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The polarization of the light scattered by an optically dense and random solution of dielectric
nanoparticles shows peculiar properties when the scatterers exhibit strong electric and magnetic polar-
izabilities. While the distribution of the scattering intensity in these systems shows the typical irregular

speckle patterns, the helicity of the incident light can be fully conserved when the electric and magnetic
polarizabilities of the scatterers are equal. We show that the multiple scattering of helical beams by a random
dispersion of “dual” dipolar nanospheres leads to a speckle pattern exhibiting a perfect isotropic constant

polarization, a situation that could be useful in coherent control of light as well as in lasing in random media.
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The scattering of light by random media produces
complex, irregular intensity distributions known as speckle
patterns [1,2]. Although the study of the statistical proper-
ties of speckle patterns has been a topic of high interest
during recent decades, the statistics of the polarization of
electromagnetic vector waves is still not well understood.
Still, the depolarization of light in a random medium is
the basis of an increasingly broad range of applications
from remote sensing [3], enhanced backscattering phenom-
ena [4-7], or dynamic spectroscopy [8—10], to biomedical
imaging and diagnostics [11-13]. Even for static samples,
the polarization of the scattered field is far from being
isotropic [3] and the polarization of the speckle pattern may
exhibit rapid changes from one speckle grain to another
[14] with a nontrivial statistical distribution of polarization
singularities [15,16].

It is generally assumed that multiple scattering of light
from inhomogeneities in optically dense media randomizes
the state of polarization of light. A wave propagating in
such a medium becomes rapidly depolarized in a character-
istic length scale that depends on the properties of both the
scattering medium and the illuminating light [17—19]. Here
we discuss a peculiar combination of random samples and
laser beams that lead to unusual “anomalously” polarized
speckle patterns exhibiting isotropic constant polarization.

Dielectric nanospheres of moderate permittivity like
silicon [20-22] present strong magnetic and electric dipolar
resonances in the visible, as well as in telecom and near-
infrared, frequencies, without spectral overlap between
quadrupolar and higher-order modes. The interference
between the electric and magnetic dipolar fields can lead
to strongly asymmetric angular distributions of scattered
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intensity, including zero backscattering at specific wave-
lengths [23-27]—the so-called first Kerker condition [28].
In the dipolar approximation, such particles can be under-
stood as “dual” scatterers, i.e., particles which are invariant
under electromagnetic duality transformations. It should be
noted that these scatterers are not dual in terms of the ratio of
their permittivity and permeability being equal to that of the
surrounding medium [29,30]. Instead, the duality arises
when the electric and magnetic polarizabilities are identical
[31]. Then, the absence of backscattered light can be
understood as a direct consequence of the simultaneous
conservation of angular momentum and “helicity” in the
scattering from cylindrically symmetric dual particles [32].
In this Letter, we study the light scattering on dielectric
dual nanospheres illuminated by Bessel beams with a well-
defined component of angular and linear momenta along
the axis, and helicity [29,30]. Specifically, we analyze the
far-field angular intensity distribution and polarization of
the scattered light on a Si dipolar nanosphere as a function
of its displacement from the axis. At the dual, first Kerker,
condition, far-field light polarization is independent of the
scattering angle, illustrating the conservation of the helicity
in scattering by a single dual nanoparticle. Furthermore, we
discuss the generalization of these results to systems
comprising dimers [33] and random ensembles of dual
nanoparticles. Contrary to intuition, we show that the
multiple scattering of helical beams by a random dispersion
of dual dipolar nanospheres leads to a speckle pattern
exhibiting a perfect isotropic constant polarization.
Helical beams are a special class of solutions of the free-
space Maxwell equations with the well-defined wave
number k and helicity A. The latter condition can be

© 2015 American Physical Society
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written down explicitly through the representation of the
helicity operator A,

1
AE =V xE = AE, (1)

with the allowed eigenvalues of A = +1. One elementary
solution to this set of equations takes the form of a circularly
polarized plane wave, for which the helicity can be identified
with its handedness, giving A = 1(—1) for the left- (right-)
hand circularly polarized light. Furthermore, if the arbitrary
helical beam is decomposed into a set of plane waves, all
of them will exhibit circular polarization with identical
handedness.

In this work, when considering scattering into the far
field, we will limit ourselves to investigating the handed-
ness of the scattered field. This simplification stems from a
simple observation: any possible detector of scattered light
will be measuring the properties of a single plane wave, or a
very narrow distribution of plane waves, scattered toward
the detector’s aperture.

However, before we consider scattering of helical
beams, let us point out a very useful and crucial character-
istic of such beams. Using the Faraday equation in
frequency domain, we can relate the magnetic field of
the beam with the curl, or—through the definition of the
helicity operator—the helicity of the electric field,

H=-—"AE = —— AE, (2)
HoC€ Ho€

where p is the vacuum permeability and c is the speed of
light in vacuum.

For illustrative purposes, throughout the Letter we will
be using a special form of the helical beams with an axial
symmetry around the propagation direction Z, as defined in
Ref. [30]. We should emphasize that, although throughout
this work we use a specific form of the incident helical light
to illustrate the scattering processes, all of the results
discussed in the Letter are general and hold true for any
given helical incident beam, for instance for Bessel beams
of order n # 1.

The intensity of the electric field of our helical beam,
plotted in the schematic of Fig. 1(a), is invariant with
respect to translation along Z. The spacing of the fringes in
the intensity cross section and its actual shape is determined
by the helicity of the beam (here fixed as A = —1), its order
(n = 1), and by the aperture angle (0, = z/4) [30]. As we
mentioned above, in the scattering process, the helicity of
light can be associated with the handedness of the scattered
plane wave. Therefore, to quantify the degree of helicity of
the light scattered in the direction given by two angles ¢ and
0, we define a degree of helical polarization n € [—1, 1],
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FIG. 1 (color online). (a) Schematic of the scattering process.
(b) Square moduli (top panel) and phases (bottom panel) of the
electric (a,, blue line) and magnetic («,,, red line) polarizabilities
of a 230-nm-radius silicon sphere in the near-IR. Scattering cross
section (k™" shown with black line) is dominated by the
contributions from these dipolar terms. Dashed vertical lines
indicate wavelengths at which the polarizabilities are equal both
in magnitude and phase. (c) Integrated circular polarization
factors 7, for the sphere positioned on the axis of the beam
(top panel), and displaced by 2 ym (middle panel) and 4 ym
(bottom panel) from the axis, as shown in the insets.

where Igxc and I;c are the polarization-resolved differ-
ential scattering cross sections for the right- and left-
handed circularly polarized scattered light, respectively
[see Fig. 1(a)]. Integrating n over the two angles, we
define the total degree of helical polarization 7, =
(4ﬂ)“//sin(€);1((p,9)d9dgo € [-1,1]. We will use these
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quantities to determine and illustrate the conservation of
helicity in scattering processes.

Having introduced the general properties of the incident
beam, we now proceed to consider the so-called dual
scatterers. A particular example of a dual scatterer can be
achieved with nanoparticles with electric and magnetic
dipolar polarizabilities (a, and «,,) identical both in ampli-
tude and in phase. In Fig. 1(b), we plot the electric and
magnetic polarizabilities of such a scatterer—the 230-nm-
radius silicon (n = 3.5) sphere. Polarizabilities are equal for
wavelengths of 4 = 1844 nm and 1160 nm, marked with the
vertical dashed blue lines. Note that for the latter case, the
scattering spectrum is dominated by higher-order modes,
and we cannot consider the spheres as dipolar scatterers.
Furthermore, the spectra of |a,|> and |a,,|> cross also at
A = 1520 nm, but for this wavelength the phases of the
polarizabilities are different (i.e., Re{a,} = —Re{a,,},
which corresponds to the almost-zero-forward condition
[23-25]). Polarizabilities and the scattering cross section
plotted in Fig. 1(b) have been obtained from the Mie theory.

In the spectral range where the scattered fields can be
described by dipolar electric and magnetic responses, the
polarization-resolved differential cross section takes the
following, analytical form [34]:

I¢n) | p+ (nx€)-m/c], (4)

with € corresponding to the polarization of the scattered
light, and p and m denoting the electric and magnetic
dipoles, respectively. The dipoles are induced by the
incident fields (E, H),

p = ¢a,.E, m = a,,H. (5)

For the dual nanoparticle (@, = a,, = ay), using the rela-
tionship Eq. (2), we get

I.(n) « |egafE* - [€ + iAn x €]|%. (6)

We want to investigate the polarization of the scattered light
in the basis of right-handed circularly polarized r (RC)
and left-handed circularly polarized 1 (LC) light. For any
scattering direction n, we haven x 1 = —ilandn x r = ir.
Thus, the squared expression in the scattering cross section
[Eq. (6)] is proportional to

() /() ()

indicating that for the A = 1(—1) incident beams, the RC
(LC) polarization of the scattered light vanishes. Therefore,
for the dual nanoparticle and the incident helical field,
n(m) for every direction should be equal to 1, giving 7, =
1(—1) for the incident A = —1(1) light.

We illustrate this scattering invariant in Fig. 1(c). In the
plots, we present the spectra of the total degree of helical
polarization 7, calculated for the scatterer positioned on

2

; (7)

the axis of the beam (top panel), or shifted away from it by
d =2 um (middle panel) or d = 4 um (bottom panel), as
shown schematically in the insets. For the two wavelengths
at which the two polarizabilities match (4 = 1160 nm and
1844 nm), n,, reaches its maximum value 1, indicating a
fully circular polarization of the scattered light.

The scattering of a dual nanoparticle preserves the
helicity everywhere and not only the far-field components
as we have shown. As the scattered near field, composed
primarily of evanescent waves, is essential for the under-
standing of systems comprised of many scatterers, below
we will investigate in detail the helicity of the entirety of the
scattered field for the dipolar spheres.

To arrive at this result, we consider the relationship
between the electric p and magnetic m dipoles induced in a
dual nanoparticle by helical light. Inserting Eq. (2) into
definitions given in Eq. (5), we arrive at

m = —icAp. (8)

The scattered electric field from such a pair of dipoles can
be expressed through Green’s functions as

k> ) K?
Escatt = gGEp + lez(;Mln = 8_0 (GE + AGM)p (9)
To calculate the action of the helicity operator on E,;, we
use the following property of the Green’s function;

which can be derived taking the definition of the helicity
operator, Eq. (1). We then have

2

k
AE = S—O(GM +AGE)p- (11)
Since the eigenvalues of the helicity operator follow
A% = 1, we can rewrite the above equations as

k2
AEscatt = Ag_() (AGM + GE)p = AEscatt- (12)

This result is not so surprising if we consider that Eq. (8)
represents the only two pairs of dipoles which produce a
field with the well defined helicity A [35]. Then, when the
dipolar moments dominate, Eq. (8) ensures that the helicity
is preserved everywhere (near and far field).

Since the helicity of the electromagnetic field is con-
served in the process of scattering on a single dual scatterer,
it should also be conserved in the subsequent scattering
events on other dual scatterers. To illustrate this helicity
invariance, we consider the scattering of the helical beam
on a dimer of the modeled silicon spheres [33]. The central
panels in Fig. 2 show the distribution of the two quantities
defined as

Ay = |Escatt + icﬂOHscatt|21 (13)
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FIG. 2 (color online). Light scattering by a dimer of spheres.
The incident helical (A = —1) light of (a) 1844 nm or (b)
1679 nm wavelength is scattered on a dimer of two (a) dual
and (b) nondual silicon spheres. One of the spheres is positioned
at the origin of the coordinate system and the other is shifted from
it 0.5 ym along the axis and 1 um in the transverse direction. In
the near field (calculated at 7 = 3 um), the helicities of the
scattered light can be measured by calculating distributions A,
(central panels). Vanishing distribution of A, in (a) indicates that
the scattered light retains the negative helicity of the incident
light, while the nonvanishing distributions in (b) indicate mixing
of the A= —1 and A =1 components of light. Right panels
represent the differential scattering cross sections of the scattered
light 1(¢, 6) (upper plots) and of the polarization degree (¢, 9)
(lower panel). For the dual spheres (a) #7(¢,0) = 1 is a constant
function, indicating that the scattered light is fully circularly
polarized (o, = 1).

calculated in the transverse plane defined by z = 3 um. AL
computes the scattered intensity into modes with helicity =.
Two wavelengths of the incident light are considered: (a)
A = 1844 nm, for which the scatterers are dual, and (b)
A =1679 nm, at which the scatterers have a dominating
magnetic dipolar response. For a helical beam with A = —1
interacting with a dual dimer, the scattered intensity into
modes with A, will be zero as shown in Fig. 2(a). In
contrast, for the nondual scatterers [Fig. 2(b)], neither one
of the two fields A, vanishes, indicating the mixing of the
two helicities in the scattering process. For both wave-
lengths, we also investigate the far-field properties of the
scattered light, plotting its differential scattering cross
section I(¢p,0) and the degree of helical polarization
n(@,0) in the right panels of Fig. 2. The scattered light
is shown to be fully circularly polarized only for the dual
sphere [Fig. 2(a)].

We can also extend our considerations to the random
media, modeled as a distribution of the dual scatterers,
where each one preserves the helicity in a single scattering

max(l)
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® o ©F
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%o e
A=1679 nm e °e _o°
Oe#0 e .. ..‘o. .’..
é A

FIG. 3 (color online). Light scattering by a random medium.
The incident helical (A = —1) light of (a) 1844 nm or (b)
1679 nm wavelength scatters on an ensemble of 80 randomly
distributed (a) dual and (b) nondual silicon spheres. The scatterers
were randomly distributed in a cubic box with edges of 60 ym
length, centered on the axis of the beam. Panels on the right
represent the differential scattering cross section I(¢, 0) (upper
plots) and of the polarization degree 7(¢, ).

event. By using a coupled electric and magnetic dipole
method [36-38], we illustrate this process in Fig. 3, where
we investigate the scattering of incident helical light on a
random distribution of 80 nanoparticles positioned ran-
domly in a cubic volume of 60 ym edge length. Similarly,
as in Fig. 2, we consider two wavelengths of incident light:
(a) 1844 nm, at which the scatterers are dual, and (b)
1679 nm. In the former case, the circular polarization
degree 7 is constant and equal to 1 for any scattering
direction [right bottom panel in (a)], indicating the con-
servation of helicity in the multiscattering process. For the
nondual scatterers, polarization degree does not exhibit any
significant preservation of helicity.

It is worth noticing that the intensity distribution for dual
particles presents a clear asymmetry between forward and
backward scattering. Due to the conservation of angular
momentum and helicity, a complete suppression of back-
scattering (at € = 0) is expected [29] for dual and axially
symmetric samples. The partial (statistically averaged)
axial symmetry particle distribution explains the observed
results. Such an asymmetry is not observed for the nondual
medium [Fig. 3(b)].

Finally, we briefly discuss the robustness of the helicity
conservation against the deviation from the perfect duality
condition of the scattering medium. Such deviation natu-
rally arises when nanoparticles in the solution are not
identical, but represent a distribution of radii with some
standard deviation o. We have carried out simulations of
random media comprising scatterers with radii distributed
around ry = 0.23 yum. For o = 0.02r), the integrated
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helicity degree is reduced to 0.85 while #,,, ~ 0.6 for
o = 0.06ry. A complete set of results and more elaborate
discussion is included in the Supplemental Material [39].

In conclusion, we have investigated the problem of
scattering of helical light by dielectric nanoparticles exhib-
iting strong electric and magnetic activity. At the Kerker
condition, when both electric and magnetic polarizabilities
are equal, the scattering preserves the helicity and polari-
zation of light. We have shown this anomalous conserva-
tion of the scattering polarization in the case of a single
nanoparticle, a dimer, and a random solution of dielectric
nanoparticles. Our results open a pathway to exploit
properties in random scattering media, including intriguing
applications in random lasing [40,41], as well as to provide
new possibilities to characterize magnetic optical properties
of nanoscatterers [42].
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