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Abstract: Plasmonic oligomers are near-field coupled assemblies of metallic nanoparticles.
Both their scattering/absorption spectra and the spatial distribution of the electromagnetic
field can be tailored through the hybridization of plasmonic modes hosted by individual
particles. Such a control on the field distribution opens new routes to deliver light at a deep
subwavelength scale in targeted locations (“hot spots™). However, active control of hot spots
in plasmonic oligomers and their observation in the near field are highly challenging. Here,
we propose to use a two-photon absorption process in azopolymer in the near infrared to
imprint from the far field the near field distribution around a trimer antenna. The trimer
antenna comprises two nanogaps separated by a quarter of the wavelength in the polymer and

is designed to allow for the switch on a single nanogap when illuminated at 900 nm by a
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collimated beam at an oblique incidence. The monitoring of the topographical depletions in
the photopolymer proves that it is possible to address a single hot spot in the structure and to
remotely switch its location in the two nanogaps on demand, simply by illuminating with an
opposite oblique incidence. This work shows that bonding and anti-bonding gap modes can be
selectively excited resulting in controlled hot spot locations. Two-photon absorption by
azobenzene-containing photopolymer turns out to be a reliable approach for investigating

confined plasmonic fields in the near infrared with a 20 nm resolution.

Key words: nanoplasmonics, nanoantenna, molecular probing, 2-photon

isomerization, azopolymer



Metallic nanostructures offer the possibility to strongly confine light at nanometer
scale.’ In general, rational control of the plasmonic nanostructures’ geometry and/or incident
beam shaping (including phase, polarization state and angle of incidence) can produce a large
variety of near-field distributions that can be exploited in photonic computing,®’
nanophotochemistry,®1! optical trapping,'*'® non-linear nanoptics,'®*® Surface Enhanced
Raman Spectroscopy,'®?' plasmon-assisted light emission (including single photon
emission),?>? and hot carrier generation and collection. 2°-3!

In this context, plasmonic oligomers are very interesting to efficiently confine and
enhance light intensity at deep subwavelength scale within the gaps separating the different
plasmonic particles.®>* The so-called hot-spots result from the coupling between the
localized surface plasmon modes hosted by the individual particles. Multiple hot-spots can be
created simultaneously in plasmonic oligomers and their remote control remains challenging.

Trimers of gold nanorods are examples of oligomers that are highly suited to yield
strong field enhancements.®¢-3 One of the challenges is to switch on or switch off on demand
light in the two available gaps. For incident polarization parallel to the trimer axis, the
plasmonic bright hot spots result from the excitation of a bonding mode, i.e. when the dipolar
moments in the neighboring particles are in phase, while the anti-bonding modes (out-of
phase adjacent dipolar moments) are dark. It was first proposed to control the hot spots by
tailoring the phase of the incident beam. G. Volpe et al. used Laguerre Gaussian beams to
shape the phase of the incident beam and managed to excite anti-symmetric bonding modes in
the two particles associated with a nanogap and a symmetric anti-bonding mode in the two
particles associated with the other nanogap.®® Far-field observation based on two-photon
induced luminescence supported this approach. A simpler strategy was proposed by Devilez
et al., consisting in the simultaneous excitation of the symmetric and anti-symmetric modes in
the trimers without shaping the phase of the incident beam.*® They considered a simple plane
wave excitation and showed theoretically that by simply tilting the incidence, it is possible to
excite this combination of modes, corresponding to a subradiant mode. The near-field
intensity can be almost perfectly vanished in a given gap while strongly enhanced in the other
gap, even if they are separated by only a tenth of the incident wavelength. By illuminating the
trimer antenna under the opposite incidence angle, the hot spot is switched in the other

nanogap. Hence, the position of the electromagnetic hot spot can be controlled at deep



subwavelength scale by a simple far-field optical command. This effect is highly promising
because it would easily enable rational control of nanometric hot spots for many applications
such as those cited at the beginning of the introduction.

Experimental observation and study of this effect at the nanoscale are crucial for its control
and optimization. In practice, the near-field investigation of resonant plasmonic nanogaps
constitutes a challenging task for several reasons. For example, the use of Scanning Near-field
Optical Microscopy (SNOM) #! is complicated by the presence of the probe, modifying the
resonance conditions for hot spot excitation: the observed resonance would mainly result from
the coupling between gap modes and the probe, rather than the optical properties of the
plasmonic cavity itself.*? Additionally, both the nature of the tip-sample optical interaction
and the interpretation of the SNOM images *® strongly depend on the probe (shape, type,
quality, control mode,...) and its environenement,***> which is pretty difficult to control.
Other methods were recently reported to study plasmonic nanostructures at the nanoscale.
Photon Emission Electron Microscopy (PEEM),*5*® based on the photoelectrical effect, has
turned out to be highly efficient but requires an electron reservoir. As a result, near-field
contrast can be observed only on metal surface and not at zones far from metal. A gap-mode
field that is partly delocalized in the dielectric gap medium is not expected to lead to any
easily interpretable PEEM contrast, despite some interesting reported data. Additionally,
because of the out-of plane electric field used for electron accelerations, this technique is
mainly sensitive to out-of plane field components whereas local fields that result from in-
plane plasmonic coupling are mainly in-plane polarized. This important point will be
discussed further. As far as Electron Energy Loss Spectroscopy (EELS) is concerned, 495
contrasts result from local electronic absorption (a metal reservoir is thus also required) and
no optical excitation is possible (excitation is purely electronic in EELS). Additionally, it was
recently shown that inside the gap region of a coupled plasmonic system, the EELS signal can
become zero for the bonding mode and maximal for the antibonding mode. >-* In general,
PEEM and EELS techniques are very efficient but pretty sophisticated and expensive.

Here, we report on the direct near-field observation, based on a simple method, of mode
balancing and localization of hot spots in a trimer plasmonic nanoantenna. We used two-
photon absorption in Photosensitive Azobenzene-containing Polymer (PAP) for plasmonic
nano-imaging of infrared nanoantenna, opening the route to near-field investigation of
coupled systems based on molecular probing.

The linear plasmonic trimer antenna under study is presented in Figure 1. It was made by

electron-beam lithography and consists of a trimer of gold nanorods (115 nm long, 45 nm



wide, and 50 nm high) separated by two 30 nm wide gaps denoted C1 and C2 separated by a
145 nm distance, i.e. A/4 (A=Ao/n, where Ao is the incident wavelength and n is the PAP
refractive index). Figure 1(a) shows an image of such a trimer as observed by scanning

electron microscopy (SEM).
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Figure 1. Plasmonic trimer and molecular probe. (a) SEM image of the studied trimer. White scale bar
represents 100 nm. (b) Atomic Force Microscope (AFM) image of a gold trimer covered with a 45
nm-thick layer of azobenzene-containing photosensitive copolymer. Apparent height is about 15 nm.
White scale bar represents 100 nm. AFM profiles will be shown in the following. (c) Azobenzene
molecule used as a nanomotor for near-field probing (see text for details). Left: absorption spectrum
and representation of the active molecule. Right: principle of the molecular motion based on 2-photon



isomerization. (d) Left: Calculated absorption spectrum of the trimer (realistic structure) for different
incident angles. Right: representation of the different states of vibration of charges at different
resonant wavelengths.

Our main motivation is to experimentally demonstrate that it is possible to switch on and off,
on demand, the respective near-field enhancement at each cavity (C1 or C2). We will also pay
attention to the extremities E1 and E2 depicted in Figure 1(a), as they can support
electromagnetic hot spots as well. The left-hand side of Figure 1(d) shows calculated (see
method) absorption spectra of the trimer antenna on glass and coated with a 45 nm-thick PAP
film when illuminated by an unpolarized plane wave propagating along the Z axis (illustrated
in Figure 1(a)) for different angles of incidence 6. The absorption spectrum shows a strong
optical response in the near-infrared. First, we can observe the strong dependence of the
spectrum with respect to the angle of incidence. In normal incidence (6=0°), the absorption
spectrum features a peak around 2,=980nm due to the excitation of the radiant (bright) mode.
This mode corresponds to a situation where the electric dipolar moments associated with each
nanoparticle are aligned and in phase, resulting in two gap bonding modes, denoted B-B (see
first illustration to the right of the spectrum). To this low absorption is associated a strong
scattering efficiency (see supplementary information). One can also observe a secondary peak
at 750 nm due to the excitation of the mode for which the dipolar moments are out of phase,
resulting in two anti-bonding gap modes, denoted A-A (see third illustration to the right of the
spectrum). It is much more pronounced in the absorption spectrum and can be called “dark
mode”, corresponding to the excitation of a high-order resonance in the nanoantenna. In
oblique incidence, with a moderate angle of incidence (6=15°), three peaks can be observed.
The radiant and dark modes can again be observed at 2,=980nm and A,=750nm respectively,
while a subradiant mode is excited at A,=850nm. This mode, described for example by F.
Frimer et al.>® and Mirin et al.,® corresponds to both in-phase and opposite-phase pairs of

dipoles resulting in both anti-bonding and bonding gap modes within the trimer (denoted A-B



or B-A, see second illustration to the right of the spectrum). It should be pointed out that A-B
and B-A are degenerate modes. When the angle of incidence is increased, the component of
the electric field along the trimer axis weakens leading to the cancellation of the radiant mode
while the subradiant mode is still excited. Figure 1(d) shows that the gold trimer has strong
optical response in the near-infrared. The excitation of this subradiant mode from the far field
around A,=850 nm in oblique incidence, especially at an incidence of 30°, opens new routes to
tailor the distribution of the near electric field in the two gaps of the trimer antenna. More
detailed discussion on trimer modal analysis can be found in supporting information. Based
on calculated spectrum in Figure 1(d), the incident wavelength of 900 nm was chosen, in
order to be sensitive to both radiant and subradiant modes. We will see later that this

wavelength is also suitable for 2-photon absorption in PAP used for near-field probing.

To visualize the optical near-field, we used a specific approach that has been developed over
the past decade.>”"% Azobenzene molecules (see Figure 1(c)) that are covalently attached to a
polymeric backbone are used as optically driven molecular nanomotors. Light can excite the
trans€&—>cis isomerization in azobenzene-like molecules that are grafted to chains of
polymethyl methacrylate (PMMA). This copolymer is usually named PMMA-Dispersed red
one (PMMA-DR1) because it looks red since its absorbance is maximum in the range 400-
500 nm (see the left-hand side of Figure 1(c)). Upon absorbing a photon in the visible, an
isomerization cycle produces a "worm-like" motion that leads to a displacement along the
transition moment axis that could be on the order of a nanometer (see right-hand side of
Figure 1(c).®® Many repeated isomerization cycles ultimately lead to more large-scale mass
transport. After exposure to light, an Atomic Force Microscope (AFM) is used to measure the
resulting topography that is related to the near-field intensity pattern to be characterized. The

azobenzene-like molecules are thus nanomotors that push and pull at the polymer material



leading to topographical features after exposure that reflect the underlying near-field
intensities. As it will be seen, this method is also sensitive to local field polarization. More
details about this optical near-field imaging method in the visible can be found in
references.®”% In particular, in reference ®° we theoretically described optically-induced
topographical formation based on a multiscale statistical approach.
Figure 1(b) shows an AFM image of a trimer antenna covered by a 45 nm-thick layer of
PMMA-DR1 for near-field investigation through mass transport. The typical absorption
spectrum of the co-polymer is in the (400-600) nm range (see Figure 1(c)). This feature is the
raison why all the near-field studies have been so far done in the visible, which is not relevant
for gap mode study because plasmonic couplings generally result in red-shifted plasmon
resonance, making a priori impossible the study of the resonant nanoantenna in the infrared.
In order to address this important issue, we propose to follow a two-photon

isomerization, which allows us to illuminate the antenna in the near infrared spectrum.
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Figure 2. Two-photon absorption of PMMA-DRL. (a) IR absorption spectrum of a 100 nm thick layer
of PMMA-DR1 obtained by using a tunable Ti:Sa laser. (b) Induced topography (AFM image) in the
case of a focused beam at a 900 nm wavelength. (c) Two-photon scanning optical lithography on
PMMA-DRL. (d) Depth of holes as a function of the wavelength. (e) Hole volume as a function of the
incident power density (log-log plot).



We start this study by characterizing the two-photon absorption of a 100 nm thick monolayer
of PMMA-DR1 coated on a glass substrate. Figure 2(a) shows the absorption spectrum of the
monolayer. A strong absorption peak is observed around 900 nm, indicating two-photon
absorption in the copolymer film. Figures 2(b) and 2(c) demonstrate that this absorption can
result in matter displacement, leading to a clear depletion in the film. In Figure 2(b), we use a
laser beam (A0=900 nm) focused with an objective lens (N.A=0.3) to print an Airy pattern
whose central peak results in a deep depletion. Based on the use of this central depletion, a
proper exposure time and intensity can enable scanning lithography of PMMA-DR1, as
illustrated in Figure 2(c). Many published works have discussed the origin of this depletion.
In particular, it was shown that molecules escape from in-plane polarized light with an in-
plane motion, resulting in a topography that is the negative image of the intensity distribution
on in-plane fields.>” Figure 2(d) illustrates another signature of the spectral sensitivity of the
copolymer in the infrared. Hole depths observed in Figure 2(c) were measured as a function
of the wavelength for a fixed power, revealing a clear sensitivity around 900 nm. The two-
photon nature of the absorption was confirmed by studying the depletion volume of the holes
as a function of the incident power. The resulting In-In plot (Figure 2(e)) presents a slope of 2,
which is the signature of the quadratic optical response characteristic of two-photon
absorption.

Although 2-photon induced movement in PAP has already been reported,®” we used for the
first time two-photon absorption in PMMA-DR1 polymer to study the near fields on
plasmonic antennas in the near-infrared.

Figure 3 depicts the experimental configuration for near-field investigations of linear
plasmonic trimer antennas. A 45-nm thick PMMA-DR1 layer was deposited on the sample by
spin coating (see method), resulting in an effective 10 nm thickness at the top on the gold
particles and a 45 nm-thickness elsewhere. The apparent height of the particles is thus about
15 nm after spin coating. Figure 1(b) is the AFM image of the PMMA-DR1-coated antenna



before exposure. In the following, such an image will not be shown again and all presented
photo-induced topographies should be compared to it because each exposure was done from a
plasmonic structure covered by a fresh layer of unexposed PMMA-DR1, as illustrated in
Figure 1 (b). AFM cross-sections taken before and after exposure will be shown for
comparison.
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Figure 3. Experimental configuration used for near-field imaging of gold trimers. 900 nm wavelength
was used (see text for details).

The incident light consists of a slightly focused linearly polarized beam (plane wave) from a
Ti:Sa laser emitting at 900 nm (see the above discussion). This wavelength turned out to be
relevant for both excitations of the subradiant/radiant mode and two-photon absorption of
PMMA-DRL1.

Average power density and exposure time were 300 mW/cm? and 60 s respectively. Both
incidence angle (6) and electric field direction (Transverse Electric, TE, or Transverse
Magnetic, TM) constitute two important parameters that allow for a far field control of the hot
spot switch in the antenna.

Due to experimental constraints, possible fluctuations of both the antenna’s geometry and the
polymer thickness can be observed. Typical fluctuations are in the 0-15 % range. Four
specific locations are pointed out in Figure 3: the two nanogaps (C1 and C2) and the two
extremities (E1 and E2). We will see that the (E1, C1, C2, E2) set can constitute a tunable

four-digit nanosystem.
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Figure 4 shows the result of the exposure in the TE case (Y incident polarization) at normal
incidence (6=0°, except for Figure 4(d)). Figure 4(a) shows the photoinduced topography
after exposure, as observed by Atomic Force Microscopy (AFM). The Y oriented incident
field coupled with plasmon oscillations occurred transversally to the main axis of the
oligomer,, resulting in negligible couplings between the individual nanoparticles along the X
axis. As a result, the near-field dipole radiation, parallel to the incident field, of each
individual particle is revealed by AFM, as compared to the AFM image of the same structure
before exposure (Figure 1(b)). The apparent photoinduced matter depletion results from the
vectorial sensitivity of molecular displacement, as the vectorial nature of the near-field has to

be taken into account for proper interpretation of the photoinduced topography.®3
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Figure 4. Result of the exposure for TE polarization at normal incidence (6=0° except for
calculated Figure 4(d) for which 6=30°. Exposure wavelength is 900 nm. (a) AFM image
after exposure. (b) Distribution of absolute value of each field component calculated with
Finite Element Method (FEM). (c) Y cross sections above one particle, taken before and after
exposure. In all the cross sections throughout the article, height scale was set so that 0
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corresponds to the lowest topography and height range is fully covered. (d) Absolute value of
the Ey field component for 6=30° showing no influence of the incident angle.

Figure 4(b) shows the calculated absolute value of each field component for a realistic
PMMA-DR1-coated antenna illuminated at normal incidence with a Y polarization (1,=900
nm). It shows pretty weak Y->X and Y->Z depolarization. In the case of TE polarization, the
plasmon field remains mainly Y polarized: matter principally moved away from light parallel
to the involved near-field component leading to a topographical depletion at high intensity
zones. This is why Figure 4(a) mainly looks like the negative image of calculated Ey map of
Figure 4(b). Migrated matter partly accumulated at the top of particles as shown in the cross-
section in Figure 4(c). In other words, Figure 4(a) is a near-field snapshot of the individual Y
polarized near-dipole radiation of each particle of the trimer. Figure 4(d) shows the calculated
absolute value of the Ey component mainly involved for oblique incidence (6=30°). It is worth
noticing that the angle of incidence has no significant effect on the field distribution making
clear that TE polarization is not suitable for tunable mode balancing. It is worth pointing out
that the PEEM technique would have been mainly sensitive to the E; field map shown in
Figure 4(b), to the detriment of Ey (that characterizes best the trimer optical response for Y-
polarized excitation), for two main raisons: i) photoelectrons are accelerated along Z direction

in PEEM and ii) Ey is partly delocalized from metal surface from where electrons are ejected.
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Figure 5. Result of the exposure for TM polarization at normal incidence (6=0° except for calculated
Figure 5(g) for which 6=30°. Exposure wavelength is 900 nm. (a) AFM image after exposure. b,c) X
Cross sections above the trimer, taken along the axes (A) and (B) respectively. (A) and (B) are shown
in Figure 5(a). (d) AFM image taken after weaker intensity exposure. () AFM image taken after
higher intensity exposure. (f) Calculated absolute value of each component. (g) Calculated absolute
value of Ex field for 6=30° showing the influence of the incident angle.

Figure 5 shows the result of the exposure in the TM case (incident polarization parallel to the
main axis of the nanoantenna trimer) at normal incidence (except for Figure 5(g)). The
photoinduced topography after exposure displayed in Figure 5(a) confirms that the two hot
spots at C1 and C2 are excited. In particular, the field distribution is no longer strictly
symmetric relatively to each single gold particle and E1, E2 antenna extremities are not (or
poorly) excited. Figure 5(a) is a near-field map of the radiant B-B mode described in Figure
1(d). Figure 5(f) shows the calculated absolute value of each field component. Again, it

shows pretty weak X->Y and very weak X->Z depolarization. In the case of a TM excitation,

the plasmon field is localized within the gaps and mainly X polarized: photo-activated matter
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principally moved parallel to the involved near-field leading to a topographical depletion at
high intensity zones. This depletion is shown in Figure 5(b): matter migrated from cavities C1
and C2 and was partly accumulated at the top of particles, at the edges of the trimer, as shown
in Figure 5(c). In other words, Figure 5(a) is, at the first approximation, a snapshot of the X-
polarized near-field coupling in the plasmonic trimer. However, it turns out that Figure 5(a)
hides some features that are the signature of weak Y-polarized near-fields. Weaker exposure
(300 mwW/cm? for 30 s.) led to the optically induced topography shown in Figure 5(d). This
topography presents features that are the signature of Y-polarized field map (see second
calculated image of Figure 5(f)). On the other hand, for higher exposure dose (600 mW/cm?
for 60 s.) Ex dominates (see Figure 5(e)) and even local field enhancement at the trimer
extremities (E1, E2) are visible. We explain this behavior by assuming that molecular motion
along Y is easier due to free space requirement:®® at low intensity, probability of molecular
absorption is very weak for both Ex and Ey fields. As there is free space along the Y direction
(no Au particles are expected to block this motion), only Ey leads to molecular motion,
resulting in Figure 5(d). At higher dose, the influence of Ex becomes visible and the final
topography looks like Ex distribution, masking the contribution of Ey. Again, let us stress that,
in principle, PEEM would have been poorly sensitive to the involved Ex, Ey fields. Figure 5(g)
is the calculated absolute value of the Ex field at oblique incidence (6=30°). Unlike for the
TE case, it shows a clear modification of the field distribution: energy is concentrated at gap
C1, to the detriment of C2, illustrating the possibility of mode balancing in the plasmonic
oligomer.

In order to discuss further the experimental observations, calculations were performed at
different wavelengths. Figure 6 shows the calculated intensity 11, I> at gaps C1 and C2
(respectively) as a function of the wavelength for different incidence angles (0°, 15°, 30°) for

a TM incident polarization.
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Figure 6. Calculated near-field intensity 11 and I, at gaps C1 and C2 respectively, for different angles
of incidence, in the case TM polarization.

In the case of normal incidence (6=0°), a clear balance between the two gaps is observed
(12=12) due to the symmetry of the configuration. This balance is in agreement with the
symmetric response observed experimentally in Figures 5(a-c). It is worth noticing, again,
that the optical response of the plasmonic trimer is both significant and of interest for
wavelengths larger than 800 nm, justifying the use of a 900 nm wavelength and the
exploration of two-photon absorption in azo-polymers. In particular, for Ao>800 nm, a clear
distinction can be done between the field of the two nanogaps by tuning the incident angle.
The incidence condition at 6=30° and[120=900 nm is of great interest: almost zero intensity
is predicted at C2 while C1 presents a strong localized field. This situation corresponds to a
B-A subradiant mode described in Figure 1(d). We now aim at observing experimentally this
phenomenon (see Figure 7).

The sample was illuminated at 6=30° and 900 nm in TM polarization, and the observation of

the molecular motion in Figures 7(a) and 7(b) reveals that the nanogap C1 was turned on (23

15



nm topographical depletion) while activation of nanogap C2 is very weak (3 nm depletion).
This near-observation constitutes an experimental evidence of a B-A subradiant mode, which
IS in agreement with Figure 6 that predicts a near-zero intensity I at C2 and an 1 intensity (at
C1) of about 140. This result shows up the possibility i) to switch on demand and from far
field region electromagnetic hot spots at cavities separated by Ao/4n, ii) to use this effect for
remote activation of azobenzene molecules at the nanoscale. It is worth noticing that a
secondary weaker hot spot can be identified in Figures 7(a) and 7(b) at the trimer left
extremity E1, opposite to the incident direction, which is confirmed by the calculated
modulus of the Ex field component in Figure 7(c). Let us now induce the switch of the hot
spot location by illuminating the sample with an opposite incidence at 6=-30°. Both molecular
motion and calculations displayed in Figures 7(d), 7(e), 7(f) show that nanogap C1 is turned
off while activation of nanogap C2 is much stronger. This case is clearly symmetrical to the
previous one, it corresponds to a A-B subradiant mode. Figures 7(a-f) illustrate well the
nanoscale switch between the two gaps.

Figures 7(g) and 7(h) are zoom-out of AFM images in the 6=30° case, taken before and after
exposure respectively. Additionally to the near-field contrast, Figure 7(h) exhibits a
topographical modulation that corresponds to a near-field diffraction pattern in the Fresnel

Zone.

16



(c)

B
o

8

no

ht(nm)

[~ After
—Before)]

E,

me

E/]

20
15
10

@)
% y -200 -100 100 200
0 1 ] x(nm)
0 500 1000 1500
Horizontal distance(nm)
(e) (f)
]v-After ‘

|E.\'|/‘Eim'|

—Before]]
20
15
10

-200 -100 O 100 200

06— 500 -
Horizontal dis

1000 _ 1500 x(nm)

tance(nm)

(h)

$on

After exposure

Som don

sos

€— K, 6=30°

bes

(k)

E

X

E

inc

/

20
E§~5() irs
"""""""""""""""" 12,5

£0 10
PO T 75

N
(5]

-50

-200 -100 0 100 200

I |
500 1000

0.
Horiz

ontal distance(nm)

1500

x(nm)

Figure 7. Result of the exposure for TM polarization at oblique incidence. Exposure wavelength is 900

nm. (a),(b),(c) Case of 6=30°. (a) AFM image. (b
map of the absolute value of the Ex field compone

Cross sections above the trimer. (f) Calculated ma

(9), (h) zoom out AFM image for the 6=30° case

) X Cross sections above the trimer. (¢) Calculated
nt. (d),(e),(f) Case of 6=-15°. (d) AFM image. (e) X
p of the absolute value of the field X component.
: (9) AFM image before exposure. (h) AFM image

17



after exposure. (i),(j),(k) case of 6=-15°. (i) AFM image. (j) X Cross sections above the trimer. (k)
Calculated map of the absolute value of the field X component. The white arrows represent the in-
plane projection of the incident wave vectors.

This near-field pattern is made of ultra-confined grazing propagating waves able to interfere
with each other, reminding us what pioneers observed on metal nanostructures using first
version of SNOM.® A multiscale electromagnetic analysis is thus possible.

Figures 7(i-k) show the 6=-15° case. Again, the C2 nanogap is clearly turned on. It is worth
noticing that cavity C1 is also activated: it presents a non-negligible topographical depletion
that is about 2.2 times less deep than for nanogap C2. This partial activation is also shown in
numerical simulation of IExl (Figure 7(k)). This observed effect is in good agreement with the
tendency revealed in Figure 6: tuning 6(lallows for an accurate tuning of the respective
intensities of the different involved electromagnetic hot spots: 0° does not enable any contrast
between different hot spots, -/+15° leads to partial contrast, -/+30° allows for full hot spot
selection.

In Figure 8 the obtained near-field data are analyzed in a more quantitative way. The volume
of the nanometric topographical depletion measured at three different locations was plotted,
using a In-In scale, as a function of corresponding calculated integrated intensity of the X,y

component of the electric field.

12

—Linear fit (In(V)=2In(l))
© 30° weak gap mode
10)1m oo gap mode

¢ 157 strong gap mode

|4 -30° strong gap mode

2 1 1 1 1 1 1 1

In(l)(a.u.)
Figure 8 Analysis of the data. Measured Volume of nano topographical depletion in four cases as a

function of calculated integrated intensity of the in-plane (x,y) component of the electric field (In-In
plot).
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Four locations were considered: the C2 cavity in Figure 7(a), the C2 cavity in Figure 5(a), the
C2 cavity in Figure 7(i), and the C2 cavity in Figure 7(d). We have made sure that these three
situations i) correspond to the same exposure time and incident power, ii) do not correspond
to any saturation of the matter migration, a phenomenon that can for example be suspected in
Figure 5(e) where depletion depth > 30 nm were measured. The observed slope of 2 in Figure
8 is the signature of a nanoscale 2-photon absorption and opens up the route towards near-
field intensity quantification based on photo-induced molecular displacement: the
measurement of the displaced volume of matter would lead to the assessment of the
corresponding near-field intensity. Let us stress that these results are very preliminary in the
sense that measuring a nano-volume in a precise way with an atomic force is still a challenge
because it strongly depends on tip size and shape.

Finally, Figure 9 summarizes results obtained when considering (E1, C1, C2, E2) as a four-
digit nanosystem. Our motivation is to briefly discuss the possibility to address photonic bits
for future data processing and storage. We noticed previously (Figures 5 and 7) that the
extremities E1 and E2 are also susceptible to support electromagnetic hot spots, although with
weaker intensities. As a consequence, migration of matter can also be observed at the
extremities of the oligomer. E1, E2, C1, C2 hence constitute a 4-digit system. Figure 9 shows
measured topographical depletion at the four digits in four cases corresponding to four
incident angles: 0°, 30°, -30°, 15° corresponding to Figures 5(a), 7(a), 7(d), 7(i), respectively.
By applying a threshold, each value of depletion (vd) can be associated to a binary state: 0 or
1. Here we take vd > 4nm - state 1; vd < 4 nm -> state O, resulting in the four binary
numbers shown in Figure 9.

With more complex plasmonic structures, any N-digit combination could thus be envisaged,
remotely controlled through the angle of incidence and the polarization state of light.
Regarding future application of these switchable hot spots for information processing:

azobenzene-containing polymer has only been used for probing electromagnetic hot spots, in
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order to demonstrate possible different 4-bit digits. This polymer and associated molecular
movement are obviously not envisaged for nanophotonic information systems because 2-
photon induced movement in PAP is pretty slow and irreversible, which is not suitable for the
information process.

For practical use in this context, bare trimers could be used and activated with fast switching
of incident polarization and angle using for example optoelectronic modulator whose speed
can nowadays reach 40 GB/s. The level of the 0/1 optical state would be associated to the
local intensity (instead of the local topographical depletion). The bridge between nanoscale
hot spots and external modules could be ensured by integrated photonic guiding structure.
Two examples of coupling between optical nanosources and guiding micro and nano

structures are described in references. %70
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Figure 9. Near-field data summarized as 4-digit information: topographical depletion at different
locations and corresponding binary 4-digit numbers.

Let us conclude by stressing the most important observations and achievements:
)] Hybrid modes in infrared 3-particle linear plasmonic oligomers were imaged with
a spatial resolution of about A/35 (20 nm resolution, see “Method” section)

i) A nanoscale and controlled spatial switch of the localized hot spots was
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demonstrated, as a signature of bonding and anti-bonding gap modes associated to
radiant and subradiant modes of the trimer, by tuning of the incident angle and
polarization, constituting a simple remote control.

iii) Two-photon absorption in azobenzene-containing photopolymer enables nanoscale
photoinduced molecular displacement in the near-infrared. This displacement is
triggered by the local plasmonic near-field

1v) A optical local field polarization contrast was observed (which would not possible
with other methods like PEEM, EELS)

V) A preliminary quantification of the local intensity from the observed induced
topography was reported.

vi)  We also paid attention to the local field enhancement at the extremities of the
trimer and discussed the plasmonic oligomer as a 4-bit nanophotonic information
system.

These results provide a clear route towards near-field investigation of plasmonic antenna in

the near-infrared.

METHODS
Numerical Calculation

The modeling of the scattering problem was performed using a diffracted field formulation of
the Finite Element Method (FEM). The main difficulty relies here on the choice of the
unknown field that has to satisfy a proper outgoing wave condition. A relevant approach is
then to consider a planar reference structure composed of the planar embedding layer,
superstrate and substrate only (the trimer is removed). The unknown field of our problem is
then the difference between the total (reference and diffracted) field solutions of the
diffraction problems when considering first the entire structure described in Figure 3 and,
second, the reference planar structure. In that way, the problem is reduced to the calculation
of the field radiated by the set of rods of the structure put in the reference field. Standard
Cartesian PMLs adapted to the substrate, superstrate, and embedding layer were used to
bound the computational domain and absorb the field radiated from the rods. The problem is
solved using second order edge elements with a mesh size of 3 nm in and between the rods.
Further details can be found in refenrence . The model was implemented using the GNU
softwares Gmsh and GetDP.">"

Photopolymer
The azo dye molecule-containing polymer consists of pseudostilbene azobenzene molecules,

disperse red 1(DR1), grafted to a side chain to polymethylmethacrylate (PMMA) in a 30%
molar ratio (PMMA-DR1). PMMA-DRL1 is dissolved in 1,1,2-trichloroethane concentrated at
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20 g/L, after stirring using magnetic stirrer for 5 min and filtering at room temperature,
PMMA-DR1 solution is spin-coated on to the trimers with angular acceleration of 4000rmp/s?
and angular speed of 3000 rmp/s for 30 s. Agilent 5100 AFM measurements (tapping mode)
showed that the polymer film is 45 nm thick on the substrate and about 10 nm thick above the
top surface of nanoparticles. The same AFM is used for analysis of the photo-induced
topography

Exposure

The 900 nm light issued from a Ti: Sa laser is linearly polarized, and focused by 10X near-
infrared objective lens with 18 mm working distance and 0.3 N.A. A landmark fabricated on
the sample by Electron Beam Lithography was used to calibrate the position of laser spot and
focus relative to the trimers. The entrance objective pupil is partially covered, resulting in a
100 um wide plane wave at the sample surface.

In the case of normal incidence, the sample is placed on the sample stage of microscope,
Irradiation of the sample is performed with a Z propagating plane wave (cf. figure 3 in
manuscript). The power density is measured between the objective lens and the sample. In the
case of oblique incidence, a sample stage is used rotate the XZ plane around the Z axis.

It should be pointed out that no modification of the shape of the gold trimers (due to thermal
effects) has been observed, which is not surprising. In ref. ", thermal damage was observed
from an average intensity of 350 uW (A=780 nm, spot diameter = 1 micron), corresponding to
about 35 kW/cm?, which is much bigger than the power density used for our study (typically
300 mW/cm?).

Spatial resolution assessment

Spatial resolution of our approach has been assessed. It is never easy to quantify a spatial
resolution in scanning probe microscopy. In our case, this resolution depends on the tip shape
and size, the hot spot size, and the response of the azobenzene molecules under local
illumination. Let us consider Fig. 7. In Fig. 7 (c) and Fig. 7(f), theoretical hot spot lateral size
at extremities E1 and E2 is about 20 nm. Corresponding topographical depletion has a width
in the 50-100 nm range, suggesting an effective spatial resolution in the 15-40 nm range. As
another example, in Fig. 5(f), the Ey modulus map shows fours central hot spots having a 12
nm spatial expansion. The corresponding depletion is about 20 nm, suggesting a resolution
better than 10 nm. As a result, we consider that the spatial resolution is about 20 nm, which
can be viewed as a mean value. It should be pointed out that 20 nm corresponds to the typical
size of the extremity of the used silicon AFM tip (Nanosensors, PPP-NCLR-50, force
constant: 21-98 N/m, resonance frequency: 146-236 kHz)
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