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Controlled light scattering of a single nanoparticle by wave-front shaping
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Controlling light scattering by nanoparticles is fundamentally important for the understanding and the control
of light with photonic nanostructures, as well as for nanoparticle scattering itself, including Mie scattering. Here,
we theoretically and numerically investigate the possibility to manipulate nanoparticle scattering by wave-front
shaping that was initially developed to control light scattered by large numbers of nanoparticles in nanophotonic
media. By employing a scattering matrix analysis, we find that even a single nanoparticle supports multiple
strongly scattering eigenchannels, suggesting wave-front shaping as a promising tool to manipulate scattered
light of a single nanoparticle. By sending in shaped wave fronts, we selectively excite eigenchannels, as is
apparent from the distinct field distributions. These scattering eigenchannels are related to different resonant
leaky modes of the scatterer, that reveal remarkable localized “hot spots” where the field is substantially
enhanced. Moreover, we investigate the backscattered spectra; we send in wave fronts relevant for a particular
eigenchannel, and observe that the backscattered spectrum reveals not only the excited channel but also several
others. This result points to the existence of short- and long-range spectral correlations for an eigenchannel. Our
paper offers a flexible tool to manipulate light scattering of a single nanoparticle, and thus opens possibilities
to control field patterns and light-matter interactions in a nanoparticle, as well as to explore new features of
nanoparticle scattering such as the spectral correlation and temporal response of light scattered by nanoscatterers,

including Mie spheres.
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I. INTRODUCTION

The manipulation of waves, such as electronic waves,
acoustic waves, and optical waves, is an ongoing central topic
in many research fields [1]. In optics, many different meso-
scopic nanostructures have been developed to control light
waves, including photonic crystals and scattering media [2—4],
plasmonic structures [5], metamaterials [6], and metasur-
faces [7]. In particular, photonic scattering media that consist
of many randomly distributed nanoparticles, have been ap-
plied to control light propagation and light-matter interactions
for, notably, Anderson localization and transverse localiza-
tion [8-12], weak localization and coherent backscattering
[13—15], random lasing [16,17], imaging through opaque me-
dia [18-21], and sensing deep inside opaque media such as
biological tissue [22,23]. Recently, optical wave-front shap-
ing (WFS) [24-26] has been demonstrated to be a powerful
method to manipulate light in and through complex scat-
tering media, by spatially shaping the incident wave front,
leading to novel applications in high-resolution imaging
[27-31], enhanced energy delivery [32-34], efficient light
emission [35-37], and classical and quantum communication
schemes [38—41].
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Many classes of nanostructures such as photonic crystals,
metasurfaces, and scattering media consist of assemblies of
many nanoscatterers, hence light scattering plays a funda-
mental role in these nanostructures [42,43]. Consequently,
manipulation of light scattering is crucial for the under-
standing and control of light propagation in these complex
nanostructures. To control the scattering of a single nanoparti-
cle, typically the structural parameters are engineered, notably
to tailor multipolar interference and scattering properties
of the scatterer upon illumination by incident plane waves
[44—46]. When achieving resonant excitation for a nanopar-
ticle, the excited cavity mode has been exploited to enhance
light-matter and nonlinear interactions, such as photolumines-
cence [47,48], lasing [49,50], and optical harmonic generation
[51,52].

A little explored question is whether the scattering of a sin-
gle nanoparticle can also be manipulated by shaping the wave
fronts of the incident light, in other words, by optical WFS.
Indeed, first steps in this direction have recently been taken
in Refs. [53-55], which proposed how to make nonradiating
(anapole) resonances radiating by tweaking the near fields;
the main difference to these seminal papers is that here we
wish to shape wave fronts for nanoparticles by using far-field
information.

At first glance, the answer to the question above seems
to be “no,” since only a single optical path exists for light
scattered at an angle 6 by a single nanoparticle, as illustrated
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FIG. 1. Schematic diagram of the physical situation studied here.
Incident light with a shaped wave front is incident on a scattering
particle (MS), which results in scattered waves in the far field with
controllable properties. This WFS diagram for manipulating Mie
scattering can be realized practically, where the light scattered at an
angle 6 is monitored by a detector in the far field.

in Fig. 1. This situation fundamentally differs when the sam-
ple consists of multiple (N) scatterers, in which case optical
interference between multiple light paths can be controlled by
WES [24,25,56]. Remarkably, from our analysis in this paper
of the scattering matrix of a single scatterer that is experi-
mentally accessible, we find that there are multiple strongly
scattering eigenchannels for such a single scatterer. Therefore,
optical WES can effectively be employed to manipulate light
scattering by selectively exciting these single-particle eigen-
channels. The physical essence is the realization that light
waves interacting with a single nanoparticle are not necessar-
ily experiencing single scattering (in which case wave-front
shaping control would not be feasible), but the waves are
multiply scattered by the single nanoparticle, as described by
the # matrix [57] of a single scatterer [56,58,59]. Nonetheless,
such a kind of multiple scattering in a single nanoparticle
is essentially different from that in disordered media. Our
scattering eigenchannel analysis suggests wave-front control
as a promising tool to explore novel features of nanoparticle
scattering, profiting from the flexible manipulation on the
scattered light with WEFS.

By investigating the scattering light field inside the
nanoparticle, we find that these highly scattering eigenchan-
nels are related to different leaky resonances of the scatterer.
Consequently, by employing optical WES to selectively excite
different scattering eigenchannels, it is possible to control
resonance-enhanced light-matter interactions with individual
nanoparticles. Moreover, we find that the highly scattering
eigenchannels exhibit both short-range and long-range spec-
tral correlations, that are related to the rich resonant features
of the nanoparticle, and could lead to interesting ultrafast
optics. These results offer perspectives for understanding and
controlling the intriguing light scattering process in various
nanostructures.

II. METHODS

Figure 1 shows a schematic of shaped wave fronts that are
incident on and scatter from a nanoparticle, where the wave
fronts of the incident light are controlled by optical WFS
equipment further upstream. The nanoparticle scatters light
into all possible outgoing wave vectors, corresponding to all
angles in the far field, as described by the scattering matrix.

Here, we focus on scattered waves that emanate in backscat-
tered directions in the angular range (—90°< 6 < 90°),
because these waves do not interfere with the incident waves
that travel in the positive y direction [60]. To thoroughly
analyze the backscattering, we employ the random matrix
theory to describe the relationship of the incident and outgoing
modes at different far-field angles [25,61-63], demonstrating
the existence of multiple scattering eigenchannels with merely
a single scattering nanoparticle. The existence of multiple
highly scattering eigenchannels may shed light on the recently
reported scattering phenomena of mutual extinction and trans-
parency [64,65] for various nanoparticles and nanostructures.

Following the random matrix theory [25,61-63], we model
the incident and outgoing modes in free space as column
vectors, and obtain a scattering matrix S, for the single
nanoparticle. To be precise, the matrix S, is a subset of the
whole scattering matrix in view of our choice to consider the
backscattered waves. The incident and outgoing free space
modes are represented by the column vectors Li, and Ly,
respectively. The square of the ith element |L"|*> or |L9™|?
denotes the optical power in the relevant incident or scattering
channel. Hence, the ith element is related to the electric field
by [LI")? = |[E"|>ASj, (or |[L™|? = |EP" > ASou), where ASi,
(or ASyy) is a constant value dependent on the area of the
discrete incident (or scattering) channels. Once the scattering
matrix S, is retrieved, in an experiment for instance by inter-
ferometry as illustrated in the Appendix, the backscattering
by a single nanoparticle is obtained from the following ex-
pression:

Louwt = S, Lin. (1

The main step in this paper is that singular value decomposi-
tion on the matrix S, will find the scattering eigenchannels, as
given by

S, =USV™, (2)

where U and V are unitary matrices, the superscript 4+ means
the conjugate transpose, and S is a diagonal matrix [66]. Here,
the diagonal elements s; of the matrix S are the eigenvalues
of the scattering channels, and the columns of the unitary
matrices V and U represent the eigenfunctions or wave func-
tions of the incident and scattered channels, respectively [67].
Therefore, the distribution of the diagonal elements s; holds
information on the scattering features of the single scatterer.
From the singular value decomposition, we find that a single
scatterer supports many eigenchannels, of which a subset will
appear to be strongly scattering. Next, we will show, both by
theory and full-wave calculations, that one can manipulate the
scattered intensities of a single nanoparticle, since shaping the
incident waves can selectively excite a scattering eigenchan-
nel, or even control the interference between waves scattered
via different eigenchannels.

The full-wave simulation is implemented in the frequency
domain in COMSOL MULTIPHYSICS for the two-dimensional
(2D) case. In the computational domain, the nanoparticle is
surrounded by an air layer. A perfect matching layer is added
at the boundary of the computation domain. The discretization
of the computation domain is set to be smaller than 1/12
wavelength. The field pattern is computed up to a radius larger
than the wavelength of the incident light, but is cropped to
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zoom in on the most interesting regions when it is shown in
the following.

III. SCATTERING EIGENCHANNELS
OF A SINGLE SCATTERER

A. Nanoparticle in two dimensions
1. Configuration

We first consider a 2D nanoparticle with a rectangular
shape, since this is straightforward to discretize on a rectan-
gular computational grid. The height of the scatterer (along
the y axis) is @ = 300 nm, and the width (along the x axis) is
b = 600 nm. The refractive index of the scatterer material is
taken to be n = 3.5, typical of high-index semiconductors like
Si or GaAs [68,69]. The scattering matrix S, is obtained by
sequentially sending plane incident waves at different incident
angles and simultaneously monitoring the scattered field in
the far-field plane. In our full-wave simulation, a z-polarized
incident light Ej,.(6;,) is scanned from —45° to 45° (anti-
clockwise from §) with a step size A6y, (= 1°). This scanning
range corresponds to a numerical aperture NA = 1/4/2 ~
0.71, which is practically realizable with a commercial ob-
jective lens. Meanwhile, the backscattered field Eg, (6oy) With
Oout € [—45°, 45°] (anticlockwise from —¥) is obtained at a
sampling step A6y, (= 1°), which is easily measurable in
practice with the same objective lens used for sending the
incident light.

2. Methods

With the above configuration, the incident and backscat-
tered electric field is described by a column vector Ej, (Eoy)
with N(= 91) elements, each element of which is the electric
field at a specific angle. The backscattered light field is related
to the incident light field by employing a scattering matrix M
with dimensions N xN (here N = 91), expressed as

E ou :MEin~ (3)

By sequentially scanning the angle of incident light and mon-
itoring the backscattered light, we obtain the scattering matrix
M. To further relate M to power-related scattering matrix
S;, we need to calculate the power of each incident channel
against the light field, as well as that of the scattering channels.
For ith incident channels, the power of light illuminating on
the scatterer is expressed as

P,'in = |L,i‘n|2 = |E;n|zgscat/Aeinv 4
where E™ is the electric field of the incident plane wave from
the ith channel, and o, denotes the cross size of the scatterer
multiplied by a unit length of the z axis. For a subwavelength
scatterer, the value of oy, could be set as the length of Airy
spot A/n; in two dimensions. Here, A is the wavelength, and n;
is the refractive index of the material surrounding the scatterer.
Then, we derive to obtain the column vector L;, as

Ly, = Ejy - vV Oscat/ Abin. )

The vector Ly is related to the total input power P" as Pl =
L; Li,. By considering the cylindrical surface of the far-field
scattering light, the power Py of scattered light is expressed

TABLE I. The eigenvalues of the first three highest scattering
eigenchannels of the scattering matrix at different frequencies. The
results show that the subwavelength scatterer has N, > 1 strongly
scattering eigenchannels.

b/n 14 2/7 1/3 2/5 1/2  3/5 3/4 1

s; 0520 0.527 0.586 0.686 0.667 0.267 0.603 0.830

s 0.158 0.129 0.135 0350 0.356 0.216 0411 0.414
s3  0.001 0.003 0.015 0.012 0.033 0.060 0.371 0.298
as

P = L = | r A ®

where r is the radius of the far-field circle. Then, we derive to
obtain the column vector Ly as

Loyt = Equ¢ - 7 AbOoy. @)

The matrix Loy is related to the total output power POt

as P = LT L. Now, by substituting Eqgs. (5) and (7) to

out out
Eq. (1), the scattering matrix S, is derived to be
Sr=pBw M ®)
where the constant prefactor is equal to fByp =

VT AOou Al [ Ogcat.

3. Results

With the scattering matrix S,, we carried out the singu-
lar value decomposition by using Eq. (2). We find that the
nanoparticle supports N eigenchannels, of which a subset
N, appears to be strongly scattering. To quantify strongly
scattering, we propose as a criterion to relate eigenvalues of
higher-order channels to the first, strongest, one (s;/s;) and
take as a gauge that the jth channel exceeds s;/s; > 10%
compared to the strongest one.

In Table I, we list the first three eigenchannels with sub-
stantial eigenvalues of the scattering matrix with increasing
frequency. Here, we consider the wavelength range with the
incident wavelength larger than the scatterer’s dimension b.
At the lowest frequencies b/A = 1/4,2/7,1/3,2/5,1/2, the
J = 2 eigenvalue is strong, and the j = 3 eigenvalue is weakly
scattering. Thus, the number of strongly scattering channels is
N; = 2. At the higher frequencies b/A = 3/5, 3/4, 1, both the
Jj = 2 and 3 eigenvalues are strongly scattering, thus N; = 3.
It is thus clear that the number of eigenchannels is greater than
1 (Ns; > 1, as naively expected in the Introduction); in other
words, more than one highly scattering eigenchannel is sus-
tained by the nanoparticle. By further increasing the size of the
scatterer (or equivalently, increasing the frequency of incident
light), more highly scattering channels are expected to appear.
These results demonstrate that manipulation of nanoparticle
scattering is feasible with optical WFS, by selectively address-
ing these different strongly scattering eigenchannels.

B. Mie sphere in three dimensions
1. Configuration

Generally, a full-wave simulation for an arbitrary three-
dimensional (3D) nanoparticle, including a Mie sphere, will
require computationally a more intensive scan of the incident
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beam than in two dimensions, which is thus much more time
consuming. Therefore, we focused on the Mie sphere that has
analytical solutions on the scattering light [70,71]. Without
losing generality, we did theoretical calculations for a Mie
sphere with diameter d; = 400 nm and refractive index n = 2,
typical for a high-index material such as silicon nitride. The
normalized frequency of incident light is taken to be d;/A =
8/9. Again, we consider the backscattering configuration,
in which the incident angle of light 6;, € [0°, 32°] (relative
to 9), and ¢y, € [0°,360°) (relative to X in the xz plane).
For the backscattered light, we have 6, € [148°, 180°], and
Pout € [0°,360°). This setting can be realized with a micro-
scopic setup with numerical aperture NA = sin(32°) = 0.53.
Subsequently, the electric field of the backscattered light
E ¢3:(Bout, Pout) 1s calculated analytically in a far-field spherical
surface of large radius R (=1 m), with an incident light
E 1 (6in, ¢in). To obtain the scattering matrix S,, we sample 6y,
with N steps, and ¢;, with M steps, and consequently the size
of E;p is Ny, = 2NM x 1, where the factor 2 is introduced due
to the two independent polarizations of the light field. For sim-
plicity, we sample the backscattered light in a similar way as
the incident field, and the size of E gyt is also Ny = 2NM x 1.
Here, the number of sampling steps N is 8, and M is 72.
Therefore, the size of L;, and Lyy is 1152, and the size of
Sy is 1152x1152.

2. Methods

By continuously scanning the angle of incident light and
monitoring the backscattered light, we get a scattering matrix
M that relates the scattering field vector E, to the incident
field vector E;,, i.e.,

Eo = MEj;,. €))

Similarly as in the 2D case, we calculate the power-related
scattering matrix S,. The power of the ith input channel that
illuminates on the scatterer is given by

P =L = [EY|" owea/ (A0 AGim),  (10)
where o5.,¢ denotes the cross section of the Mie sphere, and
could be set as the the area of Airy spot 7 (0.61A/n;)? for a
subwavelength scatterer. Here X is the wavelength, and n; is
the refractive index of the environment material surrounding

the scatterer. Then, we obtain the column vector L;, as

L;, = Ein\/ Oscat/ (Abin Adpin ). (11)

The vector Ly is related to the total input power P" as Pi' =
L;;Lin. For the scattered light, the power of the jth scattering

channel at the far-field sphere surface is expressed as
oul oul 2 s oul
P = |ES| - r* sin (09") AGou Adout. (12)

We obtain the column vector Ly as

Low = G(Qj('mt)Eout 1/ About Aoyt (13)
Here, G(GJ‘-’“‘) is a Nyy X Ny matrix with the value of el-

ements at 9;’“‘ being «/sin(Q;?‘"). The matrix Loy is related
to the total output power P as P = LY L. Now, by

oul out out

substituting Egs. (11) and (13) to Eq. (1), the backscattering

TABLE II. The eigenvalues of the first six highest scattering
eigenchannels for a subwavelength Mie sphere. The normalized di-
ameter of the Mie sphere is d;/A = 8/9, and the refractive index of
the scatterer is 2.

Eigenchannel () 1 2 3 4 5 6

s; 0.673 0.673 0270 0.256 0.186 0.186

matrix S, is derived to be
S; = Bip - G(O;"IM (14)
B3p =

where the constant prefactor is
r\/Aeoul A¢0ut Aein A¢in /ascat .

equal to

3. Results

By employing singular value decomposition for the scatter-
ing matrix S,, the scattering eigenchannels of the Mie sphere
are obtained, of which the first six highest eigenvalues are
listed in Table II. Using the same criterion for strongly or
weakly scattering channels as above, it is clear that this sub-
wavelength Mie sphere supports no less than N; = 6 strongly
scattering eigenchannels.

IV. FIELD PATTERNS FOR SELECT EIGENCHANNELS

To obtain more insights on the scattering eigenchannels,
we now investigate the field pattern inside and around the
nanoparticle while selectively exciting an eigenchannel. This
is accomplished by effectively performing optical WFS in
the full-wave simulation; to this end, we set the wave front
of the incident wave by employing the structured eigenwave
front from the matrix V, and then compute the scattered field
pattern at the near zone of the nanoparticle through full-wave
simulation. For simplicity and ease of plotting, we focus on
the 2D scatterer and the eigenvalues shown in Table I.

Figure 2 shows the scattered fields (without the incident
field) inside and nearby the nanoparticle for different eigen-
channels at four different frequencies b/A = 2/7, 2/5, 3/5,
and 3/4, respectively. At the lowest frequency b/A = 2/7,
the first wave front excites a scattered field that has a max-
imum near the backside of the nanoparticle, without lobes,
somewhat like a monopole. The second wave front excites
a scattered field with a nodal plane through the axis of the
nanoparticle, and two maxima on the left and right surfaces of
the nanoparticle, akin to a dipole pattern (in two dimensions).
At frequency b/A = 2/5, the first wave front excites a scat-
tered field with a nodal line near the center of the nanoparticle
and a maximum near the backside of the nanoparticle. The
second wave front excites a scattered field with two nodal
planes perpendicular to each other and four maxima are lo-
cated at the four corners of the nanoparticle, respectively. At
frequency b/A = 3/5, the first wave front excites a scattered
field with a curved nodal strip at the center of the nanoparticle
and two maxima separated by a nodal plane along the axis.
The second wave front excites a scattered field with a pair of
connected maxima at the center of the nanoparticle. The third
wave front excites a complex scattered field with a maximum
located at the center of the nanoparticle, and five faint hot
spots encircling the maximum. At frequency b/A = 3/4, the
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b/A=2/7 | b/A=2/5 b/A = 3/5 b/A = 3/4
) e 6
S

FIG. 2. Field patterns inside and around the nanoparticle for in-
dividually excited eigenchannels at different frequencies. The shaped
waves are incident from the top to the bottom, and the field shown is
only the scattered field. From the first column to the fourth column,
the frequencies of the incident light are b/A = 2/7, 2/5, 3/5, and
3/4, respectively. For clear visualization, |Ey.,| in each panel has
been normalized, such that the change of |E.,| from maximum to
minimum is represented by the thermal colors changing from black
to white. The results show that different resonant leaky modes of the
scatterer are excited.

first wave front excites a complex scattered field, of which a
pair of tilting hot strips locates near the top surface, and three
hot spots locate near the bottom surface of the nanoparticle.
The second wave front excites a scattered field with a nodal
plane along the axis of the nanoparticle and four hot spots
located symmetrically with respect to the nodal plane. The
third wave front excites a complex scattered field with five
hot spots near the top surface and the other five hot spots
near the bottom surface, but the magnitudes of the hot spots
are not homogeneous. Generally, more high-order resonant
modes are excited as the frequency increases, featured by
more complex field patterns inside the scatterer. These results
show the relationship between the scattering eigenchannels
and the resonant leaky modes inside and around the nanopar-
ticle. From these results, we see that the excitation of different
highly scattering eigenchannels selectively couples light into
different resonant leaky modes of the nanoparticle. In other
words, for optical scattering of a single nanoparticle, the exis-
tence of more than one highly scattering eigenchannel can be
attributed to these resonant leaky modes.

From the full-wave simulation results, we also obtained the
scattered light at the far field. Then, we calculated the ratio of
the backscattered power to the incident power, expressed as
R;. The simulation results fully agree with the prediction of
the scattering matrix theory, given by

Ri(w) = 5,7, (15)

where s; denote the eigenvalues listed in Table I.

V. SPECTRA OF THE SCATTERING EIGENCHANNELS

To reveal the resonant nature of the scattering eigenchan-
nels, we explore the spectra of individual eigenchannels by

0.0+ T ;
0.2 0.4 0.6 0.8 1.0

b/

T T

FIG. 3. Relative backscattered power R; (j = 1,2) vs the fre-
quency of the incident light with different eigenwave fronts. (a) The
incident wave front is loaded with the phase structure of the first
eigenchannel (s; = 0.267) at frequency b/A = 3/5. (b) The incident
wave front is loaded with the phase structure of the second eigen-
channel (s, = 0.216) at frequency b/A = 3/5. The results show that
multiple peaks of backscattered power emerge in different spectral
ranges relative to the initial frequency b/A = 3/5, indicating the
coexistence of short-range and long-range spectral correlations for
the highly scattering eigenchannels.

scanning the frequency of the incident light. Notably, the
phase structure on the wave front is mostly important for
optical WFS, and pure-phase control has been applied in
many WES experiments [30,31,34,40,41,72-75]. Following
these considerations, we sent purely phase structured light
to the scatterer, with the phase structures obtained from the
first two strongly scattering eigenchannels at frequency b/A =
3/5. Subsequently, we scanned the frequency in the full-wave
simulation to obtain the scattering light field in the far field. In
the end, we calculated to obtain the ratio of the backscattered
power to the incident power R; at different frequencies for the
Jjth eigenchannel.

The results of the spectra for the two scattering eigenchan-
nels are shown in Figs. 3(a) and 3(b), respectively. The spectra
exhibit complex patterns constituted by resonant peaks at both
the short range and the long range. At frequencies near the
initial frequency b/A = 3/5, a single peak appears in the
spectra, as indicated by the right third and second red arrows
in Figs. 3(a) and 3(b), respectively. We have calculated the
field patterns at the short-range resonant peak, as shown in
the insets of Figs. 3(a) and 3(b). The obtained field patterns
are similar to that shown in Fig. 2 at frequency b/1 = 3/5.
Such a single peak indicates the short-range spectral corre-
lation of the individual eigenchannels, originating from an
individual resonant leaky mode residing within the limited
spectral range. For frequencies far away from the initial fre-
quency b/x = 3/5, multiple resonant peaks emerge. We have
also calculated the field patterns at these long-range resonant
peaks shown in the insets of Figs. 3(a) and 3(b). The field
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patterns inside the nanoparticle are significantly different be-
tween these long-range resonant peaks. Nonetheless, these
resonant peaks are excited by the same eigenwave front of the
scattering matrix, indicating the existence of the long-range
spectral correlation for an eigenchannel. In addition, there is
an even number of hot spots horizontally for the resonant
modes in Fig. 3(a), while the number of hot spots is odd
horizontally for the resonant modes in Fig. 3(b). It indicates
that the long-range correlation may originate from a series of
resonant leaky modes that have similar spatial features.

We note that analogous spectral correlations have been
explored for light that is multiply scattered in randomly scat-
tering media [76—78], but not for a single nanoparticle. These
intriguing spectra of the scattering eigenchannels constitute a
first step in exploring spectral correlations of the light scat-
tered by individual nanoparticles.

VI. PERSPECTIVE ON APPLICATIONS

In this section, we present as a brief outlook two different
classes of possible applications that could be explored based
on our results presented here.

A. Light-matter interactions

By transforming the regime of the single incident plane
wave to that of multiple incident plane waves, we can fully ad-
dress the multiple strongly scattering eigenchannels intrinsic
to a single nanoparticle. Wave-front control on the scattering
eigenchannels not only manipulates the scattered light in the
far field, but also couples light into different resonant leaky
modes sustained by the nanoparticle as shown in Fig. 2. By
placing a reporting fluorophore at a select position in or near
the scattering nanoparticle, by detecting the fluorescence in
response to the tuned wave front one can characterize the
field strength within the nanoparticle. In addition, wave-front
control on the phase difference between two scattering eigen-
channels allows one to control the local-field strength, that can
be reported by the fluorophore.

The option described above is also useful to actively tune
light-matter interactions on the nanoscale with a nanoparti-
cle, such as fluorescence, lasing, nonlinear optics including
harmonic generation, and so on. For instance, the distri-
butions of field maxima inside the nanoparticle differ for
different resonant modes. By shaping the incident wave front,
one could thus selectively excite select hot spots within and
around the nanoparticle, and thereby activate light-matter in-
teraction locally such as fluorescence of different kinds of
two-level quantum systems (e.g., atoms, molecules, ions, and
quantum dots) implanted at different locations within the
nanoparticle [79].

B. Ultrafast time-dependent physics

The temporal response of a nanoparticle is related (by
Fourier arguments) to the spectral properties of the strongly
scattering channels, as discussed in Sec. V. To investigate the
temporal response of the scattering light, we focus on the 2D
case for simplicity. Let us consider time-dependent scattered
light, where the total scattering power within the detection

range is proportional to

P(t) = (|Ega (2, 90ut)|2)9.,mr910t

= ]:{retot / dw<Eér(w’ Oout ) Etar (0 + Aw, eout»é)ou. }
(16)

Here, (---)g,, denotes the average over 6qy, 6ior means the
detected angle range, and r is the radius of the circular plane
at the far field. It is seen that the temporal response of the
nanoparticle is determined by the correlation function

C(wv Aw) = r9t0t<Eftlr(wv eout)Efa.r(a) + Aw, eoul))e

out *

a7)

Since the overall scattered light can be decomposed to the
scattering eigenchannels (column of U), the correlation func-
tion can be further computed over these eigenchannels. Since
the different eigenchannels are orthogonal, C(w, Aw) can be
derived to be

N
Clw, Aw) = Za;k(w)ai(w + Aw)si(w)s;(w + Aw), (18)

i=1

where o;(w) is the coefficient of the incident light coupling
into the ith eigenchannel. Clearly, only the strongly scattering
eigenchannels make significant contributions to the correla-
tion function.

In other words, from frequency-dependent backscattered
powers R; as shown in Fig. 3, one gets the factors s;(w)s;(w +
Aw) in Eq. (18) to predict the temporal response of a single
scatterer, and thus the response to short optical pulses. This
is a single-particle analogy to time-resolved optical WFS on
samples with many nanoparticles (see, e.g., Refs. [72-75]).

For example, let us consider a simple scenario that a 10-fs
laser pulse centered at 800 nm is incident on the nanoparticle.
Let us assume that the center frequency of the fs laser is at
~b/) = 0.88, and hence the spectral range of the fs laser
(R27% of the center frequency) covers a significant range
of the resonant peak shown in Fig. 3(a). With the incident
light coupled into the first eigenchannel, the light pulse is
strongly scattered by the nanoparticle, especially at the center
frequency. In contrast, by coupling incident light into the
second eigenchannel, the component at the center frequency
is weakly scattered, as indicated by the spectral trough in
Fig. 3(b). Clearly, the temporal responses of the nanoparti-
cle in the two situations are quite different, affected by the
particular eigenchannel that is selectively excited.

VII. CONCLUSIONS

We have investigated the manipulation of light scattered
by a single nanoparticle with optical WFS, as a complement
to the traditional WFS of ensembles of many particles. Our
results show that wave-front shaping can serve as an efficient
knob to turn on different highly scattering eigenchannels in-
trinsic to the scatterer. These highly scattering channels are
found to be related to the different resonant leaky modes of the
scatterer, indicating that manipulation of nanoparticle scatter-
ing through WES offers a possible route toward controlling
light-matter interaction with individual nanoparticles. More-
over, we have found that both short-range and long-range
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spectral correlations exist for the highly scattering eigenchan-
nels of the scatterer, and the correlations are related to dif-
ferent types of resonant leaky modes of the nanoparticle. Our
results demonstrate that optical WFS is not only a powerful
method for media composed of large numbers of nanoparti-
cles, but also an efficient method to manipulate scattering by a
single nanoparticle. As a result, we propose opportunities with
light-matter interactions and with ultrafast phenomena that
could profit from our paper. Thus, our results offer perspec-
tives in the understanding of complex scattering processes
involving nanoparticles and other resonant optical systems.
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APPENDIX

Figure 4 shows a schematic diagram of a possible setup
to measure the scattering matrix of a single nanoparticle in

SLM Nanoparticle

> > % ——0
BS BS
v Y
[N \ [N ’i
- ? ? Detector
Mirror BS \/

FIG. 4. Schematic diagram of an optical setup to measure the
scattering matrix of a single nanoparticle in backscatter directions
and for conducting WFS to selectively couple light to a backscattered
eigenchannel.

backscattering (as discussed here) and to couple light to an
eigenchannel in a backscattering direction by optical wave-
front shaping. The incident light is sent to an interferometer
with two arms. In the probe arm, the light beam is sent to
a nanoparticle after being spatially modulated with a spatial
light modulator (SLM) [24-26], and the backscattered light
is directed to the detector located at the far field. In the
reference arm, the light beam propagates freely to the detec-
tor. For simplicity, we ignored the objective lens before the
nanoparticle and the relay lenses in the setup. By measuring
the phase-shifting holograms controlled by the SLM [25], the
backscattering matrix of the nanoparticle can be retrieved. To
selectively couple the eigenchannels of the nanoparticle, one
can block the reference arm and control the wave front of
incident light by the SLM.
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