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Near-field polarization of a high-refractive-index dielectric nanosphere on a dielectric substrate
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The near-field polarization structure of a high-refractive-index dielectric nanosphere in a nonmagnetic and
nonabsorbing medium is studied numerically in free space and in the vicinity of a flat dielectric substrate.
Polarization patterns of the near field are obtained for linear and circular polarizations of the incident light and
visualized using the polarization degree and three-dimensional Stokes parameters. Calculations are performed
using the finite-element method and verified analytically using the Mie solution for scattering by a sphere
with an extension of Weyl’s method allowing description of reflection by a flat substrate. It is shown that
the nanosphere drastically affects the polarization leading to a complex butterflylike structure. For instance,
the near-field polarization is found to be qualitatively modified near the Mie electric and magnetic dipole and
quadrupole resonances: linear polarization of the incident field results in circular polarization in some areas
around the particle and vice versa. The areas of strong polarization change are found to be spatially localized
in certain places around the particle making it possible to perform an experimental mapping. It is shown how a
dielectric substrate affects the polarization distribution of the near-field of the particle. Also, several schemes of

potential experiments to map the near-field intensity and polarization have been discussed.
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I. INTRODUCTION

Interaction of light with nanoparticles whose size is much
smaller than the light wavelength has been studied in detail for
the last few decades, forming the whole field of nanophoton-
ics, nanoplasmonics inclusive [1-6]. It has been demonstrated
that both metal and dielectric nanoparticles provide the whole
bunch of possibilities to essentially control the near-field and
the directivity pattern of the scattered light. It has also been
shown that a nanoparticle can drastically affect the decay
rates of the quantum emitters (atoms, molecules, or quantum
dots), referred to as the Purcell effect [7], providing a way
to control the processes of their emission, scattering, and
absorption. Plasmonic and dielectric nanoparticles have been
a subject of a vast number of theoretical and experimental
works considering different aspects of the problem: various
size and geometry, the material the nanoparticles are made
of, and the influence of the environment on the near-field
intensity [8—11]. The polarization patterns of the near field,
however, have been considered only recently for the plas-
monic nanoparticles [12—15] and nanostructures [16,17], and
have been found to be essentially complex, regardless of
the incident light polarization for nanoparticles both in free
space [12,13] and in the vicinity of a dielectric substrate [14],
which is of great importance for such applications as the
near-field microscopy [18], photovoltaic cells with embed-
ded plasmonic nanoparticles [19], surface-enhanced Raman
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scattering [20], and polarization-sensitive tip-enhanced Ra-
man scattering [21-25].

In recent years, the dielectric nanoparticles with high-
refractive-index started to attract more attention as they have
small ohmic losses [6,26,27] and, thus, show greater poten-
tial for controlling the near field and the scattered radiation
pattern by exciting the electric and magnetic multipoles in
the particle. In particular, strongly directed scattering patterns
can be achieved by tuning the parameters of the dielectric
nanoparticle [28,29]. In addition to the near-field intensity, the
polarization pattern of the near field also plays an important
role in the interaction of a quantum emitter with the near
field, though being much less acknowledged and studied. For
instance, polarization control allows both selective excitation
of the specific quantum transitions in a quantum emitter and
control of its fluorescence intensity [30,31].

In this paper, we analyze in detail the near-field polariza-
tion pattern of a high-refractive-index spherical nanoparticle
in a nonmagnetic and nonabsorbing medium both in free
space and in the vicinity of a flat dielectric substrate. Two
types of incident light polarization are considered: linear and
circular. Calculations are performed both numerically using
the finite-element method (COMSOL Multiphysics package)
and analytically using the Mie solution for scattering by a
sphere. The analytical approach also uses an extension of
Weyl’s method to calculate reflection of dipole radiation by
a flat substrate. The results obtained using the two approaches
are compared in order to analyze the applicability of the
numerical approach for more complicated cases, which can
be hardly described analytically.

©2019 American Physical Society


https://orcid.org/0000-0003-0314-0757
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.100.023847&domain=pdf&date_stamp=2019-08-28
https://doi.org/10.1103/PhysRevA.100.023847

VLADIMIROVA, ARAKCHEEV, SONG, AND ZADKOV

PHYSICAL REVIEW A 100, 023847 (2019)

II. SCATTERING BY A SPHERE NEAR
A DIELECTRIC SUBSTRATE

In this section, we derive an analytical solution for the near
field of a single spherical dielectric nanoparticle placed near a
flat dielectric substrate that is irradiated by an incident plane
electromagnetic wave.

Let us assume that a particle of radius r is placed in
a nonabsorbing and nonmagnetic medium (U = Umedia =
Usubs = 1) at the distance 4 from the substrate surface. Then,
for a plane incident electromagnetic wave, the near field of
the particle in free space can be calculated using the solu-
tions obtained by Mie [32] and Debye [33]. To describe the
reflection from a flat substrate, it is convenient to use the
Weyl’s method [34] for a single spherical wave [35], which
can be generalized for a series of spherical waves [36]. Let us
consider a formal solution for the field W scattered by the
nanosphere placed above the substrate following the concept
developed previously [36,37]. Let V! and V® be the incident
and reflected (from the substrate) plane waves, respectively,

J

linked by the Fresnel equations. The field W is also reflected
from the substrate inducing a field V5%:

VSR = A W5, (1)
where the matrix A describes the reflection of spherical waves
by the substrate. On the other hand, the currents flowing in
the nanosphere, resulting in W5, are caused by all three fields
VI, VR and VR, so that the general equation for the scattered
field can be written as follows:

WS :ﬁ (VI+VR+VSR),

where B is a well-known matrix of the Mie scattering coeffi-

cients [38]. Thus, the general equation for the scattered field
can be written in the following form:

WS=1-B-A)"-B.- (v +VF). )

The elements of the reflection matrix A contain the Weyl’s
type integrals and are expressed in the form [36]
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The total field (E, H) represents a sum of contributions of the incident, reflected, and scattered fields V!, VK, VSR and W5

and can be expressed using the Debye potentials in the form

E = VxVx(‘D) + ikVx(r"D),

H = /¢, VxVx("D) — ikV x(r‘D),

where the Debye potentials include contributions of the four fields represented by the expansions [39]
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and j;(p), hl(l)(,o), and P/"(cost) are the spherical Bessel and Hankel functions and the Legendre polynomials, respectively. For
the p-polarized incident wave, the elements of the vectors V! and V¥ are expressed as [37]
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and for the s-polarized incident wave
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where 6; is the angle of incidence and the wave vector k of the
incident wave is assumed to lie in the plane yz. The elements

w;”S and hw,’”S of the vector W5 can be found from Eq. (2) by

using the expansions of vectors V! and VX. Then the elements

SR n.mSR
vi" and "v;
Eq. (1).

As a result, the presented approach shows a systematic
procedure for calculating the scattered field of irradiated
dielectric particle placed above the dielectric flat substrate.
The field is represented as an expansion in spherical coordi-
nates. The polarization pattern of the particle’s near field can

e

¢ of the vector VSR are similarly obtained from

be appropriately analyzed after transforming the result into
Cartesian coordinates.

Polarization of the near field

The analysis of the near-field polarization distribution can
be carried out in terms of the polarization degree and the
generalized three-dimensional Stokes parameters [40]. The
vector E(r) describes an ellipse with the semiaxes E;, and
Ehax, so that for Emm = 0 the near field is linearly polarized,
and for Epyy, = Enax it is circularly polarized. The polarization
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degree then is defined as

_ Imax - Imin (6)
Imax + Imin ’

where P = 1 corresponds to the linear and P =0 to the circular
polarization, respectively.

It is important to note that the polarization degree does
not carry information about both the orientation of the po-
larization ellipse and the direction of the rotation of the
vector E(r). For a complete description, it is convenient
to use a set of the generalized three-dimensional Stokes
parameters:

Ao = bux + byy + ¢z,
A = 3i/2(ey — )
Ay =3/2Pe: + b)), As =3i/2(¢e: — $0),
Ao =3/2y: + ¢sy). A7 =3i/2(By: — by),
As = V3/2(¢r + by — 2¢22),

where ¢;;(r, w) = (Ef(r, w)E;(r,w)) and i, j =x, y, 7 are
the components of the spectral-density tensor and the symbol
() denotes the averaging over time. Similar to Sy used in
two-dimensional (2D) formalism, the first Stokes parameter
A is proportional to the total spectral density of the field. The
pair of the parameters (A, A») play arole analogous to that of
(8>, S3) in the 2D formalism, in which S, describes the excess
in spectral density of the +45° linearly polarized component
over the —45° linearly polarized component and S5 describes
the excess of the right-hand circularly polarized component
over the left-hand circularly polarized component in the xy
plane [38]. The pairs (A4, As) and (Ag, A7) play similar roles
in the xz and yz planes, respectively. The parameter Aj is
analogous to S; and describes the excess of the x component
over the y one. The component Ag represents the sum of the
excesses in spectral density in the x and y directions over
that in the z direction. By analogy with the 3D Poincaré
sphere for the 2D formalism, the polarization state of the 3D
electromagnetic field can be characterized in terms of an 8D
sphere.

A= 3/2(¢X) + (byx)’
A3 = 3/2(¢xx - ¢yy)7

III. NEAR-FIELD POLARIZATION PATTERN OF
A DIELECTRIC NANOSPHERE IN FREE SPACE

In the following, we will consider a nanosphere made of
silicon, which is chosen as an example of a high-refractive-
index dielectric material that allows, by contrast with a
metal, excitation of both electric and magnetic multipoles
in the nanoparticle and interference between them, essen-
tially enriching the near-field pattern. In addition, silicon is
a widespread high-refractive-index dielectric material widely
used in nanophotonics. For numerical calculations of the
polarization patterns of the near field we will consider a
nanosphere of 90 nm radius in free space (e, = 1), which
is irradiated by a plane electromagnetic wave propagating
along the z axis. The electric-field vector is directed along
the y axis in the case of linear polarization of the incident
wave or oscillates in the xy plane in the case of a circular
polarized incident wave [Fig. 1(b)]. The Mie expansion can be
used to derive expressions for the absorption, scattering, and

extinction cross sections in terms of the coefficients a,, and b,,,
which describe the electric and magnetic modes, respectively,
so that the coefficients a; and b, correspond to the electric and
magnetic dipole modes (ED and MD, respectively), a, and
b, correspond to the electric and magnetic quadrupole modes
(EQ and MQ, respectively), etc. Our estimations show that
the contributions of the higher-order modes are negligible,
even at the resonant frequencies, by contrast with the dipole
mode quadrupole contributions, so that for simplicity we will
consider from now on only the first two terms.

A high refractive index of silicon [Fig. 1(a)] causes cor-
responding sharp resonant peaks in the extinction spectrum
of the nanosphere [Fig. 1(c)] in the wavelength range of
A > 400 nm at which the silicon extinction coefficient is low
[Fig. 1(a)]. The peaks are significantly shifted from each other
making it possible to excite a separate mode or a combination
of modes by choosing the wavelength of the incident light.
Hereafter, we focus on the four key wavelengths at which
the maxima are observed: 580 nm (ED contribution, size
parameter ¢ = 27 R/A = 0.97), 710 nm (MD contribution,
q = 0.79), 470 nm (EQ contribution, g = 1.2), and 540 nm
(MQ contribution, g = 1.04).

First, we consider a 3D distribution of the polarization
degree for the case of the resonant irradiation at A = 710 nm.
The patterns calculated numerically using FEM [Figs. 2(a)
and 2(b)] clearly show that the nanosphere drastically affects
the polarization of the electric field resulting in a nontrivial
and complex distribution in its vicinity and changing qualita-
tively the polarization. For instance, the linear polarization of
the incident light leads to four large separate areas of elliptical
polarization near the particle, which are represented by yellow
3D isosurfaces for P = 0.6 [Fig. 2(a)]. More clearly it is seen
using the cross sections by three mutually orthogonal planes
that pass through the areas of strong polarization change.
Obtained distributions of the polarization degree, shifted from
their exact place to the side planes of the graph, demonstrate
that almost circular polarization with P = 0.05 (blue areas) is
achieved inside two of the four areas of elliptical polarization
in the close vicinity of the nanosphere [Fig. 2(a)]. Note that
only the yz plane passes through the center of the sphere
whereas the other two are shifted by more than the particle
radius, i.e., they do not cross the particle.

The pattern of the polarization degree for the circularly
polarized incident field [Fig. 2(b)], though essentially dif-
ferent from that considered above, also demonstrates similar
qualitative change of the near-field polarization type: the
polarization switches to almost linear in a large single area
around the particle equator which is represented in Fig. 2(b)
by a red isosurface with P = 0.8. Three mutually orthogonal
cross sections, two of which pass through the center of the
nanosphere, show that the area of polarization change resem-
bles a toroid, whose axis coincides with z. In close vicinity of
the nanosphere the polarization is almost linear, P = 0.98 [red
areas in the two side cross sections in the Fig. 2(b)]. Thus, the
obtained 2D and 3D distributions of the polarization degree
show that the polarization switches from linear to circular (or
vice versa) in certain areas in the vicinity of the dielectric
nanosphere.

This nontrivial result has also been confirmed by analytical
Mie calculations for a sphere in free space and the polarization
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FIG. 1. (a) Refractive index (blue solid line) and extinction coefficient (red dashed line) of silicon vs wavelength [41]; (b) setting of
the system; (c) normalized extinction cross section Qe = o /7> (black solid line) of silicon nanoparticle of 90 nm radius in free space
calculated using Mie theory and corresponding contributions of the four modes: electric dipole (ED, red dotted line), magnetic dipole (MD,
blue sashed-dotted line), electric quadrupole (EQ, red dashed line), and magnetic quadrupole (MQ, blue dotted line). Insets show the near-
field spatial distribution of the electric (in yz plane) and magnetic (in xz plane) field amplitudes corresponding to the ED, EQ and MD,

MQ resonances.

patterns obtained by these two approaches [Figs. 2(c) and
2(d)] are in perfect agreement. The previous analysis can
also be extended for the polarization degree patterns for all
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four resonant wavelengths. Also, it allows 3D pattern analysis
using 2D cross sections and taking into account the system
symmetry.
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FIG. 2. Near-field polarization degree patterns calculated numerically by FEM (a), (b) and analytically (c), (d) for linear (a), (c) and circular
(b), (d) polarizations of the incident light. Isosurfaces for P = 0.6 [yellow (a)] and P = 0.8 [red (b)] are shown. The origin of the coordinates
coincides with the center of the nanosphere. For each of the two cases, a set of three cross sections is shown (a), (b). Each cross section shows
distribution of the polarization degree in the corresponding plane: (x, y, —180), (x, 100, z), (0, y, z) (a) and (x, y, —90), (x, 0, z), (0, y, z) (b) for
linearly and circularly polarized incident light, respectively. Note that each cross section for (a) and (b) is shown shifted to the side (bottom)
plane of the graph, not in its exact place. The cross sections in (c) and (d) correspond to the (0, y, z) plane.
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FIG. 3. Near-field polarization distributions in (0, y, z) plane for the nanosphere in free space for linear (a)-(d) and circular (e)—(h)
polarizations of the incident plane wave. Graphs in the columns (from left to right) correspond to the different wavelengths of the incident
radiation: 470 nm (EQ mode), 540 nm (MQ mode), 580 nm (ED mode), and 710 nm (MD mode). The polarization degree P of the near field is
indicated by color, where red and blue colors correspond to the linear (P = 1) and circular (P = 0) polarization, respectively. Top and bottom
rows of graphs are the 3D calculated scattering diagrams for the Si nanoparticle in free space under respective polarizations of the incident

field.

The yz cross sections (Fig. 3), which are most indicative,
give a clear insight into the polarization degree distribution
around the nanosphere. The common point for all these cases
is that the polarizations of the incident field and the near
field coincide at the distances of a few particle diameters and
more. At the same time, in the vicinity of the nanosphere, the
polarization significantly depends both on the polarization of
the incident light and on its wavelength, i.e., on the type of the
excited resonance.

The wavelength dependence is especially strong for the
linear polarization of the incident field. For instance, the loca-
tion, size, and morphology of the area in which the polariza-
tion turns to elliptical are different for different wavelengths.
At A =540 nm [Fig. 3(b)] and A =710 nm [Figs. 3(d)
and 2(a)] the area of strong polarization change (P decreases
down to 0.5 and less) consists of four separate subareas. This
corresponds to two symmetric pairs of subareas in 3D space
as observed earlier in Fig. 2. By contrast, at A =470 nm
[Fig. 3(a)] and A =580 nm [Fig. 3(c)] there are only two
such symmetric subareas in two dimensions pointing to a
single pair of subareas in 3D space. On the other hand, at A =
470 nm the area of close-to-circular polarization is observed
in the vicinity of the north pole of the nanosphere, whereas

at the other three wavelengths it is mainly situated around the
southern hemisphere. Also, the size of the areas is essentially
affected by the wavelength. The largest area is observed for
A =710 nm and the smallest, which is more than ten times
smaller, is observed for A = 580 nm. Altogether this shows
that in the case of linear polarization of the incident light the
area of elliptical polarization can be significantly transformed
by choosing the mode of excitation.

In the case of circular incident polarization (P = 0), there
also exists an area in which the polarization degree goes to
1, reaching 0.9 and even higher values, so that the polar-
ization becomes close to linear. This area is concentrated
near the equator of the nanosphere for all four resonant
wavelengths [Figs. 3(e)-3(h)], corresponding to a single ring
shape in 3D space. The size of the polarization switching
area is significantly larger than that observed for the lin-
ear incident polarization. At the same time, the wavelength
shows a noticeably weaker influence on the near-field po-
larization pattern. The cross sections demonstrate qualita-
tively similar distributions regardless of which wavelength
is applied, while the effect of wavelength results in a slight
change of size and cross profile of the area of polarization
switch.
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FIG. 4. Near-field polarization distribution of a Si nanosphere placed on the dielectric substrate (fused quartz) with n = 1.5 for the linear
(top line of graphs) and circular (bottom line of graphs) polarizations of the incident light of different wavelengths: (a), (¢) 470 nm (EQ mode),
(b), (f) 540 nm (MQ mode), (c), (g) 580 nm (ED mode), and (d), (h) 710 nm (MD mode). Red color corresponds to the linear polarization
(P = 1) and blue color to the circular one (P = 0). Top and bottom rows of graphs are the 3D calculated scattering diagrams for the Si

nanoparticle placed above the dielectric substrate under respective polarizations of the incident field.

IV. NEAR-FIELD POLARIZATION PATTERN
OF A DIELECTRIC NANOSPHERE NEAR
A DIELECTRIC SUBSTRATE

In many applications, the nanoparticle is fixed on or located
above a dielectric substrate, so that the knowledge of how
the substrate affects the near field of the located nearby parti-
cle is of practical interest (see, for instance, Refs. [42—45]).
Here we will assume that the nanosphere is placed upon
a substrate made of fused quartz, which is often used in
applications due to small absorption and monotone behavior
of the dielectric constant in the optical range. The refractive
index of the substrate is considered equal to 1.5 in the entire
range of the wavelengths and the absorption is neglected.

We have calculated the distributions of the polarization
degree in this nanoparticle-substrate system numerically using
FEM and analytically (see the method described in Sec. II)
and the results coincide very well, so that we present only
the patterns calculated numerically. The results show that the
substrate significantly affects the polarization patterns of the
near field of the nanoparticle (Fig. 4). In the case of linear
polarization of the incident light, the substrate causes only
modest changes for the EQ resonance (at 470 nm) for which
the circular polarization appears near the opposite pole of
the particle. The strongest modification is observed for the

wavelengths of 540 nm (MQ), 580 nm (ED), and 710 nm
(MD) for which the appearing areas of circular polarization
(indicated by blue) are located in the southern hemisphere.
One can see also a noticeable enlargement, significant reshap-
ing, and rearrangement of the areas, which partially penetrate
into the substrate. In the case of circular polarization of the
incident light, the effect of the substrate is essentially weaker.
The cross profile of the single ring-shaped area of linear
polarization suffers some transformation as compared to that
observed in free space, but its size remains almost the same.
The only qualitative difference is observed for A = 540 nm
and 580 nm at which the area of circular polarization deeply
penetrates into the substrate.

These results clearly show that the polarization switches
from linear to circular (or vice versa) in certain areas just
above the substrate surface. The most significant effect is
observed at 580 nm (ED mode) and 710 nm (MD mode) for
the linear polarization of the incident light and at 540 nm
(MQ mode), 580 nm (ED mode), and 710 nm (MD mode)
for the circular one.

The behavior of a polarization-sensitive emitter (or a quan-
tum scatterer) placed in such location will be different from
that without the adjacent nanoparticle, which allows setting
up an experiment in which interaction of the emitter with
the incoming light can be switched by changing the distance

023847-7



VLADIMIROVA, ARAKCHEEV, SONG, AND ZADKOV

PHYSICAL REVIEW A 100, 023847 (2019)

A
Q.
€400

P
So0 0 200 400 /)@ 7,

200 400

FIG. 5. Distributions of the Stokes parameters A,, As, and A7 in the planes (x, y, —110), (x, 100, z), (=20, y, z) for the linear (a),(b) and
(x,¥,0), (x,90,2z), (0,y, z) for the circular (c) polarized incident light at A = 710 nm. Polarization ellipse at point A (—20, 100, —110) at
which intersection of three planes is shown with the corresponding projections. Point B (0, 90, 0) at which the intersection of the other three
planes is also shown with the corresponding projections (indicated by stars). Red, green, and blue colors correspond to the values of +3/2,
0, and —3/2, respectively. The intermediate colors indicate elliptical polarization with the different eccentricity (see the color scale). Panels
(b) and (c) show isosurfaces for the arbitrary chosen values A; = £0.6 and £0.52, respectively.

between the dielectric nanoparticle and the emitter fixed on
the substrate surface. This experiment can also be performed
if the emitter is placed inside the dielectric matrix, even tens of
nanometers deep under the surface. The polarization switch-
ing considered above can be performed at the wavelengths
corresponding to the resonances inherent to the dielectric
nanoparticle. Of practical importance is also that the resonant
wavelength values can be tuned by choosing the shape or size
of the nanoparticle.

V. ORIENTATION OF THE DIELECTRIC NANOSPHERE’S
NEAR-FIELD POLARIZATION ELLIPSE

The distribution of the polarization degree considered
above is illustrative but it does not give a complete knowledge
about the polarization ellipse at each point of space in the near
field. To be specific, the orientation of the polarization ellipse
and the direction of electric-field vector rotation remain un-
specified. Full description of the near-field polarization can
be done using 3D Stokes parameters (see Sec. II), which are
considered below.

Each of the Stokes parameters is a scalar field in 3D
space. A clear analogy can be drawn up between some of
the 3D and 2D Stokes parameters. The 3D parameter Ag
is analogous to the 2D parameter Sy and describes the total
spectral density of the field. The parameters A,, As, and Ay
are analogous to S3 and describe the eccentricity of the
polarization ellipse projections to the planes xy, xz, and yz,
respectively. For instance, if A,, As, or A; are equal to
+3/2 (7), similar to the case of S3 = £1 in the 2D space,
then the corresponding curve becomes a circle, and if A,
As, or Ay are equal to O then the curve degenerates into a
straight line. The signs of A;, As, and A7 show the rotation
directions for the corresponding projections: “+” and “—”
correspond to the clockwise and counterclockwise directions,
respectively (see an example below). The parameters Ay, A4,
and Ag are analogous to the parameter S, and contain mixed
information on both the eccentricity and orientation of the
elliptical projections to the planes xy, xz, and yz, respectively.

The parameter Az describing the excess of spectral density
in the x direction over that in the y direction is analogous to
S1. The parameter Ag represents the sum of the excesses of
spectral density in the x and y directions over that in the z
direction and does not have an equivalent in the case of 2D
space.

According to the definitions, not each of the Stokes pa-
rameters represents a pure physical value or property that
can be easily interpreted. Besides A, the most indicative are
the parameters A,, As, and A7, so that we have calculated
their distributions in the three mutually orthogonal planes for
each of the two polarization types of incident radiation with
A =710 nm. The obtained cross sections demonstrate com-
plicated landscapes (Fig. 5), which resemble those obtained
for the polarization degree shown in Figs. 2 and 3. For the
linearly polarized incident field, the three arbitrary chosen
planes are (x, y, —110), (x, 100, z), and (—20, y, z) [Fig. 5(a)].
The distributions of A,, As and A,, Ay are found to be
antisymmetrical relative to the planes (0, y, z) and (x, 0, ),
respectively. This reflects the fact that the polarization ellipses
are distributed symmetrically relative to these planes, but the
rotation directions are opposite. Obtained antisymmetry is not
surprising because the spherical shape of the particle and the
linear polarization of the incident field leads to the reflection
symmetry relative to both of the planes. The parameter A,
almost reaches +3/2 in some areas of the corresponding cross
section, whereas A, and As show relatively small deviation
from zero. Moreover, the 3D isosurfaces calculated for A
[Fig. 5(b)] show a similar landscape to that obtained for
the near-field polarization degree [Fig. 2(a)]. Thus, the plane
in which the near-circular polarization is achieved near the
nanosphere is close to the yz plane, i.e., to the polarization
plane. The areas in which A; ~ £3/2 correspond to the
interior area of the 3D isosurfaces [Fig. 2(a)] and to the green
and blue 2D areas in the linked cross sections [Figs. 2(a), 2(c)
and 3(d)].

The three cross sections provide complete information
about the degree of ellipticity and the rotation direction at
the point of intersection A (—20, 100, —110). At this point,
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As is close to zero (green color), which corresponds to the
degenerative case in which the end point of the electric
vector describes not an ellipse but a straight line on the plane
(x, 100, z). Therefore, the plane IT containing the polarization
ellipse at point A is almost orthogonal to the xz plane. The
parameters A, ~ —0.1 (light blue color) and A7 ~ 0.8 (red
color) indicate that both corresponding projections are ellipti-
cal, and the former one is strongly elongated. The rotation di-
rections of the electric vector end point in the xy plane and the
yz plane, being defined by the sign of A, and A7, respectively,
are counterclockwise and clockwise, respectively. Thus, the
presented consideration shows how the degree of ellipticity
and the rotation direction can be described and visualized at
each point of space using A,, As, and A;. At the same time,
the orientations of the projections of the polarization ellipse
are encoded in A, A4, and Ag. However, these parameters
describe an interplay between the orientation and eccentricity
making their visualization quite undescriptive.

For the circularly polarized incident light, a qualitative
difference relates to the symmetry of 3D patterns of As and
A7. According to the circular symmetry, the distributions of
As and A are antisymmetric relative to the z axis in this
case. For instance, it can be illustrated for 3D isosurfaces
calculated for A7 [Figs. 5(b) and 5(c)] demonstrating curved
shapes which are antisymmetrically twisted around the z axis.
To visualize how a near-linear polarization appears in the
vicinity of the particle, the cross sections are calculated for

the planes (x, y, 0), (x, 90, z), (0, y, z) for which the point of
intersection B lies on the particle’s equator [Fig. 5(c)]. The
parameter A, significantly deviates from the unity only in
a ringlike area near the equator. Moreover, it becomes close
to zero in the vicinity of the particle pointing to near-linear
projection of the polarization ellipse on the xy plane. The
parameter As is also found to be close to zero near point B.
At the same time, A7 shows gradient behavior in the vicinity
of point B, however it also achieves near-zero values not far
from it. As a result, in the vicinity of point B there appears
an area that is characterized by strongly elongated elliptical
projections of the polarization ellipse on all the three orthog-
onal planes. This corresponds to near-linear polarization ap-
pearing near the equator of the particle in accordance with the
patterns obtained for the polarization degree [Figs. 2(b), 2(d),
and 3(h)].

VI. CONCLUSIONS

In this work, we have analyzed the polarization patterns in
the vicinity of a high-refractive-index dielectric nanosphere
both in free space and placed above a dielectric substrate
for the linearly and circularly polarized incident light. Four
wavelengths that are in resonance with ED, EQ, MD, and
MQ modes of the nanoparticle have been taken into consid-
eration. Obtained patterns have been visualized by mapping
the polarization degree and the 3D Stokes parameters. The

Resonance fluorescence spectrum
in the far field

incident light
tip
~
Si
nanoparticle Near

field
‘ I'4
i
& h Q.

dielectric substrate

polymer

incident light
FND Near

/ field

dielectric substrate

FIG. 6. Schemes of two potential experiments to map the near-field intensity and polarization around the nanoparticle.
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analysis shows that the polarization is drastically affected by
the nanosphere leading to a complicated structure of the near
field: linear polarization of the incident light results in circular
polarization (and vice versa) in certain areas in the vicinity of
the nanosphere. In the presence of a dielectric substrate, the
areas of polarization switch shift to other locations, change in
size, and in some cases penetrate under the substrate surface.
The sizes of these areas are found to be dependent on both
the resonance mode excited and the incident polarization.
However, in any case the size appears to be much larger
than a single emitter, encouraging experimental examination.
The results obtained underline the importance of taking into
account the polarization distribution around the particle when
considering the interaction between the emitter and the near
field, which is of great importance for applications. The
consideration presented here can be extended to a system
consisting of any nonmagnetic and nonabsorbing medium
filling the space around the dielectric nanoparticle of any
shape placed near a dielectric substrate.

Potential experiments to map the near-field intensity and
polarization one could think about are schematically shown in
Fig. 6. In one of them (Fig. 6, left), the near-field around the
nanoparticle can be measured by a quantum emitter (a fluo-
rescent molecule or a quantum dot) embedded into a polymer
film deposited on a dielectric substrate. The nanoparticle itself
is attached to the tip, which can be precisely positioned in
the close vicinity of the emitter. This system nanoparticle +
emitter is excited by an incident laser light with the required

polarization [44,45]. One can measure then the resonance
fluorescence spectrum of the emitter in the far field, which
gives information on both the intensity and polarization of the
near field in the point of space the emitter is located [31].

Alternatively, the experiment can be done with a dielectric
nanoparticle deposited above or on the dielectric substrate,
which can easily be done experimentally [42,43]. A quantum
emitter [for example, a fluorescent nanodiamond (FND) with
NV center] can be embedded on a tip, which can be posi-
tioned around the nanoparticle with high precision [46]. The
spectrum of resonance fluorescence of this emitter measured
in the far field will give then a detailed information about the
intensity and polarization of the near field in the point the
emitter is located.

Another, different experimental strategy for 3D polariza-
tion mapping is the following: A nanoparticle is placed in a
viscous liquid containing fluorescent molecules, which slowly
descend due to gravitation. The molecules, moving down
around the particle, are used as emitters in one of polarization-
sensitive schemes with application of single-molecule spec-
tromicroscopy that allows precise spatial detection of the
molecule [47].
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