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ABSTRACT: We present a new method to pattern assemblies of gold nanorods (GNRs) on substrates and a study of the
near-field coupling induced by the aggregation of the nanoparticles. Combination of deep-UV lithography and controlled
deposition of functionalized GNRs generates complex GNR assemblies. Near-field coupling is investigated by photoemis-
sion electron microscopy (PEEM) on single, dimer and elongated aggregates of GNRs. This comparative study exhibits
different kinds of near-field coupling efficiency that occur depending of the incident light polarization, inter-particle gaps
and angles between the nanorods. Hot spots of the near field are associated to the inter-particle gap regions.

INTRODUCTION

Metallic nanoparticles perform in many fields: photovoltaic,'
modulation of molecular properties,” multimodal imaging,’
photothermal therapy”® and biosensing.? Indeed, light-
matter interaction at the nanometric scale generates specific
optical and electric properties, which can be driven by light.
Localized surface plasmon resonances (LSPRs)"“"* - coherent
delocalized electron oscillations at the interface between a
metal and a dielectric under a light stimulation - are the
cornerstone of them.

Such properties are nowadays accessible at the nanometer
scale by using techniques not limited by diffraction such as
electron microscopy in electron energy loss mode EELS,*"
cathodoluminescence microscopy,®® photo-induced near-
field electron microscopy PINEM”*® or photoemission elec-
tron microscopy PEEM.”™ Among them, PEEM relies on a
“photon in / electron out” interaction scheme based on an
increase of the photoemission yield in the electromagnetic
near field of the resonant nanoparticle. The higher the near
field, the higher the photoemission yield. PEEM demonstrat-
ed solid capabilities in the near field investigation of single
particles of various geometries™ such as nanorods,* cubes,”
triangles® or stars.”” Since nanoparticle assemblies are prom-
ising materials, scientists actively pursued their investiga-
tions. In the following, PEEM is used to carry out a special
multi-scale study of controlled nanoparticle assemblies from
the single object up to large aggregates.

A better control of the assembly processes is important to
optimize the near-field couplings. Several methods have
been developed over the years to improve patterning such as
surface functionalization,”*® funneled traps prepared by
lithography,* solvent assisted self-assembly®>** or smectic
oily streaks.®® All of these methods try to strike a balance

between inter-particle distance control (nanoscale) and large

2D area patterning (microscale), both mandatory for future
meta-material applications.

In this work, we focus on a nanoparticle of basic geometry,
namely a gold nanorod (GNR).>* We developed a new meth-
od combining deep-UV lithography and suitable deposition
conditions of GNRs with adapted functionalization to get
GNR assemblies of controlled geometries. We used PEEM on
such deposits to characterize the photoemission of (i) single
GNR, (ii) GNR dimers and (iii) large elongated GNR aggre-
gates. We finally performed theoretical calculations for a
better understanding of the experimental results. In short,
we proposed a new method for the development of con-
trolled gold nanorod assemblies and characterized their
near-field optics.

EXPERIMENTAL METHODS

Gold nanorod synthesis. Gold nanorods™”” were synthe-
tized according to Murray’s synthesis,”” by mixing a seed
solution and a growth solution and using a binary surfactant
mixture®® to get a better control of the aspect ratio. (i) Seed
solution: 5 mL of HAuCl4 solution (0,5 mM) were stirred at
50°C with 5 mL of cetyltrimethylammonium bromide (CTAB)
solution (0,2 M). 1 mL of NaBH4 (0,01 M) was added under
vigorous stirring. The solution got brown because of the fast
gold reduction. (ii) Growth solution: 3,5 g of CTAB, 0,617 g of
sodium oleate (NaOL) and 125 mL of deionized water were
mixed under stirring at 50°C. We added 29,15 mL of AgNO3
(4 mM) to catalyze; waited for 15 minutes; and added 125 mL
of HAuCl4 (1 mM). While waiting for go minutes, the yellow
growth solution got transparent because of the slow gold
reduction. Finally, 2 mL of HCl (37 wt.%) were added before
a 15 minutes wait. In a final gold reduction, we added 0,625
mL of ascorbic acid (0,064 M) under vigorous stirring. (iii)
Mixture: 0,2 mL of the seed solution was vigorously stirred
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with the growth solution. We waited for 14 h at room tem-
perature to obtain the final GNRs (7,2.10'° GNR / mL). Chem-
ical products were purchased at Sigma-Aldrich and used
them without any further purification. We synthetized two
batches of GNRs. In synthesis 1 (previously described), the
GNRs are 81,2 + 0.1 nm in length and 20,0 + 0.1 nm in width,
meaning an aspect ratio of 4,06. In synthesis 2, the GNRs
make 15,6 + 0.1 nm length and 57,4 + 0.1 nm broad, meaning
an aspect ratio of 2,01. Figure 1 presents the extinction spec-
tra (Cary 5000 UV-vis-NIR, Varian) and SEM images (Zeiss
supra 40 MEB FEB, Gemini column) of these synthesis.
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Figure 1. Extinction spectra of the gold nanorods used for (a)
PEEM experiments (synthesis 1) and (b) deep-UV lithography
(synthesis 2). (c-d) Corresponding SEM images.

Gold nanorod functionalization. To drive their organiza-
tion on silicon wafer, GNRs were functionalized by sodium
polystyrene sulfonate (PSS, M = 70 ooo g/mol).?® After re-
moving the CTAB surrounding the gold nanorods (6000 rpm,
relative centrifugal force RCF = 3 461 g, 20 minutes twice), we
mixed 6 mL of the cleaned gold nanoparticle solution and
1,34 mL of a PSS solution (10 mg/mL) during 45 minutes at
room temperature. A last centrifugation (12 ooo rpm, RCF =
15 455 g, 10 minutes) allowed to remove the PSS excess re-
maining in the solution. The functionalized gold nanorods
(GNRs@PSS) were redispersed in 6 mL of water.

Gold nanorod depositions. Preparation of self-
assembled monolayers (SAMs) was conducted following a
classical procedure, described in previous studies.*” Sub-
strates were silicon wafers, first cleaned by a 30 minutes UV-
ozone irradiation (Bioforce Procleaner plus) and then im-
mersed in silane precursor solution overnight. More precise-
ly, the hexadecyltrichlorosilane (HTS, 95%, ABCR GbmH, 1
mM) solution was prepared in chloroform/cyclohexane
(50/50 vol. %). HTS was used as received. After the reactions,
the substrates were carefully rinsed to eliminate any remain-
ing ungrafted precursors.

Photo-patterning of SAMs was conducted via deep-UV ir-
radiation using an excimer laser emitting at 193 nm (Excistar
from Coherent Inc.) and achieved using binary masks con-

sisting of metal lines on fused silica substrates. Hydrophilic
functionalized strips’ width is 850 nm while remaining hy-
drophobic areas’ one is 750 nm (Figure Si.a).

GNRs@PSS (synthesis 2) were deposited on these func-
tionalized surfaces by using one of the two following meth-
ods. (i) Droplet method. We put the surface on a 50°C hot
plate, dropped 40 pL of the GNRs@PSS solution on the sur-
face and waited for the total evaporation of the solvent. (ii)
Spin coating method. We put the surface on the spin coater
headland, dropped 40 pL of the GNRs@PSS solution on the
surface and waited three minutes for a better spreading.
Then, the surface was spun at 8oo rpm (acceleration = 9)
during 60 s and the solution leftover was evaporated by put-
ting the surface on a 50°C hot plate.

Photoemission electron microscopy measurements.
Photoemission electron microscopy measurements was per-
formed on a previously described setup.” In short, the exci-
tation of any LSPR strongly enhances the photoemission
process. The obtained multiphoton photoemission electron
maps thus reflect the actual distribution of the optical near
field at the GNRs’ surface.*"**

The GNRs were excited with the pulsed output of a
Ti:AlLO; oscillator (Chameleon Ultra II, Coherent Inc., repeti-
tion rate 8o MHz, pulse width 150 fs) delivering photons in
the A = 690 - 1000 nm wavelength range (1,80 - 1,24 eV). Peak
power densities at the sample surface are in the range o,5 - 5
GW/cm?. We can adjust the polarization of the laser beam
from p- to s-polarization with a half-wave plate. [llumination
is conducted at grazing incidence (angle o = 72,5° between
light k-vector and sample surface normal) (Figure 2.a). We
maintained constant fundamental parameters of the illumi-
nating beam during the experiment - intensity, pulse time
width and focus position - to acquire point by point wave-
length (steps of 5 nm) and polarization dependence (steps of
5°) curves. We processed PEEM images with background
correction and signal integration over regions of interest to
determine the photoemission intensities.

The photoemission microscope (PEEM/LEEM III, Elmitec
GmbH) operates under ultrahigh vacuum conditions. The
setup can also record an image reflecting the topography of
the sample by operating in low-energy electron imaging
mode (LEEM) using the backscattered electrons. It achieves a
spatial resolution down to 20 nm in PEEM imaging mode
and close to 10 nm in LEEM mode. The topography images
can be spatially correlated to the PEEM signatures.

To facilitate LEEM / PEEM experiments, additional simple
GNR deposits (synthesis 1) have been carried out on conduc-
tive indium tin oxide (ITO)-coated glass substrate. Figures
2.b and 2.c display representative PEEM and LEEM signa-
tures of individual GNRs on ITO glass substrate. As detailed
below, no organization of the deposit is sought with these
samples; the objective is to randomly disperse GNRs to ac-
cess and characterize elementary building blocks of pat-
terned GNR assemblies.

Electromagnetic calculations. Electromagnetic calcula-
tions were performed in order to confront theoretical results
to the experimental ones. We used the MNPBEM Matlab
toolbox® for the simulation of metallic nanoparticles.
MNPBEM is based on a boundary element method (BEM)
approach. This
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Figure 2. (a) Parameters of the system: grazing incidence angle o, in-plane polarization angle 6, dimer bisector angle @, green
arrow incident light wavevector, blue and red arrows light electric field. (b) PEEM imaging (excitation wavelength 710 nm) of
dipolar LSPR signature of the GNRs, (c) LEEM imaging of individual GNRs. Scale bars for (b-c) codes for 500 nm. (d) Single gold
nanorod model, using a MNPBEM trirod method to construct the discretized particle boundaries and (e) gold nanorod dimer
model, with surface elements, dimer bisector angle ®, inter-particle gap distance d.

toolbox allows to design objects — separated by abrupt inter-
faces - of homogeneous dielectric functions. For interpreta-
tion purposes, two elementary geometrical configurations
are considered: (i) an individual GNR 81 nm in length vs 20
nm in diameter (Figure 2.d) and (ii) a dimer of non-aligned
GNRs with same previously mentioned dimensions (Figure
2.e). To discretize the particle boundaries, we used the
MNPBEM trirod method with discretization parameter n =
25. Gold dielectric function is taken from Johnson and Chris-
ty** and the surrounding media is considered homogeneous
with a refractive index set to 1,4. This value stands for an
effective average of the substrate (indium thin oxide ITO,
resp. Si) and the surrounding media contributions (vacuum).
The incident angle of the excitation light beam is 72,5° (graz-
ing incidence). Experimentally®® for GNRs, the PEEM elec-
tron yield corresponds to a non-linear photoemission process
(absorption) of order 6 in field magnitude. In BEM simula-
tion, the photoemission response is computed from the field
component normal to the object surface |E,|. For each sur-
face element, we first computed the scalar product between
the surface normal vector and the total electromagnetic field,
raised its magnitude to the power of 6 and summed up all
the surface contributions. For individual object, we comput-
ed field distribution map and in-plane rotation dependence.
For the GNR dimer, we additionally studied the impact of the
gap distance d and the inter-particles angle between the two
dimer units. In parallel to field maps, absorption and scatter-
ing spectra are computed. Descriptions in terms of integrat-
ed field and cross sections are equivalent. Light response of
large elongated aggregates is qualitatively interpreted on the
basis of the dimer model response.

RESULTS AND DISCUSSION

Gold nanorods deposition. The aim of our approach is to
generate aggregates with a controlled morphology (length
and width) of a GNR single monolayer. First tries of CTAB-
free GNRs showed no selectivity during the deposition pro-
cess between the hydrophobic and hydrophilic strips. How-
ever, using GNRs@PSS led to a selective deposition of the
nanoparticles in the hydrophilic strips as PSS drives the
adsorption (Figures S1.b and S2).

We investigated several parameters with the droplet
method (previously described in the experimental methods
section) to get GNR organizations: surface irradiation dose,
droplet volume and concentration of the GNRs@PSS solution
(Figures S3-5). First, the higher the irradiation dose, the
better the selectivity. This conforms with the deep-UV irra-
diation process: since the originally hydrophobic stripes turn
during irradiation into hydrophilic ones by a photo-oxidative
process,*’ the higher the dose, the higher the chemical con-
trast between irradiated and non-irradiated areas. Then, the
higher the droplet volume, the higher the GNR density.
However, no clear trend appears for the GNRs@PSS solution
concentration: a low concentration does not generate elon-
gated packings we seek and a high concentration entails
multi-layered ones and a spatial selectivity decrease. A bal-
ance needs to be found depending of the concentration of
the GNR solution.

With droplet method optimized parameters, we obtained
GNR organizations on silicon wafer (Figure 3). Assemblies



occur near the droplet evaporation front and differ according
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Figure 4. SEM images of gold nanorod deposits obtained by using (a-c) the droplet method (evaporation of a 40 pL. GNRs@PSS
solution droplet on a 50°C hot silicon wafer) or (d-f) the spin coating method (after a 40 pL. GNRs@PSS solution droplet deposi-
tion on a silicon wafer and a 3 minute delay, ejection of the droplet at 800 rpm (acceleration = 9) during 60 s and evaporation of

the residual on
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Figure 3. SEM images of a gold nanorod deposit. (a-b) Areas
where the droplet front is parallel to the hydrophilic lines.
GNR assemblies are 2 pm long in average. (c-d) Areas where
the droplet front is perpendicular to the hydrophilic lines.
GNR assemblies are 6 pm long in average.

the relative orientation of the evaporation front to the hy-
drophilic bands. Indeed, small GNR aggregates (average
length of 2 pm) form when the droplet evaporation front is
parallel to the hydrophilic strips (Figure 3.a-b) whereas larger
elongated ones (average length of 6 pm) take shape when
evaporation front and strips are perpendicular (Figure 3.c-d).

The droplet method gives elongated GNR aggregates with
some residual amount of GNRs on hydrophobic strips and
GNR multi-layers in some part of the assemblies (Figure 4.a-
¢). Inhomogeneous evaporation of the solvent and great
sensitivity to nanoscopic local defects on the surface may

50°C hot plate)

explain this drawback. Therefore, we investigated a spin
coating method to tackle these issues.

With spin coating method optimized parameters (previ-
ously described in the experimental methods part), we ob-
tained different GNR organizations on silicon wafer (Figure
4.d-f). First, the GNR aggregates are more compact in shape,
meaning shorter and broader. Average dimensions are 2,5
pm in length and 0,6 pm in width, to be compared to 6,0 pm
in length and 0,4 pum in width for assemblies obtained with
the droplet method. Then, almost no residual GNRs stand
between the GNR assemblies and these lasts are mono-
layered. Hence the spin coating method distinctly improves
the GNR deposits by increasing both the deposition selectivi-
ty and their mono-layer nature.

Thanks to the combination of chemical patterning and
functionalized GNRs, selective deposition is achieved. The
droplet method yields an important GNR density on the
surface but the spin coating one exhibits more promising
results by solving deposition selectivity and mono-layer
nature issues.

From a geometrical point of view, single and dimer GNR
units are the building blocks of GNR aggregates. Similarly,
the optical response of an elongated aggregate can be quali-
tatively understood on the basis of those of its elementary
building bricks. Hence we focused in a first step on the near
field characterization of the single and non-aligned dimer
GNR objects by photoemission microscopy.

Characterization of a single gold nanorod. As a reminder,
the higher the local electromagnetic field of the GNR, the
higher the photoemission signal; thus mapping the photoe-
mission yield means studying the local electromagnetic field
of the object.

Figures 2.b, 5.a and S6 display the photoemission response
of a single GNR (synthesis 1), with a near-field distribution
characteristic of a dipolar plasmon resonance with hot spots
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Figure 5. Nano-optics of a single GNR. Near field maps at dipolar plasmon resonance: (a) experimental PEEM imaging (excita-
tion wavelength 710 nm) and (b) computed BEM |E|* field map (excitation wavelength 731 nm). Reported blue arrow corre-
sponds to in-plane electric field. Scale bar codes for 100 nm. Photoemission yield azimuthal dependences: (c) normalized inte-
grated experimental PEEM signal (black crosses) and (d) normalized integrated computed BEM |E, |® field map. Light incidence
angle 72,5°. The blue dashed lines are a fit of a cos(8)°® function on the in-plane polarization angle 8. Angular coordinate: in-
plane polarization angle. Radial coordinate: normalized photoemission intensities.
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Figure 6. Nano-optics of a non-aligned GNR dimer - BEM simulation. (a) Plasmonic hybridization theory scheme. The bonding
and anti-bonding energy levels are correlated with the calculated absorption cross section maxima, whose intensities change
with the in-plane polarization angle 8 (bisector angle ® = 90°). (b) Fractional dependences of the dimer absorption cross section
with the inter-particle gap distance d (bonding B1 eigenstate) and a change of the bisector angle (bonding B1 eigenstate 6 = 9o°,

orange crosses, resp. anti-bonding A1

of the electric field at both object ends. Associated LEEM
imaging mode confirms the individual character of the ob-
ject, meaning that no other colloidal objects are present
within a distance of 1 pm (Figure 2.c). Figure 5.c reports po-
larization dependence of the GNR photoemission signal
under grazing incidence: we obtained a dipolar photoemis-
sion signature in accordance with previous works.*® Moreo-
ver, the polarization dependence can be modelled by a
cos(8)*™ function, with n the number of needed absorbed
photons for the photoemission of one electron to take place
and 0 the in-plane azimuthal polarization angle.*’ Here, a
cos(8)® simulation fits well the experimental data, pointing
to a non-linear three photon absorption process. Computed
field distribution map and in-plane rotation dependence
support this result (Figures 5.b and 5.d).

Characterization of a gold nanorod dimer. A dimer of
non-aligned GNRs exhibits a C,, point group symmetry (sub-
strate not considered). The latter possesses three symmetry
operations in addition to identity. One of them, the principal
rotation axis of order 2 (C,(z)) - aligned on the bisector angle

eigenstate 0 = 0°, blue crosses).

direction - defines the z axis according to the standard group
theory (reference coordinate system of the dimer object).
This principal axis constitutes the intersection of two per-
pendicular vertical mirror planes oy, and o,,. According to
the C,, character table,*® the irreducible representation (ir-
rep) of the dipolar resonance modes are of symmetry A,(z),
B,(x) and B,(y). The 1D irrep A, corresponds to a permanent
electric dipole aligned on the principal axis z, the B, one to a
mode with its dipole aligned to axis x (within the dimer
plane) and the B, one to a mode with its dipole aligned to
axis y (normal the dimer plane). According to the selection
rules,” all three A,, B, and B, dipolar modes are optically
active but only two of them are excited in a wavelength range
close to the longitudinal resonance of the individual GNR
(759 nm). These two states A, and B, correspond to excita-
tions within the xz dimer plane (Figure S7.a). The B, reso-
nance is associated to the transverse resonance of an indi-
vidual GNR.



Alternatively, these states can be described within the hy-
bridization model ,*® here limited at low order to the cou-

pling

270

Figure 7. Nano-optics of a non-aligned GNR dimer. PEEM experiments: (a) near field map in anti-bonding eigenstate A, (reso-
nance wavelength), (b) near field map in bonding eigenstate B, (off resonance) and (c) normalized azimuthal dependence. Exci-
tation wavelength 730 nm. Scale bar codes for 20 nm. BEM computed results: computed BEM |E|* field map (d) in anti-bonding
eigenstate A, (e) in bonding eigenstate B, and (f) normalized azimuthal dependence of integrated |E,|°® field map. Excitation
wavelength 704 nm (A, eigenstate resonance). Reported blue arrow corresponds to in-plane electric field. Light incidence angle
72,5°. The blue dashed lines are a fit of a cos(0)” function on the in-plane polarization angle 0. Angular coordinate: in-plane

polarization angle. Radial coordinate: normalized photoemission intensities.

of the dipolar modes of two individual dimer components,
meaning the coupling between high order modes is neglect-
ed. For a dimer, two hybridized states of respectively bond-
ing (B,) and anti-bonding characters (A,) are expected. The
anti-bonding resonance mode corresponds to a high-energy
eigenvalue, while the bonding one is a bright mode of low
energy eigenvalue.”® Given the expected distributions of the
electric charges, the anti-bonding eigenstate A, generates a
cold spot of the electric field in the gap region, whereas a hot
spot is expected for the bonding eigenstate B, (capacitive
charge coupling in nature). Figure 6.a sums up the hybridiza-
tion model for a non-aligned dimer model. The relative in-
tensities of the different plasmon modes strongly depend on
the inter-particle distance, the bisector angle and the interac-
tion geometry of the GNR dimer in agreement with calcula-
tions based on the dipole-dipole interaction.>*™

In short, the absorption cross section of an individual pro-
late ellipsoid is well described by the Mie-Gans theory” and
scales as the imaginary part of the object’s polarizability o,
the ratio of the induced dipole to the exciting field o, =
k.Im(c), with k the light wave vector. In a non-aligned dimer,
the effective dipole of the bonding configuration scales geo-
metrically with sin(®/2), while the anti-bonding dipole scales
with cos(®/2), where @ is the bisector angle. Thus one ex-

pects similar qualitative behaviors for the GNR dimer absorp-
tion cross section (PEEM signature) with the bisector angle.

A GNR dimer is the smallest aggregate we can get. It also
constitutes the basic building block of any GNR assemblies.
To capture the fundamentals of the hybridization model, we
performed numerical simulation in a BEM approach. Two
degrees of freedom were more particularly investigated,
namely the inter-particle gap distance in the contact region d
and the dimer bisector angle ®. Two illumination geometries
were considered: (i) either an anti-bonding eigenstate with
an excitation field aligned along the dimer bisector direction
(A, symmetry state) or (ii) a bonding configuration where the
excitation field is perpendicular to the bisector direction (B,
symmetry state).

Figure 6.b displays the action of a change of the inter-
particle gap distance d on the fractional LSPR wavelength
shift (A-A,)/A, = AA/A, in the bonding configuration (B,), with
2, the longitudinal resonance wavelength of one individual
GNR. The shorter the distance, the more intense the dipole
coupling between both dimer components. Scaling of the
fractional wavelength shift with inter-particle distance obeys
a decreasing power law function of the form AA/A, = A(d/D)
™ where A is a scaling constant and D the diameter of the



particle.”® The computed absorption cross section follows an
equivalent behaviour.>*>°

Figure 6.b also describes the influence of a change of the
bisector angle on the absorption cross section of the dimer in

the pure bonding (B, 8 = 90°) and anti-bonding (A,, 6 = 0°)
eigenstates. The absorption cross section of the anti-bonding

Figure 8. Study of elongated GNR assemblies on silicon wafer prepared by spin coating method. Small aggregates: images ob-
tained in (a) LEEM imaging mode, (b) LEEM + PEEM imaging mode and (c) PEEM imaging mode (excitation wavelength 680
nm). Large aggregates: images obtained in (d) LEEM mode, (e) LEEM + PEEM mode and (f) PEEM mode. Scale bare codes for (a-

¢) 100 nm and (d-f) 400 nm. Light incidence angle 72,5°.

eigenstate scales roughly as cos(®/2) - respectively sin(P/2)
for the bonding mode - as expected from simple geometrical
considerations. The discrepancies are mainly due to the finite
nature of the rod radii. Spectral positions of the hybridized
states keep constant values whatever the bisector angle (Fig-
ure S8).”" In more details, the resonance wavelength of the
anti-bonding eigenstate A, is 704 nm and B, one is 884 nm.

Figure 7.d-e displays the maps of the near optical field for
each of the configuration considered at 704 nm. Resonant
excitation of the anti-bonding eigenvector A, (6 = 0°) yields
to a significant near field response associated to the “cold
spot” eigenstate. Correspondingly, off resonance excitation of
the bonding eigenvector B, (6 = 90°) yields no significant
signal.

These simulations provide the general framework for un-
derstanding the optical response of larger aggregates.

Experimentally, we isolated one representative dimer ob-
ject (randomly chosen) and studied its photoemission re-
sponse in PEEM mode. According to LEEM imaging (Figure
S7.b), the bisector angle amounts to ® = 128° +/- 2° nm and
the end-to-end distance in the particle gap region is close to
d = 4 nm +/- 1 nm. Its field maps and in-plane azimuthal
dependence of the photoemission signal (grazing incidence,
fixed wavelength) are reported in Figures 7.a-c and Sg. Pho-
toemission signal azimuthal dependence is evaluated exper-

imentally by image integration of the photoemission electron
yield as a function of the in-plane azimuthal direction of the
exciting electric field. The experimental data are comple-
mented by the corresponding results calculated by BEM
(Figure 7.d-f). The PEEM angular photoemission signature
follows a cos(G)6 behavior aligned on the bisector angle in
agreement with the configuration in Figure 6.a. The non-
linear order 6 of the azimuthal dependence originates from
the non-linear nature of the photoelectric emission process
(3 absorbed photons per photo-emitted electron), as in the
case of the single GNR. Better contrast between eigenstates
can be obtained close to their respective resonance wave-
lengths. The chosen wavelength of 710 nm is close to the
resonance wavelength of the anti-bonding eigenstate A, (704
nm). Hence, the brightest photoemission signal corresponds
to excitation of the pure A, eigenstate when the illuminating
light excites an anti-bonding configuration of the rod pairs
(Figure 7.d). Conversely, alignment of the excitation field
with the bonding eigenstate direction yields a weak photoe-
mission signal in response to a large spectral LSPR mismatch
with the B, resonance wavelength (Figure 7.e, B, resonance
wavelength 884 nm). In addition, please note that contrary
to the numerical dimer model, experimentally both GNR
dimer moieties are not alike. Some differences in length,
width or crystallinity of the GNRs are to be expected.



Characterization of elongated gold nanorod aggregates.
Large elongated GNR aggregates are complex assemblies,
whose particle components distribute in sizes (length and
diameter), relative orientations and positions. Theses distri-
butions will result in numerous hybridized plasmon modes
of distinct bonding characters. As demonstrated above in the
case of a non-aligned dimer, the occurrence of a hot spot in
the gap region implies the excitation of a plasmon eigenstate
of bonding nature. Hence, in elongated GNR assemblies gap
positions do not systematically generate hot spots under
resonant excitation. Strong field enhancement at gap posi-
tions can only be achieved by locally exciting bonding plas-
mon eigenstates at the resonance wavelength.

In terms of optical behavior, elongated assemblies pre-
pared by the spin coating method on silicon wafers exhibit
numerous field hot spots under laser illumination (Figure 8).
Average dimensions are 0,6 pm in length for the small aggre-
gates (example in Figure 8.a-c) and 2,5 pm for the larger ones
(example in Figure 8.d-f). The density of hot spots is high but
remains well below the expected total number of contact
regions in an elongated compact assembly of this size: rough-
ly speaking, only 20% of topographically identifiable inter-
particle gaps are hot spots under specific laser light illumina-
tion. Overall polarization dependences exhibit two distinct
behaviors, either dipolar signatures reminiscent of those
observed for a simple nonaligned GNR dimer or more com-
plex - quadrupolar like - signatures (Figures S.i0-u1 for a
detailed analysis). The cos(0)° dependence appear as a robust
trend, in relation to the chemical nature of the golden ob-
jects. At the scale of the elongated assembly, one observes
coupling between eigenstates of either bonding and anti-
bonding characters. Local bonding configurations generate
intense electric field hot spots, while cold spots are associat-
ed with locally anti-bonding configuration.

This description constitutes a crude view of the physics at
play but helps to justify the presence of many hot spots at
peculiar contact sites in the GNR aggregates. A more com-
plete description would need to take into account more
complex hybridization modes, their potential coupling (Fano
reso-nance for example®”®) and cooperative effects. This
description is beyond the scope of the present work.

CONCLUSIONS

In this article, we developed a new method to organize na-
noparticles on a surface, more precisely GNRs on silicon
wafer. Indeed, we showed that the GNR functionalization by
a polyelectrolyte significantly drives the adsorption of GNRs
on the hydrophilic strips of the modified surface. We investi-
gated two deposit methods, namely droplet evaporation and
spin coating: each of them leads to partially ordered GNR
assemblies. The second one maximizes the selectivity and the
mono-layer nature of the aggregates. In future studies, GNR
size and aspect ratio compared to the hydrophilic strip width
will be taken into account. For example, reducing the width
of the hydrophilic bands could result in narrower aggregates
and thus better relative orientation of the GNRs (side-by-side
and end-to-end) in the aggregate.

GNR ordering is the key point to develop efficient meta-
materials for further applications, which will surely exhibit
astounding properties. Near field electromagnetic behavior is
a direct consequence of the aggregate ordering. To character-

ize the near field optics of GNR assemblies, we looked into
the response of single GNRs, GNR dimers and GNR aggre-
gates with photoemission electron microscopy (PEEM) and
electromagnetic simulation (BEM). Investigation of elemen-
tary building blocks helps to justify the presence of electric
field hot spots at peculiar contact sites in the aggregate.

Further control of the overall near field coupling in such
complex GNR assemblies implies to pursue the development
of the deposition methods.
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