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ABSTRACT The optical extinction response of individual Au—Ag@Si0, hetero-
dimers whose individual morphologies are determined by transmission electron
microscopy (TEM) is investigated using spatial modulation spectroscopy. The
extinction spectra show two resonances spectrally close to the surface plasmon
resonances of the constituting Au and Ag@Si0, core—shell particles. The inter-
particle electromagnetic coupling is demonstrated to induce a large increase of the
optical extinction of the dimer around its Au-like surface plasmon resonance for light

polarized along its axis, as compared to that for perpendicular polarization and to e
that of an isolated Au nanoparticle. For spherical particles, this interaction also leads s Bt

to comparable shifts with light polarization of the two dimer resonances, an effect masked or even reversed for particles significantly deviating from
sphericity. Both amplitude and spectral effects are found to be in excellent quantitative agreement with numerical simulations when using the TEM-
measured dimer morphology (i.e., size, shape, and orientation of the individual dimers), stressing the importance of individual morphology

characterization for interpreting heterodimer optical response.
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he optical response and the concomi-

tant local field enhancement effect

associated with the localized surface
plasmon resonance (LSPR) of metal nano-
objects have been extensively investigated,
both experimentally and theoretically, during
the past decade. Though the LSPR spectral
position, amplitude, and light polarization
dependence can be modified and optimized
for specific applications through tuning of the
nano-object size, shape, and composition,1'2
possibilities are limited when using objects
formed by a single particle. This limitation
is particularly important for applications
requiring large local enhancement of the
electromagnetic field in and around the
nano-object. In this context, plasmonic cou-
pling between two (or more) interacting
metal nanoparticles forming a nano-object
offers many new possibilities for tailoring its
optical response, as well as the amplitude and
spatial distribution of the associated local
field>* Homodimers formed by two inter-
acting particles of the same metal have
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been synthesized and investigated,s’11 and
their optical response has been qualitatively
interpreted in the context of the plasmon
hybridization model®'*'* and reproduced
using numerical simulations.#%'*'> In parti-
cular, the effect of size or shape asymmetry
(using gold nanosphere—nanoshell dimers)
of the forming nanoparticles has also been
investigated®'®"" The concomitant large
field enhancement between the constituting
particles has been exploited to enhance
Raman scattering'® or fluorescence'” of mol-
ecules or to create high-sensitivity sensors,'®'®
and the optical response dependence on
the interparticle distance is used to develop
“olasmon rulers””?%*!

Although they offer even larger versa-
tility, heterodimers constituted by two
nanoparticles of different metals have been
much less investigated, mainly because of
the difficulty involved in their controlled
fabrication. In the case of model systems
formed by interacting Au and Ag nano-
spheres, the numerically computed spectra
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show two resonances, with wavelengths close to those
of the LSPR of isolated Ag and Au spheres.'®?~2% Their
electromagnetic coupling leads to a large enhance-
ment of the computed optical response (absorption or
scattering) around the Au-like LSPR when the light
polarization is changed from orthogonal to parallel
with respect to the dimer axis and as compared to that
of the isolated Au particle. Concomitantly, a small red
shift of both resonances is predicted, in contrast to the
prediction of the plasmon hybridization model, which
neglects coupling between the LSPR and the contin-
uum of interband transitions'%?272° (the red shift of
the Ag-like LSPR originating from the Fano profile of
gold nanoparticle absorption in a Ag—Au dimer®?%),
The latter spectral signature has been recently ob-
served by measuring the optical scattering spectra of
individual heterodimers formed by gold and silver
nanospheres linked by a DNA chain.'® However, the
spectral shape (e.g., the relative amplitude of the
resonances) and light polarization dependence of the
scattering amplitude of the studied dimers were found
to be very different from the computed ones assuming
the dimer is formed by nanospheres. This suggests that
the observed polarization dependence of the mea-
sured spectra is not only due to plasmon hybridization
but also reflects other effects such as deviation from
sphericity of the forming particles and/or oxidation
issues (see below).

To fully and unambiguously analyze the optical
response of heterodimers, we have investigated dif-
ferently synthesized nano-objects formed by a gold
particle bound to a silica-coated silver particle
(Au—Ag@SiO, dimers). The silica shell of the Ag@SiO,
particle permits both controlling the distance separat-
ing the gold and silver components and (importantly)
preventing silver oxidation. The optical extinction
spectra of individual dimers were measured using
spatial modulation spectroscopy, a technique that
has the advantage of providing absolute cross-section
measurements, conversely to more commonly used
dark-field microspectroscopy techniques. Transmis-
sion electron microscopy (TEM) was then used to
determine the individual morphology of each optically
investigated nanodimer. This correlation is particularly
important here, as the optical signatures of electro-
magnetic coupling in a dimer of nanospheres can be
significantly altered, or even suppressed, when the
forming particles deviate from sphericity. Excellent
agreement was obtained between the experimental
spectral features, amplitudes, and light polarization
dependence of the extinction cross-sections of differ-
ent single heterodimers and the results of numerical
simulations using their measured morphology as an
input. Qualitative agreement was also obtained with
generalization of the dipolar hybridization model'®
taking into account the gold interband transitions,
i.e., the valence electrons.
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EXPERIMENTAL RESULTS AND DISCUSSION

Experiments were performed on model colloidal
heterodimers formed by a gold nanosphere bound
to a core—shell Ag@SiO, nanoparticle (Figure 1a).
The dimers were synthesized by first independently
preparing solutions of gold nanospheres in ethanol
and silica-coated silver nanoparticles in water (see
Methods). Although the selected synthesis of silver
nanoparticles?® yields mostly nanocubes, a significant
amount of spheres was also formed, which were
selected for the subsequent measurements. Additional
reshaping may also occur during the silica coating
process, even though the base catalyst was dimethyl-
amine rather than ammonia,? and thus the sol—gel
reaction medium was significantly less oxidizing. The
binding between the components of the dimer was
achieved through surface modification of the Ag@SiO,
particles with a positively charged polyelectrolyte
(poly(allylamine hydrochloride), PAH), which can readily
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Figure 1. a) Model morphology of an Au—Ag@SiO, hetero-
dimer formed by spherical particles. b) TEM image of
nanoparticles of the Au—Ag@SiO, solution showing the
presence of heterodimers (indicated by red circles) and of
unpaired particles. c) Normalized absorbance of one of
the synthesized Au—Ag@SiO, solutions (plain black line)
and of the initial Ag@SiO, (dashed grey line) and Au
(dashed orange line) nanoparticle solutions (these last
spectra were normalized to a maximum value of 0.5 for
clarity). The mean size of the Au particle is (Ra,) = 32.5 nm,
and that of the Ag core (Rpg) = 18.5 nm with a SiO, shell
thickness (Ry —Rag) = 16 nm.
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bind to the gold nanoparticles, which are weakly nega-
tively charged upon ligand exchange and coating with
poly(vinylpyrrolidone) (PVP). Heterodimers were then
formed by electrostatic assembly of Ag@SiO,@PAH and
Au@PVP nanoparticles when mixing the solutions. After
incubation for 2 h to allow electrostatic attachment, the
sample was centrifuged at low speed (1100 rpm) to
remove part of the unbound nanoparticles. The precip-
itate was redispersed in water and found to contain a
high concentration of heterodimers (about one-third of
the particles present in the solution), as shown by TEM
characterization (Figure 1b). The gold particles have a
larger average size than the silver cores of the Ag@SiO,
particles in order to increase their relative contribution
to the optical response of the dimer (the LSPR amplitude
being smaller for gold than for silver nanospheres of
identical sizes, because of LSPR interband damping in
gold). 28 The shell thickness of the Ag@SiO, particles
was chosen to be smaller than the Au and Ag sizes
to permit sufficient Au—Ag electromagnetic coupling,
a nanosphere being sensitive to its environment over
a distance of typically its size.>® For the synthesized
particles, TEM characterizations yield an average Au
diameter of 65 nm and, for the core—shell Ag@SiO,
particles, an average Ag core size of 37 nm covered by a
silica shell with 16 nm average thickness.

As expected, the absorption spectrum of the colloi-
dal solution of heterodimers exhibits two resonances
around 430 and 540 nm (full line in Figure 1c). Their
spectral positions are almost identical to those ob-
served for the LSPR of the initial solutions of Ag@SiO,
and gold nanoparticles, respectively (dashed lines in
Figure 1c). As dimer formation is expected to mostly
show up in amplitude- and polarization-dependent
changes in the optical spectrum,’®?2~% these effects
are difficult to observe in ensemble measurements due
to the presence of unpaired particles and to random
dimer orientation (Figure 1b). These drawbacks are
suppressed by investigating individual nano-objects,
which permits us to address their polarization-
dependent optical response.® The spectra and abso-
lute values of the extinction cross-section of individual
heterodimers were measured using the spatial mod-
ulation spectroscopy (SMS) technique.®' This relies on
modulation at frequency f of the position of a nano-
object in the focal spot of a tightly focused light beam
of wavelength 1 (Figure 2a). The presence of a nano-
object results in modulation of the transmitted light
power, with an amplitude proportional to its extinction
cross-section e, (4) and sum of its absorption (o,ps)
and scattering (0scar) Cross-sections. After calibrating
the focal spot size and modulation amplitude, the
absolute value of 0.4(4) can be determined. In our
experiments, Oe,:(4) was measured in the 400—650 nm
range using a tunable light source formed by a femto-
second optical parametric oscillator system and a
frequency-doubled femtosecond Ti:Sapphire oscillator
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Figure 2. (a) Principle of spatial modulation spectroscopy
(SMS) setup for measurement of the extinction cross-
section of individual nano-objects. (b) Extinction spectra
of a single Au—Ag@SiO, heterodimer deposited on a thin
silica layer supported by a TEM grid, for incident light
polarization parallel (red squares) and orthogonal (black
circles) to the dimer axis. (c) TEM image of the investigated
dimer formed by quasispherical particles with R, =29 nm,
Rag = 20 nm, and a SiO, shell thickness Ry — Rag = 16 nm
(Figure 1a). (d) Model of Au—Ag@SiO, heterodimer depos-
ited on a glass substrate used in FEM computations in the
case of spherical nanoparticles.

(see Methods). The incident light was linearly polarized,
and its polarization direction controlled using the
combination of a quarter-wave plate and a polarizer.
Due to the limited spatial resolution of far-field tech-
niques, SMS measurements can be performed only on
samples with a low surface density of particles (less
than about one particle per um?). These were prepared
by spin-coating the Au—Ag@SiO, heterodimer solu-
tion on a substrate compatible with TEM measure-
ments (i.e.,, TEM grids covered by a 40 nm thick silica
film; see Methods). This approach permits combining
optical spectroscopy of an individual nanoparticle and
determination of its morphology and orientation by
TEM.32735

The measured extinction spectrum of an Au—Ag@SiO,
dimer formed by quasispherical particles is illustrated
in Figure 2b for linearly polarized light, with polariza-
tion either along or perpendicular to its axis. This
relative orientation was determined observing the
dimer orientation on the substrate, together with its
morphology, by TEM imaging (Figure 2¢) and used in
the modeling (Figure 2d, see below). As the ensemble
spectrum (Figure 1c), the 0ey spectrum of a single
heterodimer exhibits two resonances with central
wavelengths around 420 and 530 nm. However, the
spectral positions were found to shift when the light
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Figure 3. (a) TEM image and (b) extinction cross-section
spectra of the same Au—Ag@SiO, heterodimer for incident
light polarized parallel (red squares) and orthogonal (black
circles) to the dimer axis. (c) Computed extinction cross-
section spectra for parallel (red line) and orthogonal (black
line) polarizations for spherical constituting particles with
the TEM measured sizes: Ra, = 29 nm, Rag = 19 nm, and
R: = 33 nm. The dashed line is the sum of the computed
extinction cross-sections of isolated Au and Ag@SiO,
nanospheres with the same sizes. (d—f) The same informa-
tion for a pair of separated quasispherical Ag@SiO, and Au
particles, with Ry, = 28 nm, Rag = 18 nm, R, =35 nm, and a
50 nm surface to surface separation between the two
nanoparticles. A mean refractive index of the environment
above the substrate n,, = 1.3 was used in both FEM
simulations.

polarization direction was changed, with extrema cor-
responding to polarization either parallel or perpendi-
cular to the dimer axis. For the latter polarization, the
resonances are close to those of the LSPR of a silver
sphere in silica (about 420 nm) and of a gold sphere
deposited on a glass substrate (about 530 nm).2%3¢ Both
resonances are shifted by ~10 nm to longer wave-
lengths for parallel polarization. The most striking effect
of polarization is however on the 0., amplitude, which
gets enhanced mostly around the Au-like resonance.
In this spectral region, the peak 0., amplitude is about
two times larger for parallel than for orthogonal polar-
ization, while it is comparable for both polarization
directions around the Ag-like resonance (Figures 2b
and 3b). These spectral and amplitude polarization
dependencies are consistent with those computed for
significant electromagnetic coupling between gold and
silver nanospheres.'®?*~2° However, the above spectral
signature (i.e., red shift of both resonances for light
polarized along the dimer axis as compared to perpen-
dicular polarization) is observed only when the hetero-
dimer is formed by almost spherical nanoparticles.
Modified or even reversed behavior can be observed
when the constituent particles significantly deviate
from sphericity, as illustrated in Figure 4 (see full
discussion below).

To interpret these combined effects in the hetero-
dimer responses, a more detailed analysis was
carried out here as the morphology of each optically
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Figure 4. Same as Figure 3 in the case of heterodimers
formed by nonspherical particles. The heterodimer in the
left column is formed by an almost spherical Au nanoparticle
of radius Ry, = 28 nm and by a Ag@SiO, particle elongated
along a direction almost perpendicular to the dimer axis. The
Ag particle is modeled as a prolate ellipsoid with long axis of
59 nm and a short axis of 50 nm (i.e., an aspect ratio of 1.2).
Conversely the Ag@SiO, particle forming the heterodimer in
the right column is almost spherical, with Ryg = 26 nm and
R; = 37 nm, while the Au particle is elongated and has been
modeled as a prolate ellipsoid with long axis of 66 nm and a
short axis of 50 nm (i.e., an aspect ratio of 1.3). The dashed
lines are the sum of the computed extinction cross-sections
of isolated Au and Ag@SiO, nanoparticles with the same
sizes for the two orthogonal light polarizations. A mean
refractive index of the environment above the substrate
nm = 1.25 was used in both FEM simulations.

investigated dimer is known from TEM imaging.
Numerical simulations of the optical extinction spectra
were performed using finite element modeling (FEM)
with a classical approach based on Maxwell's equations
and the material dielectric functions. Dimers formed by
quasispherical nanoparticles were modeled as a gold
sphere of radius Ra, in contact with a silica-coated
silver sphere with core and external radius Rag and
Ry, respectively (Figure 1a). The different sizes were
determined from TEM images (Figures 2c and 3a). The
dielectric constants reported by Johnson and Christy*’
and Palik®® were used for gold and silver, respectively,
as they permit good reproduction of the LSPR wave-
length of single metal nanoparticles.?*>53%4° Correc-
tions for size effects were neglected, as they only yield
minor broadening of the LSPR for the relatively large
sizes of the component particles used here3®*' The
presence of the substrate was taken into account
assuming it occupies the semi-infinite space below
the nano-object (Figure 2d).3*3* In this modeling, the
only free parameter is the refractive index, n,, of the
mean environment embedding the nano-object above
the substrate. It can significantly deviate from the air
value due to the presence of surfactant molecules and
of residual solvent, as shown in previous studies using
similar experimental geometry.3*3> Here, n,,, values in
the 1.2—1.3 range were typically used to reproduce the
spectral position of the dimer resonances.
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The spectral shape and amplitudes of the computed
Oext SPectra are in excellent quantitative agreement
with the experimental ones for quasispherical particles
(Figure 3¢f). In particular, the wavelength and relative
amplitude of the resonances, as well as their light
polarization dependence, are well predicted. To con-
firm the origin of the polarization dependence of the
Oext SPECtra, measurements on a pair of separated Au
nanosphere and Ag@SiO, nanoparticle with almost
spherical cores have been performed. This pair, ran-
domly formed during the spin-coating process, was
identified by TEM imaging (Figure 3d). The interparticle
distance, about 50 nm from surface to surface, is
comparable to their size, making them only very
weakly interacting. As expected, the measured extinc-
tion spectrum is then almost independent of light
polarization, with basically identical amplitudes for
both polarizations and only minor spectral shifts
(Figure 3e). This behavior is in stark contrast with that
observed for all the investigated Au—Ag@SiO, hetero-
dimers formed by almost spherical particles (Figure 2c
and Figure 3a), thereby confirming their large electro-
magnetic coupling for parallel as compared to perpen-
dicular polarization. In the case of the pair of distant
nanoparticles, the o¢, spectra are almost identical to
the sum of the computed ones for the constituting Au
and Ag@SiO, nanoparticles (Figure 3f), as expected,
because of their weak electromagnetic coupling due
to their large separation. In contrast, for a heterodimer
the Oey Spectrum is close to that of the sum of the
constituent particles only for orthogonal polarization
(with almost no spectral shift, and only reduction of
Oexe @around the Ag-like LSPR, Figure 3c). It strongly
deviates from that for parallel polarization, showing a
red shift of both resonances and an increase of the 0y
amplitude around the Au-like LSPR, in quantitative
agreement with the experimental results (Figure 3ef).

The dependence of g on Au—Ag separating
distance was investigated using FEM modeling, by
performing calculations similar to those leading to
Figure 3c, for various values of the silica shell thickness
(Figure S1 in the Supporting Information). The results
show that electromagnetic coupling effects on the
extinction spectra (i.e, LSPR amplitude changes and
position shifts) monotonically increase with decreasing
distance. However, these variations remain moderate
in the thickness range that is accessible with our
synthesis protocol (typically 10—50 nm silica shell
thickness). Investigation of the near-touching regime,
for which large modifications of LSPR amplitude and
position as well as nonclassical effects are expected,*?
would require the development of a new synthesis
method for coating silver nanoparticles with thinner
silica shells, which is out of the scope of this paper (note
that gold encapsulation with a thin silica shell has been
demonstrated,**** but investigation of Ag—Au@SiO,
would raise the important issue of silver oxidation).

LOMBARDI ET AL.

For a quasispherical Au particle and a slightly
elongated Ag particle (Figure 4a), the Au-like LSPR
exhibits the expected red shift with parallel light
polarization, while in contrast, a blue shift is observed
for the Ag-like LSPR (Figure 4b). The opposite behavior
is observed for a dimer formed by an elongated Au
particle and an almost spherical Ag particle (Figure 4d,e).
These opposite wavelength shifts of the Au and Ag-like
LSPRs are ascribed to overcompensation of the effect
due to Au—Ag particle interaction by that due to the
particle shape anisotropy (the LSPR of an elongated
particle being red-shifted for light polarized along its
long axis as compared to its short one). In both cases,
enhancement of the g, amplitude around the Au-like
LSPR for parallel polarization is observed. However,
the observed enhancement depends on the particle
size and shape and is particularly large in the case of
the dimer of Figure 4a (4-fold enhancement of gy, at
540 nm). To analyze the impact of the shape anisotropy
and relative size of the constituting nanoparticles on
the measured spectra, similar FEM calculations were
performed for heterodimers formed by elongated par-
ticles. Following the TEM-measured morphology shown
in Figure 4, one of the particles was assumed to be
spherical and, as a first approximation, the shape of the
other one was modeled as a prolate ellipsoid (the Ag
particle in Figure 4a and the Au particle in Figure 4d, with
aspect ratios of about 1.2 and 1.3, respectively) with
a long axis orthogonal to that of the dimer. The polar-
ization dependencies of the spectral positions of
the resonances of the two heterodimers are very well
reproduced (Figure 4). In particular, in the case of an
elongated Ag nanoparticle, the Ag-like LSPR for orthog-
onal polarization (parallel to the long nanoparticle axis)
is red-shifted as compared to parallel polarization, show-
ing that shape anisotropy effect dominates over the one
due to electromagnetic coupling (Figure 4b). A similar
effect is observed for the elongated Au nanoparticle
close to the Au-like LSPR of the dimer (Figure 4e). These
observed spectral shifts of the Au- and Ag-like LSPRs,
in excellent agreement with numerical simulations
(Figure 4c/f), are in contrast to those calculated and
observed in the case of spherical particles, though
relatively small particle anisotropies are considered. This
stresses the importance of particle anisotropy on the
observed optical response of a dimer and, thus, the
necessity of precisely determining its morphology.
The amplitude of the 0., spectrum and its polarization
dependence are also very well reproduced, showing
that when the dimer is constituted by Ag and Au
nanoparticles with similar sizes (Figure 4a), the weak
Au-like LSPR observed for perpendicular light polariza-
tion is strongly enhanced for parallel polarization (factor
of 4) due to interaction with the Ag particle. Other
orientations of the elliptical particles are discussed in
the Supporting Information (numerical simulations in
Figure S2 and experiments in Figure S3). This further
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Figure 5. Spatial distribution of the total electric field in and around the Au—Ag@SiO, heterodimer of Figure 3a, formed by
spherical particles with R, = 29 nm, Rag = 19 nm, and R, = 33 nm, computed using FEM. The incident light polarization is
parallel (a, b) and orthogonal (c, d) to the dimer axis, and the field is computed at 0.y resonance wavelengths, as in Figure 3b:
(a) 430 nm, (b) 540 nm, (c) 420 nm, and (d) 530 nm. The electric field amplitude is normalized to that of the incident wave (E%

and shown on a color-coded logarithmic scale.

illustrates the strong dependence of spectral shifts
on particle orientation, as well as the amplification of
coupling effects when the elongation direction coin-
cides with the dimer axis. The optical response of dimers
involving nanoparticles with nonspheroidal shapes
is also shown (e.g., triangular shape, see Figure S3), their
accurate modeling requiring even more precise deter-
mination of their morphology, using for instance 3D
electron tomography.*>*®

For the size of the nanoparticles shown in Figures 2
and 3, the absorption contribution to the extinction
is typically two times larger than scattering (Figure S4
in the Supporting Information; for larger ones such
as in Figure 4, scattering becomes comparable to
absorption). The computed 0,55 and 0Oy, Spectral
features are similar, and their polarization dependen-
cies can be ascribed to variation of their electromag-
netic coupling, i.e, modification of the local field in one
particle due to coupling with the other. This is illu-
strated by computing the electric field amplitude map
of the electromagnetic field for the heterodimer of
Figure 3, at its resonance wavelengths and for different
polarization directions (Figure 5). For orthogonal po-
larization, the electric field distributions at the Ag-like
and Au-like LSPRs (about 420 and 530 nm, respectively)
are similar to those of noninteracting nanoparticles
(presented in Figure S5, in the Supporting Information),
which is consistent with observation of similar extinc-
tion spectra (Figure 3c). In contrast, for parallel polar-
ization, electromagnetic coupling in the dimer creates
a large field anisotropy, with large enhancements in
the region between the particles.

As previously mentioned, the observed spectral
behavior (i.e., red shift of both resonances for inter-
acting nanospheres) is in contrast to that predicted by
the dipolar plasmon hybridization model in its simplest
form (i.e, describing interaction of two plasmonic
resonances). Spectral separation of the resonances,

LOMBARDI ET AL.

i.e, red and blue shifts of the long- and short-wave-
length resonances, respectively, is then predicted for
parallel polarization that maximizes the dipole—dipole
interaction.'®'>"® For heterodimers, resonant interac-
tion of the LSPR with other states has to be included,
e.g., the continuum of gold interband transitions that
overlaps the Ag-like LSPR.'® This can be simply intro-
duced by describing each forming particle as a polariz-
able entity with polarizability o calculated from its full
dielectric constant, ¢, and neglecting the spatial varia-
tion of the incident electromagnetic wave over the
dimer (quasistatic approximation), assuming its size is
much smaller than the optical wavelength. For an
isolated spherical particle of radius R, o. = 47R3(e — &)/
(e + 2¢m) (where ¢, is the dielectric function of the
embedding material, assumed to be homogeneous
here), its induced dipole moment being proportional
to the product of a and the external electric field.
Conversely, the field experienced by a particle in a dimer
is the sum of the external field plus that due to the dipole
induced in the other particle. One can then calculate the
dimer polarizability for perpendicular and parallel light
polarization, respectively (details are provided in the text
of the Supporting Information):

Olag 0L QagQ,
Qag + Oay + 9 Qpg +Oau — A9 A
B 273
oy = o a = (1)
_ GagOau _ GagQay
Q) (4mP)?

where aa ag are the polarizabilities of the gold and silver
particles, and [ is the center-to-center distance of the
spheres in the dimer. The dimer absorption and scatter-
ing cross-sections are then obtained from the imaginary
part and square modulus of its polarizability, respectively
(see Supporting Information). The cross-sections com-
puted for the dimer morphology of Figure 3a are shown
in Figures 6a and S6a for parallel and perpendicular
polarizations, respectively. They are in qualitative
agreement with those obtained with FEM, showing in
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Figure 6. (a) Extinction, absorption, and scattering cross-
sections (plain red, black, and green lines, respectively)
computed using the dipolar-quasistatic model for incident
light polarized parallel to the axis of a Ag—Au heterodimer
formed by Ag and Au nanospheres of radius 19 and 29 nm,
respectively (a homogeneous environment with a refractive
index of 1.45 was assumed). The dashed line is the sum of the
extinction cross-sections computed for isolated gold and
silver nanospheres. (b—d) Complex polarizabilities com-
puted at 360 nm (b), 420 nm (c), and 530 nm (d) for the
dimer (plain black) and its silver and gold components (gray
and orange arrows, respectively) and in absence of inter-
action (dashed lines). Situation (b) roughly corresponds to
out-of-phase induced dipoles for the gold and silver spheres,
while (c) and (d) correspond to similar phases.

particular the enhancement of the dimer optical re-
sponse for light polarization parallel to its axis, as com-
pared to the simple sum of the individual extinction
spectra of the constituting nanoparticles (Figure 6). The
quantitative amplitude and width of the silver-like reso-
nance and its polarization dependence are however not
correctly reproduced, probably because of neglecting
multipolar effects and assuming an optically uniform
environment around the gold and silver particles.

This dipolar-quasistatic model permits us to qualita-
tively interpret the general trends of the optical
spectrum in terms of wavelength-dependent dipolar
interaction of the component particles. Around the
Au-like LSPR (at about 530 nm) and on the red side of
the Ag-like LSPR, the field created by one particle at
the position of the other particle is weakly dephased
with respect to the external field, and therefore the
two fields interfere constructively. This increases the
induced dipolar amplitude and modifies its phase, as
reflected in the effective polarizability of interacting Au
and Ag particles, as compared to noninteracting ones
(as demonstrated by the representation of polarizabil-
ities in the complex plane shown in Figure 6¢,d, where
vector length and inclination with respect to the
horizontal axis account for the polarizability amplitude
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and dephasing with the external field, respectively;
see also Supporting Information). The polarizability
(full black arrow in Figure 6c,d) and the extinction
cross-section of the dimer are thus enhanced as com-
pared to those of a noninteracting pair (dashed black
arrow in Figure 6¢,d). On the blue side of the Ag-like
LSPR, the polarizability of the Ag particle, dominated
by its free electron response, is phase-shifted by almost
7t/2 as a result of the sign change of Re(e + 2¢,,) at
the Ag LSPR (Figure 6b).?? This eventually reduces the
dimer optical response as compared to that of the non-
interacting pair, because of destructive interference
between the external field and that scattered by the
silver particle (Figure 6a around 360 nm). For orthogo-
nal polarization, the polarizability of the constituting
particles and of the dimer are very similar due to
coupling reduction. For our dimer morphology, the
spectrum is thus almost identical to the noninter-
acting particle one, in agreement with FEM modeling
(Figure S6 of the Supporting Information).

CONCLUSION

The extinction spectrum and amplitude of individual
Ag—Au heterodimers and their dependencies on light
polarization have been investigated using spatial mod-
ulation spectroscopy. Experiments were performed on
model systems formed by Au nanoparticles in contact
with a core—shell Ag-SiO, particle, the silica shell
acting as spacer and preventing silver oxidation. The
measured extinction spectra are close to the sum of the
extinction spectra of the isolated Au and Ag@SiO,
particles for light polarized perpendicular to the dimer
axis. In contrast, a large enhancement of the extinction
cross-section around the gold-like LSPR is observed for
light polarized along it, also in comparison to that of
an isolated Au particle (by a factor of 1.5 to 4 for the
investigated dimers, depending on the constituent
particle sizes and shapes). This Au-like LSPR enhance-
ment is the signature of strong electromagnetic
coupling of the Ag and Au particles in the dimer,
for parallel polarization. For spherical particles, this
coupling also leads to red shifts of both the dimer
resonances when changing the light polarization di-
rection from perpendicular to parallel to the dimer
axis. This polarization-dependent spectral shift can be
masked or even reversed when the forming particles
significantly deviate from sphericity (aspect ratio in
the 1.2—1.3 range), due to competition between the
effects of electromagnetic coupling of the Ag and Au
particles in the dimer and of their individual shape
anisotropy. The impact of particle coupling on the
optical response of a heterodimer can thus be unam-
biguously investigated only if its morphology is inde-
pendently determined.

The measured extinction cross-section amplitude,
spectral shape, and polarization dependence were
found to be in excellent agreement with FEM
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numerical simulations using the size, shape, and
orientation of the individual dimers determined by
TEM. In particular, enhancement of the optical re-
sponse around the gold-like LSPR due to interaction
with the Ag particle is quantitatively reproduced, as
well as the shape- and polarization-dependent spectral
shift of the resonances. For quasispherical particles, the
polarization dependence of the Ag-like LSPR wave-
length is an indirect signature of the Fano resonance

METHODS

Chemicals. Ascorbic acid, tetraethylorthosilicate (TEOS),
and ethylene glycol were supplied by Aldrich. Sodium citrate,
tetrachloroauric acid trihydrate (HAuCl, x 3H,0), and cetyltri-
methylammonium bromide (CTAB) were purchased from
Sigma. Poly(allylamine hydrochloride) (PAH, M,, 15 000), sodium
hydrosulfide (NaSH), poly(vinyl pyrrolidone) (PVP, M,, 55000),
silver trifluoroacetate (CFsCOOAg), and HCl solution were
purchased from Aldrich. Dimethylamine solution (DMA) was
supplied by Fluka. Pure-grade ethanol and Milli-Q-grade water
were used in all preparations. All chemicals were used as received.

Synthesis of Au Spheres. Citrate-Au seeds (15 nm, [Au] =3.56 x
107® M) were prepared by the standard Turkevich method.*’
A 2.5 mL amount of ascorbic acid (0.5 mM) was added to 500 mL
of an aqueous solution containing HAuCl, (0.25 mM) and CTAB
(0.015 M) at 35 °C. Subsequently, 7.5 mL of the seed solution was
added and the growth reaction was allowed to proceed for one
hour, to obtain gold nanospheres with an average diameter
of 65 + 5 nm, as determined from TEM images.48 Prior to dimer
formation, the gold spheres were coated with PVP by first
centrifuging (8000 rpm, 20 min) and redispersing in Milli-Q
water, followed by dropwise addition of a PVP aqueous solution,
previously sonicated during 15 min ([Aul/[PVP] ratio = 1), under
vigorous stirring. The mixture was gently stirred overnight and
then centrifuged (3500 rpm, 3 h) and redispersed in ethanol
under sonication.*

Silica Coating of Silver Nanoparticles and Amine Functionalization of
Silica Shell Surface. PVP-stabilized silver nanoparticles were pre-
pared by using a previously reported method.?® Subsequently,
silica coating was carried out by addition of a sol—gel precursor
mixture to the silver colloid, with the following final concentra-
tions: [Ag] = 0.1 mM; [H,0] = 10.55 M; [DMA] = 0.016 M; [TEOS] =
0.8 mM.?” The mixture was then centrifuged (2500 rpm, 30 min)
twice and redispersed in ethanol. The synthesis yielded average
sizes of 37 &+ 2 nm for the silver core diameter and 16 + 2 nm
for the silica shell thickness.The silica shell surface was then
modified with amino groups by mixing 4 mL of Ag@SiO,
(0.2 mM) in ethanol with 4 mL of PAH (M,, 15000, 0.8 mg/mL)
aqueous solution and stirring overnight.>® The mixture was
centrifuged at 1200 rpm twice, and the precipitate redispersed
in 8 mL of water so that the Ag concentration was around 0.1 mM.

Formation of Au—Ag@Si0, Dimers. In a typical experiment to
prepare the hybrid nanostructures, 1 mL of Au@PVP in ethanol
(0.233 mM) was added dropwise under vigorous stirring to
1 mL of AgNP@SiO,@PAH (0.1 mM) in water. In order to allow
electrostatic attachment of Au@PVP onto Ag NP@SiO,PAH, the
samples were allowed to mix for 2 h. Finally, the product was
extensively diluted with milli-Q-water and spin-coated onto a
40 nm thick transparent silica membrane.

Absolute Extinction Cross-Section Measurements of Single Dimers.
The light polarization dependent extinction cross-section spec-
trum of single dimers was measured using the spatial modula-
tion spectroscopy technique.3! The incident light beam was
focused using a 100x microscope objective with a numerical
aperture of 0.75, yielding focal spot sizes of d ~ 0.74 (full width
at half-maximum of the light intensity profile). The sample
position was modulated at f ~ 1.5 kHz. The light power
transmitted through the sample was detected by an avalanche
photodiode, and its 2f component was extracted by a lock-in
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effect predicted theoretically in small gold—silver
heterodimers. More generally, the observed spectral
and amplitude behaviors of the optical response of a
heterodimer are manifestations of local modification of
the electromagnetic field distribution in and around
the constituent particles. This opens many possibilities
for nanoscale manipulation of the electromagnetic
field playing with the constituent particle composition,
size, shape, and coupling (via their separation).

amplifier.?® The light source used in our experiments was a
femtosecond optical parametric oscillator (OPO) pumped by
a Ti:Sapphire oscillator. The OPO generates pulses tunable in
the 490—690 nm wavelength range. The 400—490 nm spectral
range was covered by frequency doubling in a BBO crystal with
a tunable Ti:Sapphire oscillator. Combining these sources,
wavelengths over the visible range 400—690 nm required for
gold—silver heterodimer spectroscopy could be created.

Correlation of Optical Measurements with TEM Microscopy. To com-
bine SMS and TEM characterizations of single nanodimers,
colloidal dimer solutions were spin-coated on TEM grids
with 50 x 50 zm? windows covered by a 40 nm thick silica film.
Spin-coating conditions were adjusted so as to yield a > 1 um
average spacing between deposited nano-objects, compatible
with their individual observation using optical means. Individual
dimers were first localized on the surface by low-magnification
(typically x2000) TEM observation and distinguished from
unpaired gold or silver nano-objects. Importantly, the moderate
electron beam illuminations used for this nano-object selection
step have been shown not to alter their optical properties.
The optical response of the selected dimers was subsequently
measured by SMS. Finally, they were imaged with TEM using
high magnifications (typically x200 000) to precisely character-
ize their geometry.3?

Finite-Element Modeling. Spherical geometries were used for
gold and silver nanoparticles and silica shells (Figure 2d), unless
specified. The silica substrate on which the dimers are deposited
was modeled as a semi-infinite medium (taking into account its
finite thickness yields identical results, as the substrate thickness is
comparable to the sizes of the particles). A refractive index value of
1.45 was used for both the silica substrate and the silica shell, while
the refractive index, ny,,, of the surrounding medium in the half-
space above the substrate is used as a free parameter to account
for the possible presence of surfactant molecules or residual
solvent (its value is typically here in the 1.2—1.3 range).>*
Absorption cross-sections were deduced from the spatial
integral of resistive heating. Scattering cross-sections were
deduced from the flux of the Poynting vector of the scattered
electromagnetic field over a sphere surrounding the dimer.3®
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