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We propose a novel deterministic protocol, based on continuous light flows, that enables us to control
the concentration of light in generic plasmonic nanostructures. Based on an exact inversion of the response
tensor of the nanosystem, the so-called deterministic optical inversion protocol provides a physical
solution for the incident field leading to a desired near-field pattern, expressed in the form of a coherent
superposition of high-order beams. We demonstrate the high degree of control achieved on complex

plasmonic architectures and quantify its efficiency and accuracy.
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Subwavelength (sub-A) concentration of the electromag-
netic field can be achieved in the vicinity of metal nano-
structures by creating strong surface charge gradients, as in
the nanogap between two nanoparticles [1,2] or at the apex
of a sharp tip [3]. The location of the so-called hot spots is
mostly determined by the geometry of the metal system.
For a given geometry, a standard illumination, by a plane
wave or a Gaussian beam featuring homogeneous polariza-
tion and phase over time and space, only offers poor control.
While a change of wavelength or polarization can induce
substantial changes, it does not allow one to control the
location of a hot spot at any desired position of the nano-
structure. Nonetheless, the accurate and dynamical control
of the optical near field at the sub-A scale is required for the
development of future nano-optical devices. Different strat-
egies have recently been proposed to reach this goal.
A first family of approaches, inspired by coherent control,
relies on temporally shaping the phase and amplitude of
ultrashort laser pulses [4,5]. By combining pulse shaping
with a learning algorithm, the feasibility of generating
user-specified optical near-field responses, as first proposed
by Stockman et al. [4], was demonstrated experimentally
[5]. Experimental control of the local optical response
of a metal surface was also achieved by adjusting the
temporal phase between two unshaped ultrashort pulses
[6]. Alternatively, the idea of time reversal has recently
been proposed [7].

A different approach, based on continuous wave flows,
consists in exploiting the spatial phase shaping (in oppo-
sition to temporal phase shaping) of high-order laser
beams. We have recently demonstrated how the phase
jumps at the focus of Hermite-Gaussian beams enable
coupling to plasmonic dark modes in coupled plasmonic
antennas [8]. However, achieving a deterministic control of
light confinement at any specific location of a generic
plasmonic nanostructure requires a procedure that enables
one to determine the actual incident field that leads to the
desired near-field pattern.
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Here we propose a novel, fully deterministic numerical
protocol towards the control of the optical near-field re-
sponse of a generic nanosystem in an accurate and dyna-
mical way. The so-called deterministic optical inversion
(DOPTYI) algorithm enables us to reconstruct, from a de-
sired near-field pattern, the closest physical solution for the
incident field, expressed on a basis of focused Hermite-
Gaussian (HG) beams. Prior to this work, the use of
high-order beams was also proposed for probing nano-
structures [9].

In order to draw the general principle of the DOPTI
algorithm, let us consider the configuration in which an
incident field E;,, after focusing through an objective
lens, impinges on a generic nano-object of dielectric func-
tion &,,(w). Upon linear interaction, the electric field E ¢
inside the object connects to E;, by:

Eout = XEiw (1)

In this functional equation, X is a linear operator describ-
ing the optical response of the object as derived from
Maxwell’s equations. A full control of the optical near-
field response would consist in retrieving the incident field
Ei that leads to the desired output field Ei , (see Fig. 1)
by solving:

Ei =X"'Ei,, (2)

where we assume that X is invertible. This is usually the
case although special attention must be paid when X is
singular [10].

In the following we focus on the Green dyadic method
[11] in order to find an expression for the matrix X, but any
other solver of Maxwell’s equations could be used equiv-
alently. We look first for the self-consistent electric field
E,,: inside the nano-object by discretizing its volume V
into N identical sub-A meshes located at the positions r;,
where i € [1, N]. This procedure generates a system of
Nvectorial equations with N unknown fields E,,(r;):
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FIG. 1 (color online). Schematic of the DOPTI algorithm. The
left path (red) sketches the situation in which a Gaussian beam
(E;,) impinges on the structure leading to the output field (Ey,).
The right path (blue) sketches the reverse situation in which the
optimal incident field E;n is computed from the desired output
field Ei

out-

v &
E u¢(r;) = Ejp(r;) + Xﬁ Z S(r;, rj)Eout(rj)r (3)
j=1

where y = %, g,(w) and e are the frequency

dependent dielectric functions of the metal and of the
surroundings, and S(r;, r;) = Sy(r; r;) + Sgue(rr;) is
the Green dyadic tensor including a free-space term
Sy(r;, r;) and a reflection term Sg,(r;, r;) accounting for
the presence of a surface [11]. Equation (3) forms a linear
system that can be rewritten in a simplified notation, after
removing the self-consistency [11]:

E in — MEoutr (4)

where E;,and E,,; are 3N-supervectors defined by E;,, =
(Ein(ry), Ejy(rp), .., Ejn(ry))  and  Eqyp = (Egy(ry),
Eouc(ra), ..., Egue(ry)). M is an invertible (3N X 3N)
matrix [11], formed by the (3 X 3) elements M; ; = &, ; —
X % §(l‘,~. rj)

As a test structure to illustrate the method, we consider a
V-shaped ensemble of five 80 X 80 X 40 — nm? gold pads
(left inset of Fig. 2(a) and Ref. [12] part A) lying on a glass
substrate (&,,(w) is taken from Ref. [13], eg1,5s = 2.3 and
€. = 1). In Fig. 2(a), the calculated far-field spectra are
plotted for a plane wave illumination linearly polarized
along the x and y directions. Upon each polarization, the
structure features two resonances each associated with a
different electric near-field intensity distribution (right in-
sets of Fig. 2). While changing the direction of the linear
incident polarization and/or the wavelength leads to sig-
nificant changes in the near-field response of the nano-
system, the degree of control that can be exerted remains
strongly limited by the fixed geometry.
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FIG. 2 (color online). Partial control of the optical response of
a nanostructure upon plane wave illumination. (a) Normalized
far-field scattering spectrum of a V-shaped structure (left inset)
illuminated by a plane wave linearly polarized along x. The right
insets show the normalized electric near-field intensities at 545
and 690 nm (scale bar = 100 nm). (b) Normalized far-field
scattering spectrum of the same structure illuminated by a
y-polarized plane wave (left inset). The right insets show the
normalized electric near-field intensities at 550 and 725 nm
(scale bar = 100 nm). The near-field intensities were calculated
20 nm above the pads [11].

Figures 3(a)-3(c) show a scenario of sub-A control that
one would like to achieve over the V-shaped nanostructure
where light is selectively coupled to the dipolar mode
(resonance at around 560 nm) of each of the adjacent
pads of the ensemble. In practice, the desired electric field
Ei , is determined by computing the response of a single
isolated pad upon a focused Gaussian illumination. This
field is then imposed to the target pad of the complex
nanosystem and used as input for the DOPTI algorithm.
In our simulation, the focusing optics was modeled through
a 1.25 numerical aperture (NA) aplanatic lens with a 3-mm
entrance radius [14]. The distance between the centers of
two adjacent pads is less than half the limit of diffraction
(approximately 270 nm at a wavelength of 560 nm with
1.25 NA), represented by the pink dashed circle in Fig. 3.

Equation (4) always provides a mathematical solution
for the incident field E! associated to any distribution of
the desired field E} ,,. However, the practical implementa-
tion of this inversion approach depends on whether there is
a physical incident field close enough to the ideal mathe-
matical solution that can be created from the Gaussian
beam of a laser. In order to ensure a physical solution,
we impose that the field Ei  must be decomposable on a
basis H of n focused Hermite-Gaussian beams, whose
symmetry axis coincides with the origin of the Cartesian
coordinates r, = 0. Our choice fell on this basis in order to
establish a direct link with standard experimental condi-
tions, where the incident field is the result of focusing a
paraxial beam through an aplanatic lens [14]. On the one
hand, the HGs form an orthogonal basis that can com-
pletely describe any paraxial beam before the lens [15]
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FIG. 3 (color online). DOPTI sub-A control. (a)—

(c) Normalized electric near-field intensities for three cases of
desired control at 560 nm. The pink dashed circle depicts the
diffraction limit. (d)—(f) Normalized reconstructed electric near-
field intensities calculated from the three intended output near-
field patterns in (a)—(c). Errors and efficiencies are reported. The
near-field intensities were calculated 20 nm above the pads [11].
(g)—(1) Corresponding magnitude (blue) and phase (red) of the 8
coefficients of the superposition on a base of 14 HG beams.
Every order of the base appears with the two orthogonal polar-
izations along x and y. Magnitude and phase are on the same
scale, between —r and 7.

and, on the other hand, can feature, after focusing, phase
singularities at the sub-A scale [16]. E;, can therefore be
expressed as:

El, = HB, 5)

where H is a (3N X n) matrix whose columns are the
elements of the basis and 3 is the vector containing the
complex coefficient of the superposition. In this work,
the expansion was truncated to the first 7 orders to limit
the phase complexity so that H becomes a (3N X 14)
matrix (for each order, both orthogonal polarizations along
the Cartesian axis, x and y, are considered).

Inserting Eq. (5) into Eq. (4) enables us to make clear the
linear relationship between the unknown coefficients of the
superposition B and Ei

Ei , =M"HB. (6)
Equation (0) is, therefore, a linear overdetermined system
with 3N equations and n unknowns (3N >> n). As a con-
sequence, depending on the desired near-field pattern,
Eq. (6) does not always have a unique solution; a turn-
around approach is to look for the value ? of the
coefficients of the superposition that offers the best physi-
cal approximation E2,, to our ideal electric field El ,,
such that:

Ei

out

= E2

out

+r=MTHB? +r, 7

where the 3N-supervector r is the vector of residuals or
error vector, that only vanishes when Eq. (6) has a unique
solution. This becomes a standard fitting problem that can
be solved by adopting any linear algorithm, such as a linear
least mean squares algorithm (LMS) [10].
The LMS solution is, for example, given by [10]:
Ba — (th)—lthi

out’

X =M"H, (®)

Ei

out

r = Ei

out

= Egue — XB?, ©

where the matrix X" is the transpose conjugate (Hermitian)
of X. The LMS solution also gives direct insight on how
physical and viable our initial ideal field El ,, is in terms of
relative error r and absolute efficiency 7, as defined in
Ref. [12] part D. Overall, the error r and efficiency 7
quantify the fidelity which our approximated solution de-
scribes the intended output field with, and the coupling
efficiency of the desired incident field, respectively.
According to our definition of the efficiency, for EJ, to
reach the same maximum intensity as Ei ,, the total power
of the incident field has to be exactly 7 times higher. Note
that for most applications, our restrictive definition for the
error r provides a worst-case scenario. For instance, a
definition of the error based on simply concentrating light
around a single gold pad (i.e., without necessarily exactly
reproducing its dipolar mode pattern) would lead to much
smaller errors than of those in Figs. 3(d)-3(f).

Figures 3(d)-3(f) show the reconstructed near-field
maps of ||[E2,|I*> associated to the desired near-field pat-
terns of Figs. 3(a)-3(c). The corresponding desired and
reconstructed phase distributions are presented in Ref. [12]
(Fig. S3). Figures 3(g)-3(i) plot the associated magnitude
and phase of the coefficients of the vector 3. The error r is
found to be of, respectively, 56%, 20%, and 11%, while the
efficiency is, respectively, 13, 6.5, and 7.8. At this stage, it
becomes clear that an approach exclusively based on re-
producing the required incident intensity pattern (without
considering the phase distribution), for instance through a
superposition of diffracted limited Gaussian spots, would
suffer from a much lower level of control.

As a step forward, we apply the DOPTI protocol to
the design of a nanostructure formed by a cross-shaped
array of five 80 X 80 X 40 — nm? gold pads, as shown in
Fig. 4(a) and Ref. [12] part A. We aim at employing this
nanostructure to selectively optically address several near-
by nano-objects, such as nanoemitters, located at positions
A, B, and C. The input of the DOPTI algorithm is the
electric field El , derived by concentrating light on the left
corner of a single pad of the ensemble. Tests on this
nanostructure were performed at two wavelengths, 560 and
690 nm, whose limits of diffraction sit approximately at
270 and 335 nm [represented by the two circles in Fig. 4(a)].
For both wavelengths, the separation distance between
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FIG. 4 (color online). Design of a nano-optical element able to
selectively address several nearby nano-objects. (a) Crosslike
structure, the two pink dashed circles represent the limit of
diffraction for 560 nm and for 690 nm, respectively. (b),
(c) Intensity concentration at points A (red [medium gray]), B
(black) and C (blue [dark gray]) at 560nm and 690 nm, respec-
tively. (d)—(i) Normalized electric near-field distribution calcu-
lated for the cases at 560 nm (d)-(f) and at 690 nm (g)—(i) The

near-field intensities were calculated 20 nm above the pads [11].

points A, B, and C is substantially less than half the limit
of diffraction. Figures 4(b) and 4(c) show how it is possible
to selectively localize light at point A, B or C for both
wavelengths with intensity ratio up to 1/100. The corre-
sponding normalized electric near-field intensities are re-
ported in Figs. 4(d)—4(f) for 560 nm wavelength, and in
Figs. 4(g)—4(i) for 690 nm together with the respective
errors and efficiency, as defined in Ref. [12] part D.
Accurate control of the field concentration at the three
points is successively achieved at both wavelengths, show-
ing that the DOPTI method is almost independent from the
illumination wavelength. Nevertheless, we observe that
efficiency and errors are better at 560 nm than at 690 nm,
most probably because at this wavelength the intended field
patterns are closer to the eigenmodes of the structure upon
plane wave illumination.

As a conclusion, we have described and tested a univer-
sal protocol that enables us to determine the physical

incident light field required to achieve a desired near-field
response of a nanostructure. Even though there is no prac-
tical limitation on the choice of the desired near-field
pattern, smaller errors and higher efficiency are expected
for patterns that are close to a superposition of the eigen-
states of either the whole structure or a portion of it.
This protocol combined with spatial phase shaping by a
spatial light modulator offers a realistic approach towards
the dynamical control of the near-field of any linear
nanosystem.
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