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ABSTRACT

Processing information with conventional integrated circuits remains beset by the interconnect
bottleneck: circuits made of smaller active devices need longer and narrower interconnects,
which have become the prime source of power dissipation and clock rate saturation. Optical
inter-chip communication provides a fast and energy-saving option that still misses a generic
on-chip optical information processing by interconnect-free and reconfigurable Boolean
arithmetic logic units (ALU). Considering metal plasmons as a platform with dual optical and
electronic compatibilities, we forge interconnect-free, ultracompact plasmonic Boolean logic
gates and reconfigure them, at will, into computing ALU without any redesign nor cascaded
circuitry. We tailor the plasmon mode landscape of a single 2.6-um? planar gold cavity and
demonstrate the operation and facile reconfiguration of all 2-input logic gates. The potential for
higher complexity of the same logic unit is shown by a multi-input excitation and a phase

control to realize an arithmetic 2-bit adder.

Keywords: logic gates, half-adder, reconfigurable device, plasmonics, cavity modes, non-

linear photoluminescence



The significant energy dissipation and clock rate saturation faced by the microelectronics
technology and the data-intensive applications originate in the interconnect bottleneck rather
than in the elementary device performances. *® Indeed, circuits made of smaller active devices
need longer and narrower interconnects. An all-optical trafficking might be seen as a
performing solution,* yet an optical transistor as energy frugal as current CMOS transistors
would have to be reliably operated with less than one hundred photons,®> which is a tremendous
challenge.

One proposed paradigm shift consists in expanding the Boolean capabilities of the elementary
unit beyond binary logic to reduce the need for interconnects. Promising candidates include
solid-state qubits,® 7 elementary nanophotonics devices designed for photon manipulations * &
2 and artificial neurons.®> 4 However, irrespective of the specific assets inherent to the
electronic, magnetic or optical nature of the implemented quantity, these elementary units have
to be cascaded into quantum architectures, photonic circuits or neuromorphic networks to reach
a full computing technology. They ultimately share the intrinsic topological and physical
impediments of any interconnect-based technology. The topological limitation is globally
assessed by the empirical Rent's rule that relates the number of elementary units per device to
the number of input/output interconnect terminals required to fully exploit the computing power
of the device.™' The deviation from Rent's rule already observed in CMOS technology
indicates the sub-optimal usage of the available computing power when the device cannot
accommodate enough interconnects.”® Further physical limitations of interconnected circuits,
for which only partial solutions are foreseen, include logic-level restoration, decoherence and
error compensation, bandwidth limitation, (de)multiplexing network integration and
downsizing.> 18 1

Conversely, a radically different concept aims at condensing a full Boolean computing

function in a self-sufficient standalone and interconnect-free device. Only few hardware



solutions to this concept have been developed from single molecules,®>? electromechanical
resonators? 2* and microwave metamaterials.?> % Despite their technical differences, they
jointly contribute to the unconventional implementations of complex mathematical or logic
computation without relying on cascaded elementary units and thus obviate the constraints of
Rent's rule.

The main challenge for these approaches is then shifted towards the inverse design of the
adequate structure to perform a targeted logical or arithmetic operation. For example,
centimeter-scale microwave metastructures were successfully inverse designed by deep
learning methods to perform a particular complex mathematical operation.?>?® Unfortunately,
even these solutions suffer from one or several intrinsic limitations such as very low bandwidth,
operation at cryogenic temperature and in ultrahigh vacuum, uncompetitive miniaturization
and/or significant energy dissipation. In this regard, a photonic approach of this integrative
paradigm would provide a high bandwidth, energy-frugal technology at room temperature.

Here, we propose a holistic implementation of standalone and all-optical devices performing
reconfigurable universal Boolean logics and arithmetic at visible frequencies. In order to
obviate the diffraction limitation of photonic devices and to maximize the device compactness
while restraining minimal loss, our devices exploit plasmon excitations in single-crystal gold
structures.® 122 A plasmon mode landscape ¥ is tailored in a two-dimensional (2D) metallic
structure with micrometric footprint to implement logic gates that are reconfigured, at will, into
more complex computing arithmetic and logic units (ALU) without requiring any redesign or
cascaded circuitry. In particular, we experimentally demonstrate the operation and facile
reconfiguration of all possible 2-input, 1-output logic gates in a single planar multimodal
plasmonic cavity. The potential for higher Boolean complexity, without compromising the high
compactness, is demonstrated first by operating our device as several ASIC-like Boolean

functions (ASIC: application-specific integrated circuits) from a 3-input excitation and finally



by showing that controlling the relative phase between multiple excitation beams makes it
possible to realize the first 2-bit adder in the same ALU.
Results and Discussion

The general principle of plasmonic modal logic gate is illustrated in Fig. 1A. Surface
plasmons (SP) sustained by an ultrathin crystalline gold microplatelet are confined in a two
dimensional fused double hexagon shape that creates resonant SP modes. The resulting near-
field patterns are distributed over the entire structure as a set of strongly contrasted localized
and enhanced spots.3! The large number of sustained modes is fully described by the SP local
density of states (SPLDOS) that is defined as the number of plasmonic modes per unit energy
and elementary volume at any location inside the metal (See details and maps in Fig. S2 in
Supporting Information, SI) in a similar way that electromagnetic (or photonic) LDOS applies
to electromagnetic modes that are defined outside the metal.®! The design of the device is based
on our early gedanken proposal of NAND and COPY gates implementation in a dimer of quasi-
hexagonal Au prisms.* To promote an optimal input-output information transfer,> * we focus
here on a continuous double hexagonal shape (Figs. 1B, 1C) with a size adjusted to show
transmittance resonances in the visible (720 nm) to near IR (810 nm) region as shown in Figure
S3D.* Our devices are fabricated by focused ion beam (FIB) milling single crystalline gold
microplatelets produced in solution and drop-casted onto ITO-coated glass coverslips.®® The
ion dose is adjusted to minimize the substrate etching and gold amorphization. Any peripheral
Au regions as seen in Figure 1C are removed by FIB to leave a standalone double hexagon with
sharp edges and preserved crystallinity displayed in Figure S2A.3* The area of the structure is

2.65 um? (extremal size of 2.5 x 1.1 pm).
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laser beams

Figure 1. Principle, fabrication and addressing of reconfigurable plasmonic modal logic gates.
(A) Schematic of a 2D crystalline gold cavity shaped into a double hexagon device (brown) that
bears plasmonic eigenstates contributing to the in-plane SPLDOS shown as a watermarked
map. Two laser beams, with specific linear polarizations that encode the Boolean '0" and '1'
inputs (see inset), excite sequentially the device that produces a remote non-linear
photoluminescence (nPL) signal with strong spatial variations in the output region. A nPL
signal exceeding a threshold value corresponds to a Boolean '1' gate output. (B) Locations of
the inputs 11 to 1, and output O1 to O4 considered in this work. Positions 0 and 5 are considered
as either input or output depending on the operating configuration. A two-beam excitation is
exemplified for inputs I, and I; with input polarizations 130° (Boolean '1') and 70° (Boolean
'0") respectively. (C) SEM image of a logic gate device being milled by FIB in a single
crystalline Au microplate. The peripheral Au regions are milled away before optical
experiments. (D) Wide-field nPL images obtained by exciting the structure in position I3 with
linearly polarized light oriented at 70° from the device long axis. The map, recorded in arbitrary
units on an 8-bit registry, constitutes the response function of the device to a Boolean '0' in input
Is. (E) Similar nPL map providing the response function of the device to a Boolean '1'
(polarization oriented at 130°) in input I;. Scale bars are (C) 500 nm, (D, E) 200 nm.

When a femtosecond pulsed laser is focused on a high SPLDOS spot, it efficiently drivesthe
plasmon resonance and generates non-linear photoluminescence (nPL) not only at the excitation
spot, but also in the most remote regions of a specific near-field pattern.3: % % In this work, the
nPL is used as an all-optical observable of the transfer function of the device.® The threshold
readout of the nPL signal intensity, recorded in arbitrary units on a 8-bit registry from a
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diffraction limited region, represents the logical output of the device that is associated to the
logical inputs encoded in the linear polarization directions of the excitation beams. When the
nPL signal is collected in confocal mode as displayed in Figures S1A and S2, it directly reveals
the squared SPLDOS pattern® that shows a marked enhancement distributed along the
perimeter of the structure.

In particular, spots localized at the ten vertices exhibit a high nPL intensity or, equivalently,
a large SPLDOS, which are used hereafter as input (I,) or output (Oy) ports (Fig. 1B). In order
to operate the device, a linearly polarized pulsed laser focal spot (A =810 nm) is now parked in
one of the inputs and the nPL signal distributed over the entire structure is collected in wide-
field microscopy as described in Fig. S1B. Figs. 1D and 1E show the wide-field images
recorded for inputs I3 and I; and polarizations 70° and 130° respectively. Besides the strong
local response from the impinging site, nPL is essentially emitted along the perimeter with an
intensity pattern that varies markedly upon changing the excitation point or the excitation
polarization.

We assign a Boolean value of '0' (resp. '1") to the excitation polarizations 70° (resp. 130°) and
construct the response map of the gate device in the 0-1 input configuration by summing the
intensity images 1D and 1E. This non-coherent response results from the sequential nPL
transmittance from the first and second input. It is equivalently obtained by the digital sum of
the two independent intensity images or by the cumulative recording of the intensity produced
by the excitation of both inputs, provided that the impinging pulses are well separated in the
time domain (Figs. S1 and S4). By recording the two extra nPL wide-field images with |1 (resp.
I3) excited with a 70°-polarized (resp. 130° polarized) beam, we can complete the functional
response of the device with the four 2-input configurations (0-0, 0-1, 1-0 and 1-1) as displayed
in Figures 2A-E. The marked differences between the four response maps observed over the

entire structure affect all the vertices of the rightmost hexagon which can each accommodate



one output port. In Figure 2F, the intensity profiles of the four configurations are plotted in
arbitrary units along the dotted perimeter in Figure 2A. For a readout threshold of 20, four
different gates are simultaneously realized in the five outputs: NOT 11 in O1, COPY I; inO; and
O4, AND in Os and Tautology in Os (Fig. 2G). If we consider the output port Oz and simply
change the readout threshold to 7.5, the AND gate is reconfigured into an OR gate (Fig. 2H)

and further into a Contradiction gate by raising the threshold to 60, for example (Fig. 2I).
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Figure 2. Multiple 2-inputs 1-output logic gates using the remote non-linear response of
plasmonic eigenstates in a single double hexagonal gold cavity. (A) SEM image of the double
hexagonal cavity milled from a 20-nm thick Au nanocrystal. The overall device area is smaller
than 3.0 um?. Scale bar is 200 nm. (B-E) Non-linear photoluminescence transmittance maps
constructed by the summation of wide field images obtained for fixed excitation in inputs I3
and I; with a linearly polarized focused laser beam (FWHM 300 nm) as indicated by the black
circlesand arrows. Polarization direction at 70° (resp. 130°) is assigned to a Boolean input 0"
(resp. "1"). The four maps correspond to the four possible input configurations: (B) I; and I3
are "0"; (C) Iz is "0", I, is"1"; (D) I3 is"1", 11 is "0"; (E) ls and I; are "1". The common color
scale is given next to (B). Scale bars are 200 nm. (F) Non-linear photoluminescence intensity
profiles from the maps in (B-E) along the same dotted line shown in (A). Three readout
thresholds (7.5, 20, 60) are indicated in three shades of orange. The centers of the output
locations (O; to Os) are indicated by the vertical dash-dot-dot lines. When the nPL signal
exceeds the threshold in one output location, it is assigned to a Boolean output "1". (G)
Combined truth tables for all five output positions read at threshold 20. Depending on the
readout location, the devices perform simultaneously AND, NOT(ls), COPY(l1) and Tautology
gates. (H, I) Upon lowering the threshold to 7.5 or raising to 60, the output Os is instantaneously
reconfigured from a AND into a OR gate (H) and then a Contradiction gate (1).



Besides choosing the output location or the readout threshold, other tunable parameters can
be used to achieve multiple instantaneous reconfigurations of the function of the same device
and extend the list of 2-input gates implemented (Figure 3). First, we change the set of
polarizations encoding the Boolean inputs. If we use 110° and 150° instead of 70° and 130°,
the output O, is changed from an inverter (NOT) to a NAND gate at threshold 45 (Figs. 3A,
3B). The complete set for this excitation scheme is shown in Figure S5. Alternatively, if we
input the information in two other locations, lp and I, with 90° and 10° encoding '0" and '1'
inputs as shown in Figures 3C and 3D (see details in Fig. S6), the farthest outputs O, and Oa
provide the simultaneous negation of both inputs at the same threshold 30 while only one NOT
gate was obtained in Figure 2. Inverting the input polarizations, i.e. 10° and 90° encode '1' and
‘0" respectively, converts the (O4,0,) output pair into SWAP(lo, I2), which is a more complex 2-
input, 2-output gate. When we tune the excitation wavelength to 750 nm instead of 810 nm, we
recruit a different set of eigenmodes and, once again, reconfigure the logic function. For
example, Figures 3E and 3F, show the nPL signal collected when exciting inputs lp and I at
750 nm with polarization 100° (*1" input) and 20° ('0" input) resulting ina NOR gate in outputs
O, and Oy at threshold 130 (see details in Fig. S6).

The set of ten different and reconfigurable 2-bit logic gates demonstrated experimentally in
Figures 2 and 3 includes universal gates (NAND, NOR) or the (AND, OR, NOT) set that could,
in principle, be concatenated to implement any Boolean logic function. However, this classical
approach® 2 requires the efficient transfer of the output signal of one gate to the next one, which
would exponentially increase the size of the required waveguide network connecting the gates
as Boolean complexity rises. More importantly, this approach would assume a gain mechanism
to compensate for the intrinsic dissipation of the information signal carried from one universal

gate to the next through the plasmonic circuitry.
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Fig. 3. Multiple ways to reconfigure the same logic device to get all possible gates. (A, B)
Choosing the polarization direction encoding the Boolean inputs. (A) When the 70° and 130°
choice for "0" and "1" in Fig. 2 is replaced by 110° and 150°, the device response is modified
as summarized by the histograms. (B) At threshold 42, output O; is reconfigured from a NOT
to a universal NAND gate. (C, D) Choosing the input locations. (C) Histogram summary of the
device response when inputs lo and I, are selected with polarizations 10° ("0™) and 90° (*1").
(D) At the same threshold 30, O, and O, are reconfigured to NOT(lo) and NOT(l2) respectively.
(E, F) Choosing the excitation wavelength. (E) Histograms of the device response in O; to Oy
upon excitation at 750 nm in inputs lp and I3 with polarizations 20° (*0™) and 100° ("1"). At
threshold 130, universal NOR gates are performed in O, and O,. (F) Table of truth of the NOR
gate in O and Oa.

Instead, our modal logic gates obviate these two impediments of classical circuitarchitectures

by exciting the relevant sub-set of SP modes able to directly realize a complex Boolean
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function. This isillustrated in Figure S7 where three inputs (l1, I3 and ls) are now excited with
the same set of polarizations (70°and 130°) as in Figure 2. Without any parametric optimization
or adjustment nor redesign of the cavity shape, the direct Boolean response of the double

hexagon device, in O; and Os for example, realizes a 3-bit OR, a 3-bit AND and other

combinations of 3-input OR and AND gates such as (I, AND I,) OR 5.

Importantly, this shows that our approach accommodates higher gate complexity in
standalone devices without cascading the elementary functions shown inFigure 2 and 3. Before
expanding our approach towards ASIC-like logic devices, an optimization step will be
necessary in order to maximize the global signal level but also the Boolean contrast, i. e. the
intensity difference between the lowermost analog signal corresponding to a 1" output and the
highermost signal assigned to a "0" output. The large number of design and operating
parameters exploited here to establish the proof-of-concept of reconfigurable modal gate
implementation suggests that such an optimization is a challenge per se. It could be carried out,
for instance, using photonic inverse design® or evolutionary®” ¥ algorithms that have
successfully solved complex optimization questions such as the directivity and selectivity of
nano-optical antenna or multi-signal plasmonic transmission networks.

Next, we demonstrate that the modal gate design is not restricted to pure Boolean logic gates
and functions but can also perform arithmetic operations such as the modulo 2 additive gates,
XOR and NXOR, and the half-adder unit that adds two numbers to produce a sum and a carry.

So far, in our simple additive experimental scheme, the gate output results from the
accumulation of the nPL signal generated by the sequential excitation of the first and second
inputs. Consequently, if the output is sub-threshold for the (0-0) configuration and supra-
threshold for both (0-1) and (1-0) configurations, it will be even higher for the (1-1) excitation,

therefore preventing the implementation of the (N)XOR gates.
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However, if we consider a temporal overlap of the exciting pulses impinging on both inputs,
the resulting coherent plasmon mode excitation can be tuned by varying the relative phase
between the incoming pulses.® In particular, we can select a phase difference that produces
destructive SP interferences at the output ports in the (1-1) configuration. In such a scheme, a
lower output signal is achieved for (0-0) and (1-1) compared to both responses of (0-1) and (1-
0) making it possible to encode arithmetic Boolean functions. To explore such operating
conditions of the structure, we have modified our Green's Dyadic Method (GDM) transmittance
numerical tool® and implemented multiple simultaneous Gaussian beam excitations whereby
several input ports can be chosen, each with a defined phase of the impinging electromagnetic
field (See Sl for details).

Figures 4A-D show the computed coherent near-field response of the double hexagon when
two in-phase beams (A¢ = @2 - @o =0°) are focused on inputs lp and I, their polarization
directions being either 110° or 150°. A contrasted distribution of the transmitted nearfield is
produced that reaches the remote right side of the structure where the local field intensity is
modulated by the change in the incident polarization configuration. Tuning the phase shift Ao,
for example with a delay line and a spatial light modulator, produces a monotonous sweep of
the near-field intensity across the entire double hexagon as illustrated in movie SM2. In specific
locations, strong variations are observed, by about one order of magnitude of the field intensity,
indicating significant output changes that can be exploited to implement coherent modal logic
gates. This is illustrated by considering the two peripheral regions O; and O (see Figs. 4E, H, K)
delineated with black squares in Figures 4A-D. The in-phase (Ae = 0°) output response from
O, follows an XOR table of truth with an output intensity for the (0-1) and (1-0) excitation
configurations that exceeds significantly the one for the configurations (0-0) and (1-1) as shown
in Figure 4G. When the two input lasers are dephased so that Ae = 180°, the same output port

O, is converted into a NXOR gate output, inthe exact same excitation conditions (Figs. 4H-1).
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Indeed, Figure 4J shows that the transmittance signal for the (0-0) and (1-1) excitations exceeds
the value obtained for both (0-1) and (1-0) excitations. Interestingly, the overall near-field
transmittance signal integrated over the 220 x 220 nm red (resp. green) hatched zones in Fig.
4F (resp. 41) reaches about 4-5% of the excitation field intensity, [Eof, integrated over a similar
diffraction limited area. These results strongly suggest that such a coherent response will be
detectable experimentally, by nPL-based mapping, a method that enhances near-field

transmittance contrast as shown in our recent work on modal routing devices.*
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Fig. 4. Coherent excitation and phase tuning yield XOR, NXOR and 1/2-adder logic gates. (A-
D) (0,0), (0,1), (1,0) and (1,1) near-field (NF) transmittance maps of the double hexagon device
obtained with a simultaneous double excitation in lo and I, (black circles) with incident linear
polarization 110° ("0™) and 150° ("1") and excitation phases ¢ = @o = 0°. Red squares indicate
the outputs considered hereafter. Scale bars are 500 nm. (E-G) XOR gate realized in output O1
as sketched in (E) with ¢2 - o = 0°. (F) Zoomed NF transmittance maps near O; for the four
logic input configurations. The 220 x 220 nm red hatched square delineates the area used for
numerical signal integration. (G) Histogram of the integrated NF transmittance values (see the
red-hatched area in (F)) and normalized to a similar area of the exciting beam. The XOR gate
is obtained for a threshold of 4.4%. (H-J) Sweeping ¢ - ¢o to 180° provides an implementation
of the NXOR gate in output O; as sketched in (H). (1) Zoomed NF transmittance maps near O
for the four logic input configurations. The 220 x 220 nm green hatched square delineates the
area used for numerical signal integration. (J) Histogram of the normalized integrated NF
transmittance values (see the green-hatched area in (1)) The NXOR gate is obtained for a
threshold of 4.3%. (K-M) Half-adder logic function obtained simultaneously by combining the
XOR gate in O1 with and AND gate in O (blue square) with @z - @o = 0° as sketched in (K). (L)
Zoomed NF transmittance maps near O for the four logic input configurations. (M) Truth table
of a half-adder logic device obtained by reading the normalized NF transmittance integrated
over the red- and blue-hatched regions in (F) and (L) respectively. The Boolean values between
parenthesis are defined with a common readout threshold of 4.4%.
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With the (N)XOR gates, we complete the entire set of 2-input 1-output gates obtained by the
Boolean reconfiguration of a single device. Since our modal plasmonic gate approach offers
the possibility to read-out multiple outputs, we can now consider combining the XOR and the
AND gates to implement the first simple arithmetic and logic computing unit (ALU), the half-
adder.

In Figures 4K-M, we revertto in-phase (A = 0°) excitation of lp and I, and consider the extra
output O located in the middle of the rightmost edge of the structure. The near-field
transmittance maps in Figure 4L show a robust AND gate in O that can be combined with the
XOR gate demonstrated in output O1. When a common readout threshold of 4.4% is set on both
outputs, a 2-bit adder, commonly named half-adder, with the sum and the carry is realized as
detailed in the table of truth of Figure 4M. Importantly, the construction of the all-optical half-
adder proposed here does not rely on the concatenation of the two AND and XOR sub-gates.
Such a classical cascaded circuit would be seriously hampered by the intrinsic loss of plasmon-
based devices. Instead, our approach consists in recruiting the adequate eigenmodes among the
many sustained by the cavity to implement a more complex gate in the same reduced footprint,
therefore both AND and XOR gates reach the same ca. 4% output level.

This illustrates that the design of the cavity determines the available eigenmodes, which are
then selected by the illumination and read-out schemes, to achieve a targeted logic function.
Since numerous modes coexist in our mesoscale structures, a very versatile reconfiguration is
possible using wavelength, sets of polarization, input and output ports or threshold as function
selectors. Our modal plasmonic gate approach can be extended beyond the 2-bit half-adder
towards more complex n-bit Boolean ALU, that would ideally, but not solely, perform n-bit full
adder (AND, XOR) and NOT functions. Our demonstrators show that this holistic ALU design
does not require to cascade elementary units in proportion of the targeted functional complexity

making it impervious to the detrimental effects of Joule losses pertaining even in crystalline
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plasmonic devices. As in the case of purely logic complex functions (See Fig. S7 for details),
the implementation of n-bit ALU combining Boolean and arithmetic functions will require a
global parametric optimization for which photonic inverse design and evolutionary tools could
be applied in order to maximize the output intensities and locations and the signal-to-noise
ratio.?” 37 38 40 yet, akin the analogous computing based on metasurfaces,?® the main challenge
towards increased logic complexity resides in the inverse design of the adequate plasmonic
cavity to reach a specific ALU function for which more advanced deep learning “:** approaches

are foreseen to provide powerful tools.

Conclusion

We have developed a holistic design of reconfigurable nano-optical logic devices based on
the 2D patterning of single-crystalline metallic cavities. By creating a large set of specific
plasmon eigenmodes that possess both localized features, used as input/output ports, and
delocalized extension over the double hexagon cavity, we were able to realize and reconfigure,
at will, all twelve possible 2-input, 1-output logic gates in a single flat plasmonic cavity. This
principle was generalized by demonstrating complex 3-inputs Boolean functions in the same
cavity without resorting to networking elementary gates. Finally, our approach provides a
compact and cascade-free optical platform to arithmetic and logic functions as shown by driving
the double hexagon as a 2-bit half-adder. Bringing the proof-of-concept of modal plasmonic
gates and ALU demonstrated here into a future practical implementation will benefit from two
recent advances. First, further Boolean generalization towards complex gates and ALU isa non-
trivial task for which the latest inverse design tools can be advantageously applied.** % Second,
progress in light source integration by embedding single photons sources,”*° or by tunnel
current-driven emission,-*® will enable integrating our planar 2D Boolean devices with laser-

free on-chip optical excitation and ultimately to plasmon-based quantum technologies.*
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Methods and Experimental

Au microplate synthesis. The crystalline gold microplatelets studied here are synthesized
using B-lactoglobulin protein fibrils. Purified Beta-lactoglobulin protein monomer of 2 wt% is
initially heat treated at 90°C and pH 2 condition for 5 hours resulting the formation of the multi-
stranded amyloid fibrils. The microplatelets are prepared by mixing a 0.01M aqueous solution
of HAuCl,s with 0.6 wt% solution of B-lactoglobulin fibrils. The solution is then heated at 55°
C for 24 hours. The microplatelets are 20-40 nm in thickness and the typical in-plane
dimensions are in the range of 1-15 um.

FIB patterning of double hexagon cavities. The double hexagon structures are fabricated by
focused ion milling of hexagonal microplatelets with diameter of 3-5 um using a gallium ion
beam on a Zeiss 1540 XB dual beam microscope interfaced with a Raith Elphy Multibeam
pattern generator. To ensure minimal substrate milling while thoroughly etching the gold,
typical ion current of 1.0 pA and dose of 8000 uC.cm? are used. The milling protocol consists
in etching out the double hexagon pattern first with minimal beam rastering along the double
hexagon edges. The peripheral portions of the starting hexagonal colloid are milled in a second
step.

Non-linear photoluminescence microscopy. A 180-fs pulsed Ti:Sapphire laser, with a
repetition rate of 80 MHz, is used to generate the nonlinear photoluminescence of the metal.
The laser beam is focused in a diffraction-limited spot by an oil-immersion aperture objective
lens (N.A. 1.49). The focus diameter is estimated at 300 nm and the average power density at
the sample is 20 mW.um2. The polarization orientation of the incident light is controlled by a
half-wavelength achromatic retardation plate. Two different nonlinear optical imaging
modalities are implemented to obtain the modal landscape and the transmittance of the device

as detailed in Supplementary Information.
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Simulations. Numerical simulations of the local electromagnetic field, SP-LDOS and nPL
signal were performed using home-made codes based on the 3D Green Dyadic Method as
described in earlier reports.® The generalized propagator K(r,r',m) is computed first that gives
the total electromagnetic response of the complex metallic nanostructure under any arbitrary
illumination field Eo(Ro, r, ®). The double hexagon structure is discretized into hexagonal
lattice of cells. The near-field transmittance calculations are performed with an excitation
located at a fixed input co-ordinate (position vector r1). The transmitted near-field intensity
generated by the excited plasmonic field at a distal output co-ordinate (position vector ry) is
calculated. The energy transferred from input to output is obtained by solving the Dyson
sequence equation which gives the Dyadic tensor S(r2, ri, o). Full details are given in

Supplementary Information.
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Materials and Methods

The crystalline gold microplatelets studied here are synthesized using B-lactoglobulin protein
fibrils according to the method reported in reference 1. Purified Beta-lactoglobulin protein
monomer of 2 wt% is initially heat treated at 90°C and pH 2 condition for 5 hours resulting the
formation of the multi-stranded amyloid fibrils. The microplatelets are prepared by mixing a
0.01M aqueous solution of HAuUCI,s with 0.6 wt% solution of B-lactoglobulin fibrils. The solution
is then heated at 55° C for 24 hours. The microplatelets are 20-40 nm in thickness and the typical

in-plane dimensions are in the range of 1-15 pum.

The colloidal suspension is drop-casted onto glass coverslips (22 x 22 x 0.15 mm) coated with a
nominal 10-nm indium-tin oxide (ITO) layer in order to evacuate charges during SEM imaging
and FIB milling (vide infra). Cross-mark arrays are designed by photolithography and Au
metallization. Organic residues are thoroughly washed with 10% aqueous ethanol solution and
deionized water and the gold surface is decontaminated by three successive 5-min O, plasma

treatments.

The double hexagon structures are fabricated by focused ion milling of hexagonal microplatelets
with diameter of 3-5 um using a gallium ion beam on a Zeiss 1540 XB dual beam microscope
interfaced with a Raith Elphy Multibeam pattern generator. To ensure minimal substrate milling
while thoroughly etching the gold, typical ion current of 1.0 pA and dose of 8000 uC.cm? are
used. The milling protocol consists in etching out the double hexagon pattern first with minimal
beam rastering along the double hexagon edges. The peripheral portions of the starting hexagonal
colloid are milled in a second step.

The nonlinear photoluminescence of the metal is generated upon a pulsed lar excitation. We use a
180-fs pulsed Ti:Sapphire laser with a repetition rate of 80 MHz. The laser beam is focused in a
diffraction-limited spot by an oil-immersion aperture objective lens (N.A. 1.49). The focus
diameter is estimated at 300 nm and the average power density at the sample is 20 mW.um2. The
polarization orientation of the incident light is controlled by a half-wavelength achromatic
retardation plate. In our measurement the nonlinearity exponent of the nonlinear
photoluminescence integrated over the entire spectral detection window shows a near quadratic

dependence and is assimilated as such in corresponding simulations.



Two different nonlinear optical imaging modalities are implemented to obtain the modal landscape
and the transmittance of the device (Figure S1).
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Figure S1. (A) Confocal nPL mapping set up. (B) Wide-field nPL imaging set-up. (C) Typical
spectrum of the nPL signal as recorded in either confocal or wide-field configuration. The dotted

line indicates the most commonly used excitation wavelength (A =810 nm). The yellow area
delineates the spectral range transmitted by the emission filter and over which the intensity is
integrated.

The first implementation provides confocal maps reconstructed pixel-by-pixel by raster scanning
the device through the focal spot with a two-dimensional piezoelectric stage. The nonlinear

response is collected by the same objective and filtered in the 375700 nm spectral range from the



backscattered fundamental beam by a dichroic beam splitter and a collection filter (Fig. S1A) and
is detected by a single-photon avalanche photodiode counting module. The confocal nPL gives the
strength of the response at particular excitation position, and to a reasonable approximation, is
proportional to the squared in-plane surface plasmon local density of states (SP-LDOS).? The maps
reveal the spatial distribution of the eigenmodes of the 2D confined plasmons (Figs. S3 and S4).
In the second imaging modality (Fig. S1B), the nPL response of the entire device is recorded in a
wide-field macroscopic image for a fixed excitation position to visualize the plasmon-mediated
signal transfer and distant nPL generation within the device.®

In all the experimental work described here, the laser pulses emitted by the laser are split to form
two arms where intensity and polarization of each can be independently adjusted. The pulses
propagating in the two arms are then recombined before entering the optical microscope to form
two focal spots, theposition of which can be laterally controlled to overlap defined inputs of the
double hexagon. A delay stage introduced in one arm allows us to control the temporal overlap
between the two pulses. In the present report, the pulses are always arriving separately at their

respective inputs.



SPLDOS and transmittance simulations and mapping.

The double hexagon structure used to implement reconfigurable logic gates is obtained by Focused
lon Beam milling micrometer-wide and 40 nm thick single crystalline platelets. The final
dimensions and morphology of the nanofabricated structure is characterized by scanning electron
microscopy to create a mesh model that matches precisely the actual structure (Fig. S2A). The
hexagonal compact mesh is composed of three layers of cells with lattice parameter of 10 nm. Our
Green Dyadic Method (GDM) code is used to compute full or projected SPLDOS maps as
illustrated in Fig. S2B where the SPLDOS enhancement along the peripheral edges is observed as
well as the clear higher order mode modulation indicating that the structure is large enough to

accommodate localized and delocalized modes.

Figure S2. (A) SEM image of the FIB-milled double hexagon structure. (B) In-plane SPLDOS
map for a horizontally polarized excitation at 810 nm. (C) Experimental confocal nPL map for a
horizontally polarized excitation (beam waist 300 nm, A =810 nm). (D, E) Simulated near-field
transmittance map for a fixed horizontally (D) or vertically (E) polarized excitation in I, (white
circle). Beam waist 300 nm, A =810 nm. The intensity in the right hexagon region is magnified
ten times. (F, G) Experimental wide-field nPL maps for a fixed horizontally (F) or vertically (G)

polarized excitation in I, (white circle). Beam waist 300 nm, A = 810 nm. The intensity in the right
hexagon region is magnified five times. Scale bars are 500 nm.



As shown in previous works, (31, 33) confocal nPL microscopy maps the squared in-plane
SPLDOS convoluted with the Gaussian excitation beam. Figure S2C is obtained for a horizontal ly
linearly polarized excitation and show a series of bright spots along the perimeter of the structure
with little signal coming from the core of the hexagons, in good agreement with the SPLDOS map
calculated for the same excitation polarizationin Fig. S2B. These SPLDOS and confocal nPL maps
indicate that the apexes exhibit an enhanced SPLDOS that can be used as effective excitation
inputs or emissive nPL output.

Using the modified numerical GDM tool developed inref (33), we simulate near-field transmission
maps obtained for an excitation with a single Gaussian beam placed and fixed inthe input location.
Equivalently, one can consider the model described in page 17 with E; = 0. In Figures S2D-G, the
transmitted near-field is shown when the upper left apex of the left hexagon is excited with a
300 nm Gaussian beam (white circle). When the laser is linearly polarized along the horizontal
direction(Fig. S2D), a significant field (~ 5-10%) is obtained in the distal region of the right
hexagon. When the polarization is rotated to 90°, as shown in Fig. S2E the transmittance in the
right side region is significantly suppressed.

Experimentally, the transmitted signal is better detected in wide field nPL experiments where the
excitation beam is parked in a fixed position and the response of the entire plasmonic structure is
recorded in wide-field microscopy (See page 2 and Fig. S1). This is clearly shown in Figs. S2F
and S2G which exhibit essentially the same features as the simulated near-field transmittance
maps, including the 0° / 90° polarization dependency (see also Figs. 2D and 2E or Fig. S3B and
S3C for other polarization configurations); The very good agreement between simulated
transmittance and wide field mapping confirms the relevance of our theoretical approach.(33)
Additionally, Supplementary Movie 1 shows the evolution of the wide field nPL maps when the
incident polarization of the excitation beam parked in I3 is rotated for excitation wavelength at 810

and 750 nm successively.



Simulation of transmittance spectrum.
The near-field transmittance GDM tool used for the map in FigS1D can also be used to calculate
transmittance spectra. In Figure S3, we consider an excitation by a single Gaussian beam in input
Is with a linear polarization at 70°. The experimental wide field nPL image (Fig. S3B) obtained
for an excitation wavelength of 810 nm shows that a significant signal is produced at the apex O.
This remote nPL emission in O is suppressed in the experimental map obtained when the
excitation polarization is rotated to 130° (Fig. S3C). We calculate the near-field transmittance
spectrum between I3 (excitation input) and O: (readout output), i. e. the near-field intensity
recorded in O; for a single fixed Gaussian excitation in I3 as the excitation wavelength is scanned
between 600 and 900nm (Fig. S3D). When the excitation is linearly polarized at 70°, the
transmittance presents two clear resonance peaks centered at 710 and 810 nm. The transmittance
is strongly suppressed over the entire spectral window, when the polarization is rotated at 130° in
agreement with the low intensity observein Oy in Fig. S3C. The calculated transmittance spectrum
suggests that the excitation wavelength of 810 nm used in Figs. 1 and 2 is close to optimal for
Boolean inputs encoded with 70° and 130° polarizations.

A

Transmittance (%)

650 700 750 800 850
Wavelength (nm)
Figure S3. (A) Sketch of the double hexagon structure with fixed excitation at apex I; with a 300-
nm diameter Gaussian beam and location of the output area O;. (B, C) Experimental wide-field
nPL maps of the double hexagon excited in I3 (A =810 nm) with a tightly focused laser beam
linearly polarized at (B) 70° and (C) 130°. The white circle indicates the area of output O1. (D)
Simulated near-field transmittance spectrum recorded in O; for an excitation in I3 polarized at 70°

(red) and 130° (black).



Digital and experimental nPL response maps from the asynchronous double excitation of the
double hexagon device.

In order to validate the construction of the 2-input logic gate response map from single excitation
nPL wide-field maps, as used throughout this work, we have considered exciting the double
hexagon structure, shown in Figure S4A, in inputs lp and Is with 0° polarization. The nPL response
of the device to a single beam excitation in either lp or Is is shown in Fig. S4B and Fig. S4C

respectively. The numerical sum of these two maps is displayed in Figure S4D.
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Figure S4. (A) SEM and (B,C) wide-field nPL maps of the double hexagon excited in lp (top) or
Is (bottom) input respectively. (D) Numerical sum of maps (B) and (C). (E) Wide-field nPL maps
recorded by cumulating the response obtained by the asynchronous excitation of both lp and Is. (F)
nPL intensity profiles of (D), in black, and (E), in red, along the path shown by the dash-dotted
yellow line in (A) from dot to arrowhead.



A modification of the experimental excitation scheme allowed us to split the pulsed excitation in
two beams that were focused in lp and Is so that individual pulses arrived at one input when the
other was not excited (See page 2, Figure S1). The nPL map recorded during such an asynchronous
double excitation is shown in Figure S4E. The exact similarity of both numerical summation and
asynchronous double excitation is clearly visible and further evidenced by plotting the nPL
intensity profiles from Figures S4D and S4E along the entire perimeter of the double hexagon as
shown in Figure S4F. The perfect overlap of both profiles confirms that the incoherent logic gate
response to a 2-input excitation can be constructed from the numerical summation of two single

input excitation maps.



Complete setof reconfigurable gateswith 110° and 150° input Boolean encoding.
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Figure S5. (A-D) Experimental non-coherent response of the double hexagon structure
constructed from the wide-field nPL maps obtained for fixed excitation in Iz and I; with a focused
beam polarized at 110° ("0") or 150° ("1"). (A) (I3; 1) = ("0";"0"). (B) (I3; 1)) = ("0™;"1"). (C) (I3;
) = ("1""0™). (D) (I5; 1) = ("1™;"1"). (E) Intensity profiles extracted along the dashed line on
the perimeter of the right hexagon from (A-D) in black, blue, green and red respectively. Signal
exceeding thresholds of 9 and 17 are indicated in light and dark orange. (F, G) Boolean output in
O, O; and Os for (F) threshold 13 and (G) threshold 7. (H) Histogram representation of the

intensity values in O; (See panel (E) at position 0.41 um) compared to threshold levels 87, 62, 45
and 25. (1) Boolean output in O; for the four thresholds NOR at 87, NOT I for 62, NAND for 45
and TTL for 25.

Figure S5 collects an entirely independent set of reconfigurable gates similar to the one shown and
detailed in Figure 2 but obtained, on the same double hexagon structure, using 110° and 150° to
encode the Boolean "0" and "1" inputs and I; and I3 as input ports. The asynchronous response of
the device to the four excitation configurations (0-0,0-1, 1-0, 1-1) is shown in panels (A)-(D) from
which the intensity profilesalong the perimeter of the right hexagon are extracted and plotted in
panel (E). The output ports O, Oz and O3 shown in Fig. S5A realize the gates AND, Copy I; for
threshold 13 (Fig. S5F) and can be reconfigured into OR, Tautology, Copy I3 for threshold 7
(Fig. S5G). The output O; alone implements four different gates (NOR, NOT, NAND and TTL)

10



as the threshold is swept from 87 to 62 to 45 to 25 (Figs. S5H, S51). Outputs O, and O3 can be
reconfigured to the Contradiction gate for any threshold exceeding 30. Note that the data of output
O, at threshold 45 is displayed in Figures 3A and 3B.
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nPL maps and intensity profiles used for Figure 3.

Figure 3 presents three reconfiguration modes to obtain new Boolean logic gates from the same
double hexagon structure introduced in Figures 1 and 2. In particular, changing the set of
polarization directions used to encode the Boolean inputs, while keeping the input locations and
excitation wavelength is shown in Figures 3A and 3B. Changing the set of input locations is
examined in Figures 3C and 3D. Finally, the excitation of the device at another energy
(Mexc = 750 nm) that mobilizes a new set of plasmon modes resulting in new transmittance patterns
is illustrated in Figure 3E and 3F. The data shown in Figure 3 as nPL intensity histograms
associated with the four Boolean input configurations (0-0, 0-1, 1-0, 1-1), for each considered
output port (typically O1 through Os), are extracted from wide field nPL transmittance maps as

explained for Figure 2, with the corresponding excitation/readout parameters.

The experimental wide field nPL transmittance maps and intensity profiles used in Figs. 3A,B are

given in Figure S5A-D and S5E respectively.

Figures S6A to S6D present the wide field nPL transmittance maps when the double hexagon is
excited ininputs lp and I, with a wavelength of 810 nm and polarization directions of 10° and 90°
to encode the input "0" and "1". The nPL transmittance intensity along the dotted line linking the
output ports O, to Os is shown in Figure S6E. The main text focuses on outputs O, and O4, which
are reconfigured into NOT(lo) and NOT(l,) gate functions for a threshold of 30, from their initial
COPY gate function in Figure 2.

Similarly, Figures S6F to S61 display the experimental wide field nPL transmittance maps for the
four excitation configurations of the double hexagon in inputs lp and I3 with a 750 nm laser
polarized along the 20° or 100° directions to encode the input "0" and "1" respectively. The nPL
transmittance intensity along the dotted line in Fig. S6F are gathered in Figure S6J. When one
choses a threshold of 130, output ports O, and O, are now reconfigured into a universal NOR gate.

The exact same data for these two outputs are shown as histograms in Figure 3E.

12
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Figure S6. Reconfiguration of the Boolean function of the double hexagon device. (A-E)
Choosing the input locations. Data corresponding to Boolean operation shown in Figs. 3C-D where
inputs lo and I, are excited at 810 nm with polarizations 10° and 90° encoding the "0" and "1"
Boolean inputs. Response maps (A) to (D) are constructed from the four corresponding wide field
nPL maps. The device readout is performed along the dotted line shown in (A) and displayed in
panel (E). When areadout threshold of 30 is chosen, the device performs NOT(lp) and NOT(l) in
the output O, and O4 respectively. (F-J) Choosing the excitation energy. Data shown in Figs. 3E-
F are obtained by exciting the double hexagon in inputs lp and I3 at 750 nm with polarizations 20°
and 100° encoding the "0™ and "1" Boolean inputs. Response maps (F) to (I) are constructed from
the four corresponding nPL maps. (J) Response profiles along the dotted line in (F). When a
readout threshold of 130 is chosen, outputs O, and O, are reconfigured to the universal NOR gate.
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Generalization to interconnect-free 3-bit reconfigurable logic units.

Mimicking interconnect-free Application-Specific Integrated Circuits (ASIC), DH plasmonic
cavities can perform specific Boolean operations with N > 2 inputs.

Figure S7 demonstrates this generalization to a higher level of complexity by directly extending,
without any optimization or adjustment, the principles described in the main text to reach 3-input
reconfigurable logic units. In this example, input 14 is considered alongside the two inputs I and
I3 studied in Figure 2. The DH response maps corresponding to the 23 =8 possible excitation
configurations using the same 70° and 130° polarizations to encode "0" and "1" Boolean inputs

are shown in Figures S7A to S7H.
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Figure S7. DH cavity operated as a 3-bit ASIC-like reconfigurable logic unit producing non trivial
Boolean functions. (A-H) Experimental non-coherent responses of the double hexagon structure
constructed from the wide-field nPL maps obtained for fixed excitation in Iy, I3 and 14 with a
focused beam polarized at 70° ("0") or 130° ("1"). (A) (Iy; l3; ls) =("0";"0";"0"). (B) (Iy; I3;
ls) = ("0""0";"1"). (C) (ly Is la) = ("0""1""0").(D) (I3 Is; lg) = ("0""1""1").(E) (ly; Is;
) =("1""0""0").(F) (I s la) = ("1""0""1").(G) (ly; s la) =("1""1""0™).(H) (1 s;
lg) = ("1™ 11, (1) Intensity profiles extracted along the dashed line on the perimeter of the
right hexagon from (A-H). (J) Complex Boolean outputs in Oy (resp. Og) for the thresholds 30 and
40 (resp. 90 and 67) that can be associated to the logic functions displayed in the last line. NOT(l1)

isnoted as ;.
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In Figure S7I, the DH response in the rightmost area is explored by plotting the eight NPL
transmittance profiles along the dotted line in Fig. S7A. The tables of truth of four different 3-bit
ASIC-like Boolean functions are displayed in Figure S7J. At readout threshold 30, the Boolean
response at output Oy is I; OR I3 OR 1, which, except for the inversion of I, is equivalent to a 3-
bit OR gate. Similarly, the output O, read at threshold 90 yields a quasi 3-bit AND gate with the
response I; AND I; AND 1. But also the quasi 3-bit OR (I, OR I; OR 1) at threshold 30. Other 3-
bit Boolean functions combining OR and AND gates are obtained without cascades nor
redesigning the DH cavity but by the simple adjustment of the readout threshold. At threshold 40,
O, produces the Boolean function (HAND 14) OR 15, when O implements a complementary

Boolean operation, (H OR 13) AND 1, at threshold 67. Incidentally, Os also implements
(I, AND 13) OR 1, at threshold 55.

These examples demonstrate that the adequate exploitation of the modal landscape inscribed inthe
DH cavity allows to realize not only simple 2-bit gates but also more complex multibit logic
functions at fixed energy (here A =810 nm), without necessitating to create a new plasmonic

device or to concatenate it to another, which would raise issues of dissipation.
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Calculation of near-field transmittance maps and spectra with two synchronous incident
Gaussian beams.

Here, we describe the numerical tool based on the Green dyadic formalism that provides the
computation of the electric field transfer between two distinct input locations and a remote output

location in an arbitrary shaped metallic nanostructure as illustrated in Figure S8.

%
— N

—_— ~
= Observation window ~~

Figure S8. Schematic geometry of a plasmonic 2D double hexagon device supported by a
transparent dielectric substrate, and the associated observation window used for simulations which
is positioned above the structure. The size of this window can be adjusted.

In a metallic system where surface plasmons are excited by a bi-focused illumination Eo= E; + Eg,
of angular frequency ® and positioned at r; and r2, the expression of the electric field Eou: at a

given output location r’ can be expressed as follows:*°

Epue(r',1,13,0) = [ K(r',1,0). Eg(1,71,73, 0)d, T (1)
where V is the volume of the metallic object, and K(r’), r, @) is the generalized field propagator
that contains the entire response of the sample under any incident illumination:*
Kr',r,w)=I6§(r—7r")+ y(r,w).Sr' r,w) (2)

S(r’, r, @) is the Green Dyadic tensor describing the whole system that includes the plasmonic
structure and the dielectric substrate, and 1 is the identity matrix. In addition, the frequency-

dependent optical response of the metallic structure is given by:

x(rw) = W in the metal, (3)
and
x(r,w)=0 outside of the metallic object.
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In this work, we focus on the plasmon-mediated field transfer in the metallic structures. We
therefore exclude the direct contribution of the bi-focused incident illumination at the output
location.® This can be done by removing the delta Dirac distribution in equation (2):

K@ ,r,w)=yr w).S'r,w) (4)

The whole set of experimental data presented in this study has been acquired using two
asynchronous focused Gaussian illuminations. In Figure 4, we consider that the two beams
coherently excite the structure in the final section. Consequently, each spots Ei1 and E2 has been
modelled as a Gaussian spot through a plane waves expansion in the wave vector domain for each

contribution; 10

2_ 2
E(r1y0) = [0 da [V dp exp(in Jexp [ - )

~JEsunko —W " ]ex'p[ia(x—xj)+

iB(y — yj) + ik,(z — Z )], (5)
ko is the vacuum wave vector of the incident light and r; = (x;, y;, z;) defines the center of the jt
excitation Gaussian spot in the Cartesian system of coordinates shown in Fig. S8. &g, is the
dielectric function of the substrate and the beam waistw, describesthe lateral extension of the two
similar incident Gaussian beams. A®; = ®; — @, is the relative phase between the light beam E;
and the light beam E1. So A®; = 0and A®, = &, — P,

The integration in equation (5) is performed in the 2D reciprocal space defined by the vector
k7= (a, B). In order to take into account the realistic gecometry of the system with a transparent

substrate, for a given Gaussian spot, the tangential components of the total field vector ( are

expressed as follows:

()=1() ®

The transmission matrix T reads:

- 25 + - 5 siné
TZ((T" T,) cos 7, (7 —1.)cos8sin ) )

(zy =t ) cosdsind (ry—1,)sin?6+ 1,
I I
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7, and 7, are the Fresnel coefficients for the interface. Here, 3 is an angle in the Xy plane between
the x-axis in Cartesian coordinates and the orientation of the planar component of the wave vector
ky.

In equation (5), the normal component ¢, of ¢ is obtained using the following expression:

{,=— (a{inc’x ¥ ﬁzinc’y)/(gsubkg — a2 — p2)1/2 (8)

Finally, the electric intensity distributions generated in the simulated maps of the main manuscript

and in Figure S9 take the following form:

Iout(r,: ry, 7Ty, (U) = IEout (1"’, ry, 7Ty, (U)IZ (9)

-
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Figure S9. 2 x 2 un? simulated images showing the normalized intensity distribution (lout) above
the double hexagon device under coherent excitation by two Gaussian beams in r; and r. The
positions of the two excitation spots are indicated by the black circles. The polarization is 150° for
both spots, and the phase difference is A® =60°.

The effect of the phase difference 0 < A® < 360° is shown in Supplementary Movie 2 where each
panel describes one polarizationset - (110°, 110°), (110°, 150°), (150°, 110°) or (150°, 150°) - and
is animated as the phase difference is scanned through. The clear sweep of intensity due to the
destructive and constructive plasmon interferences leads to the production of the non-trivial XOR

and NXOR transmittance relationships exploited in Figure 4 in the main text.
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