurements, respectively. Solid lines represent simu-
lated spectra.

results reported by Johnson and Christy.*> We employed the
usual correction to the electron relaxation time due to limited
size of the particles 1/7=1/73+(1+a)vg/R), where 75 is the
bulk relaxation time,* v is the Fermi velocity, and a is an
interfacial damping parameter. We have used a=0.6 as re-
ported for Ag on alumina.*® For the surrounding dielectric

PHYSICAL REVIEW B 78, 075416 (2008)

shell [Eq. (3)] we used a value &,=3 and a thickness d,
depending on the degree of tarnishing or contamination. In
this way the spectrum of the nominally 1 nm Ag layer can be
reproduced in excellent agreement with the experiment for
both stages of tarnishing. The parameters employed in the
model are shown in Table I. The rigid redshift of both plas-
mon modes (compare the position of the dashed arrows with
respect to the solid ones) is a direct consequence of the shell
thickening, but the line shape at the lower energy side can
only be explained by a distortion of the particles, i.e., more
truncated spheroids were required to simulate the spectra re-
corded after the SEM measurements. The actual energy po-
sitions of the resonances were reproduced by increasing the
effective interaction length {(d) to reduce the splitting; here
(dy=1/+p is the mean center to center cluster spacing and
is a free parameter. {{d) is used in the Heaviside step func-
tion that represents the two-particle distribution function.
The fact that this effective interaction distance is smaller
than (d) has been addressed in the past.*’” The simulated
spectra are in good agreement with the experimental data and
allow us to identify the spectral position of the (1,0) and
(1,1) particle-plasmon modes indicated in Fig. 6 by the ar-
rows (see also Fig. 2). From the simulation of the experimen-
tal spectra we also find that the clusters evolve from near
spherical to more oblate figures with increasing nominal film
thickness, as demonstrated by the monotonously increasing
shape ratio'® §,=25./(1+¢) in Table 1. This is in agreement
with previous reports.*® Variations in the parameters R, t,
and { by =5% lead to slight but observable distortions in the
line shapes and (asymmetric) energy shifts of the order of
+100 meV (=20 meV for ¢) for the (1,1) mode and
F5 meV (+20 meV for R,) for the (1,0) mode.

In Fig. 7 we present RD spectra recorded in UHV condi-
tions for the nominally 1 and 3 nm thick Ag layers. It is
noted that the characteristic features consist of negative
peaks departing from the background birefringence of the

TABLE I. Parameters used for the simulation of the SE and RD spectra. R is the average in-plane radius
of the particles, R, the perpendicular radius, ¢ the truncation parameter, d, the shell thickness, p the cluster
number density, S, the shape ratio, { an adjustable parameter for the mean interaction distance, and Syy the
in-plane aspect ratio.

Parameter 1 nm Ag 3 nm Ag 3.8 nm Ag
RDS* SEP RDS/SE® RDS* SE® SE/RDS¢
(R (nm)d 3.0 293 293 6.48 6.44 7.55
(R,) (nm)° 2.75 2.69 2.69 5.7 55 5.7
t° 0.54 0.54 0.495 0.6 0.6 0.62
d, (nm)* -0.07 0.3 -0.04 0.6
p(nm=2) ¢ 0.007 0.007 0.007 0.002 0.002 0.0016
st 1.406 1.415 1.457 1.421 1.464 1.63
¢ 04 04 0.48 0.41 0.39 0.45
Syy ¢ 0.86 0.87
4n situ.
Ex situ.

CEx situ, after SEM.

dAfter Fig. 5 (Rj=Rp).

CFitted.
Derived.
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FIG. 7. Experimental RD spectra for (a) 1 nm and (b) 3 nm Ag
deposited on the Al,05(1010) surface (circles). The substrate bire-
fringence is indicated by the dotted line. Solid lines are simulations
based on the dipole approximation. For comparison the position and
relative intensities of the multipolar resonances calculated by Laz-
zari et al. (Ref. 51) are shown as vertical lines at the bottom of (b).
The dashed lines indicate dipolar (P) and the solid lines quadrupo-
lar (Q) contributions. The arrows show the main features in the
present experiment.

substrate indicated by the dotted lines in Fig. 7. In the fol-
lowing we will provide an interpretation of these line shapes
invoking the coupling of the polarizability of the cluster to
its own anisotropic image and neglecting provisionally in the
model any structural sources of in-plane anisotropy. Indeed,
Figs. 5(a) and 5(d) show that the clusters for the 1 nm Ag
layer are statistically isotropic, i.e., the base of the particles is
nearly circular with no preferred direction of elongation and
they are distributed on the substrate in a stochastic way. This
is in contrast to situations in which the clusters clearly show
preferential orientation of shapes or high regularity in their
distribution.®?>#* Yet, a number of previous studies*>:12:4%-30
have concluded that the dielectric function of the substrate
plays an important role in tuning the resonances of the sys-
tem when the particles are in contact with the substrate. In
Fig. 7(a) we present the result of a simulation of the real part
of the RD spectrum of 1 nm Ag. By means of Eq. (10), we
can reproduce the line shape, sign, and offset of the experi-
mental RD signal—as shown in Fig. 7(a)—by assuming a
rigorously isotropic planar geometry. It is worthwhile noting
that the resulting amplitude is also comparable to the experi-
ment (1:1.2 ratio). According to Fig. 3, the RD spectrum is
apparently dominated by the screening contribution of Eq.
(11); however, neglecting the intrinsic contribution of Eq.
(12) does not give a good agreement with the experiment. In
the absence of a pronounced structural anisotropy we con-
clude that the anisotropic image effect [Eq. (12)|py] is the
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FIG. 8. Comparison of RD spectra recorded ex situ (hollow
circles) and in situ (dots) for (a) 1 nm Ag and (b) 3.8 nm Ag.
Simulation A (dashed lines) includes screening and anisotropic im-
age effects. The arrows show the peak position of Eq. (11) (screen-
ing contribution) alone. For the simulation A+ B in (b) the effect of
anisotropic cluster shapes has been included (see text).

key to explain this residual contribution. In the calculation,
the imaginary part of the (1,1), and (1,1), polarizabilities
are separated by 2.5 meV, only, and the amplitudes differ by
less than 1%. This, however, is enough to be clearly detected
by RDS. The most important deviations are the absence in
the calculation of the kinks at 3.3 and 3.64 eV in the experi-
mental spectrum, labeled Q; and Q, in Fig. 7(a), which can
be explained by the presence of multipolar resonances.’!
These become more evident at higher coverages as seen in
Fig. 7(b), where the RD spectrum for 3 nm Ag is plotted
together with a simulation based on the dipole approxima-
tion. The simulation even accounts for the average aniso-
tropic shape of the clusters with an in-plane aspect ratio
Sxy=Ry/Ry of 0.86. To this end, Eq. (12)|gyq was included
in the simulation as discussed in the final part of the paper.
Still, the calculation clearly fails to reproduce the Q features
in the experimental RD spectrum. For comparison, the posi-
tions and relative intensities of the multipolar resonances as
calculated by Lazzari et al.’' for a Ag nanohemisphere on
a-AlL,O; are indicated at the bottom of Fig. 7(b). These
resonances (Q;, Q,) originate from the accumulation of polar
charges in the sharp triple interface cluster-substrate-medium
(vacuum). While the effect of the quadrupolar resonances
can be clearly identified experimentally, its modeling is be-
yond the limits of the present dipolar approach.

However, as evidenced in Fig. 8, there is an efficient way
to suppress the quadrupolar resonances by simply exposing
the samples of Fig. 7 to air. Upon removal from UHV the
particles are partially tarnished and the sharp interfaces
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responsible for multipolar resonances are smoothened.’!
This, by the way, is the reason why multipolar contributions
are also not observed in the SE spectra (Fig. 6) which were
all recorded ex situ. As discussed above, the primary effect of
tarnishing is not only the formation of a dielectric shell
around the cluster leading to a rigid redshift of the plasmon
modes but also a distortion of the shape of the particles. The
corresponding parameters are listed in Table I and are the
same for the SE and RDS simulations shown in the top panel
of Fig. 6 and in Fig. 8(a), respectively. The simulation of the
RD spectrum for the 1 nm Ag layer in Fig. 8(a) now repro-
duces quite well the experimental curve recorded ex situ and
after SEM imaging, even the contribution of the Ag bulk
interband transition at around 3.9 eV. Although this contribu-
tion already influences the position of the resonances for par-
ticles much smaller than those presented here,”” it is not
clearly visible in Fig. 7(a) due to the presence of the pro-
nounced multipolar resonances for the in situ measurement.
For clusters made of noble metals the quadrupolar interac-
tion with the substrate is expected to be rather small;! none-
theless, it should survive the tarnishing effect just as the
particle-substrate dipolar interaction. This might help us to
explain the remaining deviation of the simulation from the
experiment at 3.3 eV seen in Fig. 8(a). Again, the experimen-
tal RDS line shape and the peak position cannot be repro-
duced by the screening effect alone, as shown by the arrow
in Fig. 8(a), indicating the position of the peak as derived
exclusively from Eq. (11): the apparently sharper onset of the
resonance at the low energy side (~2.4 eV) can only be
modeled by introducing more truncated figures (smaller 7) as
reported in Table I, which also implies a stronger contribu-
tion of Eq. (12)]yy to the overall spectrum due to the closer
distance of the dipoles to their anisotropic images.

Upon exposure to ambient air also the shape related Q
features for the thicker films have vanished, as seen in Fig.
8(b) for the 3.8 nm layer sample, thus revealing the contri-
bution of the dipolar resonance. Yet, simulation A, which
comprises only the screening and intrinsic image effects
[Eq. (11)+Eq. (12)|] and again uses the same param-
eters as the corresponding SE simulation (lower panel of Fig.
6) yields a very poor match for energies below 3.3 eV. How-
ever, this deviation can be mostly corrected by simulation
A+B in Fig. 8(b), which includes the in-plane anisotropic
cluster shapes [Eq. (12)|sy], as suggested by the FFT-SEM
image of Fig. 5(c). For easier comparison, we have plotted in
Fig. 9 the residual spectrum (circles) after subtracting simu-
lation A from the experimental curve of Fig. 8(b). The solid
line was produced by considering an in-plane aspect ratio
Syy=0.87, which is the one derived from the FFT-SEM im-
age of Fig. 5(c), while keeping the volume of the particle
constant. Here we are not attempting to reproduce the actual
amplitude of the spectrum but only the line shape. The am-
plitude and sign of the signal can be affected by the angle of
the axis of preferential orientation with respect to the RD
instrument alignment (~-55°) and by the fact that only a
small fraction of particles show this orientation. Note that the
splitting of the maximum- and minimum-energy positions
depends on the aspect ratio (dashed lines) and that the mea-
sured Syy nicely reproduces the line shape of the residual
spectrum.
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FIG. 9. Residual RDS intensity (circles) obtained as the differ-
ence between the measured RD spectrum (ex sifu) and simulation A
in Fig. 8(b) for 3.8 nm Ag/Al,05(1010). The solid line represents
the contribution of the anisotropic cluster shape for an in-plane
aspect ratio Syy=0.87 as derived from Fig. 5(c). Calculations for
several other values of Syy are shown by dashed lines.

It might be surprising that the anisotropy of the quadru-
polar resonances is apparently larger than the dipolar one;
however, the behavior of the resonances upon tarnishing and
the fact that the spectrum of Fig. 8(b) was well simulated
using matching SE curves and independently measured as-
pect ratios lead us to believe that our peaks assignment is
correct.

V. CONCLUSION

In summary, SE and RDS have been used to study

particle-plasmon resonances of Ag/Al,05;(1010) for nominal
Ag layer thicknesses below 4 nm. The RD signal has been
explained in terms of two contributions arising due to the
birefringence of the substrate: a screening contribution which
becomes dominant for overlayers with strong plasmon-
related features and an intrinsic anisotropic renormalization
of the in-plane polarizabilities due to the dipole images. Both
contributions are present even if the individual clusters and
their arrangement on the substrate are structurally isotropic.
For higher coverages in-plane anisotropic cluster shapes or
arrangements and multipolar resonances also contribute to
the RD signal. The multipolar resonances can be efficiently
quenched by exposing the cluster samples to air.

The combination of RDS and SE allows us to experimen-
tally separate between lateral and out-of-plane anisotropies
of particle plasmons. This, together with the quantitative the-
oretical description presented here, constitutes a sound basis
for the optical characterization and control of cluster growth.
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