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We develop a multipolar theory of second-harmonic generation (SHG) by dielectric nanoparticles made of
noncentrosymmetric materials with bulk quadratic nonlinearity. We specifically analyze two regimes of optical
excitation: illumination by a plane wave and single-mode excitation, when the laser pump drives the magnetic
dipole mode only. Considering two classes of nonlinear crystalline solids (dielectric perovskite material and III-V
semiconductor), we apply a symmetry approach to derive selection rules for the multipolar composition of the
nonlinear radiation. The developed description can be used for design of efficient nonlinear optical nanoantennas

with reconfigurable radiation characteristics.
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I. INTRODUCTION

The resonant response is one of the main routes to increase
the efficiency of nonlinear signal generation at the subwave-
length scales in the absence of phase matching effects. That is
why optical nonlinearity at the nanoscale is usually associated
with the enhancement of electric fields in plasmonic nanos-
tructures due to geometric plasmon resonances [1,2]. Despite
the significant progress in this area [3], there exist fundamen-
tal drawbacks that limit the efficiency of nonlinear generation
with metallic structures. Besides the evident problem of high
ohmic losses, typical metals have cubic lattice with inversion
symmetry which restricts second-order nonlinear effects, such
as the second-harmonic generation (SHG) [4]. It can be ob-
served only due to the surface effects or the field gradients
in the bulk of nanoparticles [3,5], which are relatively weak.
Recently, a novel nanophotonic platform based on high-index
dielectric nanoparticles has emerged [6]. All-dielectric nanos-
tructures are free from high ohmic losses and offer a wide
variety of dielectric and semiconductor materials including
those with nonzero bulk second order susceptibility tensor.
Excitation of Mie resonances in such nanoparticles provides
novel opportunities for nonlinear optics [7,8] and allows one
to achieve record-high nonlinear conversion efficiencies at the
nanoscale [9-15].

Despite the intense experimental studies of the SHG effects
in Mie-resonant nanostructures, a comprehensive theory of the
SHG emission from nanoparticles with nonzero bulk nonlin-
earity tensor ¥® has not been proposed yet. The important
works related to the SHG generation were focused on the
surface and bulk effects in nanoparticles with centrosymmet-
ric crystalline lattice: in noble metal nanoparticles [16—18]
including the shape effects [19], and in Mie-resonant silicon
nanoparticles [20,21]. In this work, we theoretically study the
SHG by individual spherical high-index dielectric nanoparti-
cles made of noncentrosymmetric materials (aluminum gal-
lium arsenide AlGaAs and barium titanate BaTiO3), which
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possess a large bulk quadratic susceptibility. These materials
are actively employed for nonlinear all-dielectric nanopho-
tonics [9,11,22-24]. We systematically describe the SHG in
nanoparticles and mechanisms of its resonant enhancement,
depending on the symmetry of the crystalline structure and
polarization of the incident light. We employ methods of mul-
tipolar electrodynamics providing a transparent interpretation
for the measurable far-field characteristics, such as radiation
efficiency and radiation patterns [7,21,25].

Using analytical techniques, we demonstrate the ability to
manipulate the nonlinear radiation of a spherical nanoparticle
by varying illumination properties. By means of symmetry
analysis of the SHG process we obtain the selection rules for
the nonlinear generation, and identify which channels of mul-
tipole composition are active in SHG. These rules previously
were known only for nanoparticles of a spherical [16] and
arbitrary shape [19] made of centrosymmetric materials. The
knowledge of these basic mechanisms of nonlinear generation
in a single spherical nanoparticle can be extended in appli-
cation to complex nonlinear structures, such as nanoparticle
oligomers [26,27] or nanoparticle arrays in metasurfaces [8].

The paper is organized as follows: In Sec. II we discuss
the problem of nonlinear light scattering of a plane wave
by a dielectric nanoparticle made of BaTiO; or AlGaAs
materials. Applying Green’s function approach, we calculate
the efficiency of SHG and multipolar content of the second-
harmonic (SH) field. We also consider the particular case of
SHG through excitation of a single magnetic dipole mode. We
discuss how the intensity and the far-field properties of the
SH field vary while direction of the excited dipole moment
changes relatively to the crystalline structure of material.
By explicit calculations we show how the mode content of
SH field varies. In Sec. III we derive selection rules which
govern the channels of mode coupling at fundamental and
SH wavelengths based on the symmetry of vector spherical
harmonics and the crystalline structure. In Sec. IV we apply
the formulated selection rules to explain the results obtained
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in Sec. II and build the complete table of possible generated
multipoles for SHG process driven by dipole modes.

II. SECOND-HARMONIC GENERATION FORMALISM

A. Green’s function approach. Plane-wave excitation

We consider a spherical dielectric particle of the radius a
characterized by a frequency-dependent dielectric permittivity
&(w), embedded in a homogeneous host medium with ey = 1.
The nanoparticle is made of the material with a noncentrosym-
metric crystalline structure, and its nonlinear electromagnetic
properties are captured by the quadratic susceptibility tensor
%@®. While for AlGaAs the linear susceptibility tensor &,(w)
is isotropic, for BaTiO; this tensor inherits the uniaxial crystal
structure of the material. In this case, the anisotropy of the
SHG tensor and of the linear permittivity tensor are not two
independent phenomena and have a common microscopic
origin [28]. However the anisotropy is rather weak in the
case of BaTiOs; it dramatically increases the complexity of
the problem comparing to isotropic linear scattering. Hence,
from now on we use the approximation of isotropic linear
susceptibility tensor. The effect of anisotropy on the selection
rules will be discussed in more details at the end of the paper
in Sec. IV.

The problem of linear light scattering by a sphere is solved
using the multipolar expansion following the Mie theory
[29,30]. In our work we consider time dependence of the
fields in the form e ', For the illumination by the x-polarized
plane wave Ege,e'' incident along the z direction, the field
inside the spherical nanoparticle (r < a) is expanded in vector
spherical harmonics as follows:

o0

2 1
B = e M atw). 1
n=1

— id,N{) (k2 (@), 1], (1
where the wave numbers ki(w)=w./e1/c, k(w)=
w~/e2(w)/c. Magnetic M,;, and electric N,j, spherical
harmonics with the total angular momentum n and the
momentum projection *+1, the indexes e, o describing their
parity with respect to the reflection along y axis (or ¢ — —¢
transformation), and the coefficients c,, d, are given in
Appendix A; the superscript (1) is used to define spherical
Bessel functions.

The induced nonlinear polarization at the second-harmonic
frequency is defined by the second-order polarizability tensor:

P2*(r) = sox Sy, Ef (DEL(r), ©)

where E7 are the Cartesian components of the fundamental
field inside the nanoparticle. We take into account only the
bulk nonlinear response leaving outside the consideration
potential surface sources of SHG. The SH field outside the
particle at r > a can be found using dyadic Green’s function
G of a sphere:

E*(r) = Qw)* 1o / dV'GQaw, r,r P,  (3)
\%4

satisfying the following equation rotrot G, r,v)=
(%’)Za(r, 0)G(w,r,v')+18(r —r), where 1 is the unit
dyadic, e(r, w) = e(w) forr < a,and e(r) = 1 for r > a.

The explicit multipole decomposition of the Green func-
tion is given in Ref. [31] and also in Appendix A. Substitut-
ing the expansion of the Green function in the form of the
spherical waves into Egs. (2) and (3) we obtain the multipolar
decomposition of the second harmonic field

EZ“’(r):fjij > Eo(DwemnW i, ki Qo). 1]

n=1 m=0W=M,N

+ Dwonn W5, Tk1 Qw), T1). )

omn

Here, the denotation W = M, N distinguishes between elec-
tric and magnetic harmonics; the superscript (3) is used to
define spherical Hankel functions of the first kind. The ex-
pansion coefficients Dy, are readily evaluated as a sum of
overlap integrals between the two vector spherical harmonics
at the w frequency and one harmonic at the 2w frequency,
weighted by the ¥ tensor:
Dy, ~ / Wi, [k 2w), FIxPE (E(r)dV . (5)
14
The explicit form of these coefficients is given in Appendix A.
Finally, the second-harmonic conversion efficiency osy,
defined as the ratio of the total SH radiated power Psy
to the energy flux of the fundamental wave Iy through the
geometrical cross section a? of the particle, can be expressed
through the coefficients Dy, as follows [32]:

e — Psu
SH = 7'[61210
_ 2 > nn+1)
T a2k Qw)]? Z Z Q2n+1)

n=1 W=M,N

" (n+m)!
: |.:Z m(|DWemn|2 + |DWomn|2) + 2|DWeOn|2 .

m=1
(6)

Using Eq. (6), we calculate the conversion efficiency osy for
BaTiO3 and AlGaAs particles of subwavelength sizes under
the plane-wave excitation. In this section, we assume that
the main axes of crystalline lattice are oriented along the
coordinate system: [100]|le,, [010]]le,, [001]]e; (see Fig. 1).
In Sec. IV we will discuss other crystalline orientations. In the
chosen coordinate system the second-order polarization of the
BaTiOs; crystal has the following form:

P 0 0 0 0 ds
P =gl 0 0 0 d&s 0
P2 dy dy dyn 0 0

S OO

ECE®
EYEY
EYE®
x| rpepe | Q)
y “z
2EVE®
2EVE?

075425-2



SECOND-HARMONIC GENERATION IN MIE-RESONANT ...

PHYSICAL REVIEW B 99, 075425 (2019)

e J— (a) z'[001] BaTiOs3
e’ e
ya
& T y’
€ (w) NG [010]
2 [100]
y
a-—)
-~ (b) 71001 AlGaAs
k y’
E X' [010]
° [100]

FIG. 1. Geometry of the considered problem. The crystalline
lattice structure of materials under the consideration, BaTiO5 (a) and
AlGaAs (b), is also shown in figure. The orientation of crystalline
lattice is with respect to the coordinate system fixed throughout the
paper if else is not specified.

where x..; =d33 =6.8 pm/V, Xux = Xy = d31 = 15.7
pm/V, Xu: = Xyyz = di5s = 17 pm/V [33]. In the principal
axis system of the AlGaAs crystal, the tensor of the second-

order nonlinear susceptibility contains only off-diagonal ele-
@ _

ments x; i x® =100 pm/V being nonzero if any of two
indices i, j, k do not coincide:
P ErE
P2 | =200x | ECEL . ®)
P £V

The fundamental wavelengths are fixed for BaTiOs and
AlGaAs to 1050 nm and 1550 nm, respectively. These values
were chosen in accordance with the typical experimental
frequencies used for observation of SHG from these materials
and correspond to the Yb™> laser (1050 nm) [23] or the
Er*3 doped fiber laser (1550 nm) [9]. Since AlGaAs has a
higher refractive index (~3.5) compared to BaTiO3 (~2.4),
the particle sizes are within the same range.

The calculated dependences of SHG on the nanoparticle
radius are shown in Figs. 2(a) and 3(a) demonstrating pro-
nounced resonant structure. In order to distinguish between
different multipolar resonances, we have separately calculated
the contribution from each multipolar channel in Eq. (6)
[see the colored curves in Fig. 2(a) and Fig. 3(a)]. The
contributions of the harmonics with the same total angular
momentum # and different momentum projections m are com-
bined together. Identification of the harmonics with particular
momentum projection contributing to the SH emission will
be discussed in detail in Sec. IV (see Tables III, IV, V).
We also support the SH spectra with the plot of the linear
scattering spectra of a plane wave at the fundamental and SH
wavelengths in Figs. 2 and 3(b), clearly showing individual
Mie resonances.
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FIG. 2. Second harmonic generation spectra for BaTiO; calcu-
lated at the normal incidence, according to Fig. 1. Incident wave
wavelength is 1050 nm. (a) Solid black line shows the total SH inten-
sity, normalized to the incident power I, = 10'> W/m? and the geo-
metric cross section wa”. Colored lines show different multipole con-
tributions to the second harmonic field. (b) Scattering cross section,
normalized to the geometric cross section for the two wavelengths:
1050 nm (dashed line) and 525 nm (solid line), to show the positions
of the multipole resonances. E/MD—electric/magnetic dipole, Qq—
quadrupole, O—octupole, H—hexadecapole, T—triacontadipole.

One can see that the peaks at the SH wavelength are modu-
lated with the broad resonance at the fundamental wavelength,
which is clearly seen by comparing the panels (a) and (b) in
Fig. 2 and Fig. 3. As a result, the SHG efficiency increases
by several orders of magnitude when approaching the mag-
netic dipole (MD) resonance at the fundamental wavelength
[34,35]. The dramatic enhancement is observed when the
double-resonance condition is fulfilled [36—38] for instance at
electrical octupole (EO) resonance [see Figs. 2 and 3(a)]. Re-
sults of our analytical calculations are confirmed by full-wave
numerical modeling performed with the finite-element solver
COMSOL Multiphysics, following the procedure applied in
Refs. [9,21,22,25]. The multipolar amplitude coefficients are
then numerically retrieved and reproduce Figs. 2 and 3.

The magnitude of the SH conversion efficiency is intensity-
dependent osy ~ Iy, as it describes the two-photon process.
Specifically, for a given intensity of the incident wave of
Iy = 1 GW/cm? the conversion efficiency reaches the value
of 1073 for BaTiO3 nanoparticle and 5 x 10~* for AlGaAs
nanoparticles in the same radius range of around 200 nm.
These values are about one order of magnitude higher than the
experimental values measured for nanodisks in similar exper-
imental conditions [9,12]. This discrepancy can be related to
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FIG. 3. Second harmonic generation spectra for AlGaAs at the
normal incidence, according to Fig. 1. Incident wavelength is
1550 nm. (a) Solid black line shows the total SH intensity, nor-
malized to the incident power I, = 10'> W/m? and the geometric
cross section wa?. Colored lines are multipoles contributions into
the SH intensity. (b) Scattering cross section, normalized to the
geometric cross section for the two wavelengths: 1550 nm (dashed
line) and 775 nm (solid line), to show the positions of multipole
resonances. E/MD—electric/magnetic dipole, Q—quadrupole, O—
octupole, H—hexadecapole, T—triacontadipole.

the lower SHG efficiency from disk resonators studied in the
experiments due to the substrate effects and the uncertainty of
retrieving of the efficiency value from experimental data.

Another important feature is the particular multipolar con-
tent of the SH field. For instance one can notice that the MD
is absent in the SH field generated in the BaTiO3 nanoparticle,
and no electric dipole (ED) field is generated in the AlGaAs
nanoparticle. This cancellation is dictated by the symmetry of
the ¥® tensor and direction and polarization of the funda-
mental wave. It will be further illustrated in Sec. II B, studied
in detail from the symmetry point of view in Sec. IIl, and
discussed in Sec. I'V.

B. Single-mode approximation

Here, we specifically focus on the SHG driven by the MD
mode only. In the vicinity of pronounced resonances, the field
distribution inside the particle excited by the fundamental
wave can be approximated by the corresponding eigenmode
[21,25]. Selective and enhanced coupling to specific multipole
modes can be facilitated by the beam engineering [39,40].
If the refractive index is high enough, k| (w)av/&(w) ~ 7,
the fundamental MD resonance dominates in the fundamental

current

FIG. 4. The geometry of the magnetic dipole mode excitation
in the nanoparticle and corresponding angles of dipole moment
rotation.

field in a particular spectral region (around 220 nm radius
for the fundamental wavelengths in Fig. 2 and Fig. 3). The
case of SHG driven by MD excitation represents an instruc-
tive example for understanding the multipolar nature of the
generated electromagnetic fields in Mie-resonant dielectric
nanoparticles.

We employ a single-mode approximation and assume that
the field inside the AlGaAs nanoparticle at r < a is given by
a MD mode profile with the y-aligned magnetic moment:

w 3ict g
Ejy(r) = Ey——M, ) (ka(), r). &)

This geometry corresponds to m||e, or 8 =7 /2, ¢ = /2 in
Fig. 4. Integration of the trigonometric functions in Eq. (5)
over the angles shows that within the framework of single-
mode MD approximation (9) and crystalline axes of material
oriented according to Fig. 1, the multipolar composition fea-
tures electric octupole and magnetic quadrupole for the Al-
GaAs nanoparticle, allowing us to write down the expression
for the field:

E*(r > a) = E [DN023NS)3(/€1 (2w), r) + DM«U2MS))2
X (k1 (2), 1) + D, M3 (k1 20), )], (10)

The multipolar amplitudes Dy23, Doz, and Dys.2> can be
also conveniently found using the Lorentz lemma following
the procedure described in Ref. [21], being alternative to the
Green’s function integration in Sec. IT A. This allows us to
write the expression for D amplitudes through transmission
coefficient t£M(a) (see Ref. [21]) of the incident spherical
wave irradiating the particle. After some algebra, we obtain
compact analytical expressions for the multipolar coefficients:

—36i/307 x Pt (kya)

Dyeon = Ser(@) LEyc (kxa)* O,
2
18i/207 x @1 (kya)
Dyerr = 5% (a))3/22 2 bEyc1(k:a)* 02, (11
2

723707 x PtE (kya) [e2(2w) )
Dyors = bEyc; (kxa)? O,
No23 3565 ()52 (20) r@) oc1(kaa)”Oa3
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FIG. 5. SHG conversion efficiency decomposed into relative
magnetic quadrupolar (blue solid line) and electric octupolar (red
dashed line) contributions in the AlGaAs nanoparticles at the pump
wavelength of 1550 nm. Insets show the far-field SH radiation
patterns at a; = 200 nm, a, =227 nm, a3 =234 nm. The top
figure shows the field distribution inside the nanoparticle of radius
a, = 227 nm at the fundamental and SH frequencies.

where

kza
bksa) = / 2o [ 2.2 ) 2,
0 & (w)

1 2n+1) (n—m)!
Jan+1) At (n+m)!’

The relative contribution of different multipoles varies
when the SH wavelength is tuned to corresponding Mie res-
onances. This immediately follows from the expressions for
multipolar amplitudes Eq. (11). In Fig. 5 we trace this behav-
ior by plotting the dependence of the SH intensity on nanopar-
ticle size. When the radius is increased, the contribution of
EO mode starts to dominate over the magnetic quadrupole
(MQ) changing the far-field radiation pattern from axially
symmetric for smaller particles to the multilobed pattern near
the EO resonance at a = 234 nm. The field distribution inside
the nanoparticle (see insets in Figs. 5-7) was obtained with
the help of COMSOL Multiphysics package. The radiation
patterns (see insets in Figs. 5-8), showing the distribution of
the generated SH intensity in the far field, were plotted with
the use of the formula Eq. (4) and were verified numerically
by full-wave calculations in COMSOL.

Rotation of the pump magnetic dipole in the xy plane
(0 = 7 /2 in Fig. 4) enables the generation of the ED mode
in AlGaAs nanoparticle, which is also illustrated in Table I.
The presence of the specific modes in the SH spectrum will

Omn =

'I{'/lotal ......... N, ED
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FIG. 6. Dependence of the SH intensity and generated multipoles
on the pump magnetic dipole rotation by angle ¢ in the xy plane
(60 = 7 /2) in AlGaAs particles of two radii a = 190 nm (a), 230 nm
(b) at the pump wavelength 1550 nm. Insets show the SH radiation
patterns at ¢; = 0, ¢, = /4.

be discussed in detail in Sec. IV based on symmetry reasons.
For the smaller nanoparticle of @ = 190 nm [Fig. 6(a)], being
remote from the EO-resonant size, the EO contribution in the
SH field is negligible. At ¢ = 0 or 7 /2, the SH radiation is
dominated by the magnetic quadrupole. If the pump magnetic
dipole is rotated by ¢ = /4, the ED relative contribution
exceeds MQ and the radiation pattern significantly changes.
For the larger nanoparticle of @ = 230 nm [Fig. 6(b)], the EO
term dominates in the SH emission.

The results of analogous calculations for BaTiO3 particle
are summarized in Fig. 7. Here, two different orientations
of the magnetic dipole (p =7/2, 6 =0and ¢ =7/2, 0 =
7 /2) are shown and the resonant switching between dipolar,
quadrupolar, and octupolar modes is observed.

In Fig. 8 we illustrate the effect of the MD rotation in the
yz plane (¢ = m/2) for the BaTiOj3 particle of radius a = 140
nm, corresponding to the MQ peak in Fig. 3(b). Rotation of
MD in the xy plane will not give any changes due to symmetry
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FIG. 7. Dependence of the SH intensity in BaTiO; particles on
the nanoparticle radius decomposed into relative electric dipolar
(ED), magnetic quadrupolar (MQ), electric octupolar (EO) contri-
butions at the pump magnetic dipole wavelength of 1050 nm for
¢o=m/2, 0 =m/2 (a), and 6 =0 (b). The insets show far field
patterns of SH radiation for nanoparticle sizes a; = 180 nm and
a, = 214 nm. The field distributions inside a nanoparticle are shown
for the fundamental and SH wavelengths for nanoparticle radius a,.

of BaTiOs; lattice with respect to this rotation. At 8 = 0 the
induced nonlinear source does not contain a MQ component,
and, thus, weak SHG is determined by the nonresonant ED.
When the angle 6 is increased, the total SHG intensity grows
and the leading contribution to the SH radiation originates
from the resonant MQ.

III. SYMMETRY ANALYSIS FOR THE
SECOND-HARMONIC GENERATION

In this section, we analyze the possibility of SHG through
different multipole channels which is determined by the
particular symmetry of modes at the fundamental and SH

— Total Noos }ED — M, L MQ
"""""" e11 022
91 0, 63
14 e
2 p=x/2
12| A B
5 | e
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e}
& 08Ff
Py
2 06}
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wv
0.2}
0 L / .
0 /8 /4 3n/8 /2

0 (rad)

FIG. 8. Dependence of the SH intensity and generated multipoles
on the pump magnetic dipole rotation by angle 6 in the yz plane
(¢ = m/2) in BaTiO; particle of radius @ = 140 nm. Insets show SH
radiation patterns at 0, =0, 6, = /4,05 = /2.

frequencies. The integrals over the nanoparticle volume

Lm st = / av 2wl W WD, )
r<a
(12)

determine the contributions of the multipoles u'n’, un to
the SHG expansion coefficients Dy, in Eq. (5). Here, the
indices u, pu', u” stand for the parity e, o and the projection
m of vector spherical harmonics W'}) (r). For each particular
value of indices such integrals can be readily calculated
analytically, and a large number of them turn out to be zero.
Our goal is to reveal the general origin of these cancellations.
All our considerations are based on the following general
theorem [41,42]. Let wi(“) be one of the basis functions of an
irreducible (nonunit) representation « of a system’s symmetry
group. Then the integral of this function over the configuration
space of the physical system vanishes identically: | wi(“)dq =
0. In order for the integral to be nonzero, the integrand must
contain a term that is invariant when any of the symmetry
operations of the group are applied, otherwise the integral
vanishes.

TABLE 1. Single-mode excitation. Generated nonlinear multi-
poles in AlGaAs nanoparticle for two orientations of the pump MD
moment under the rotation in the xy plane (6 = m/2). The shaded
region coincides with the shaded region in Table V.

pump MD SHG
p=m/2 (my) MQ, EO
Meoz, Me22, No23
p=m/4 (my =my) ED, MQ, EO
Neo1, Me22, Neos, No23
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(a) (b)

FIG. 9. Schematic illustration of (a) an atomic cluster with Ty
symmetry and (b) a spherical nanoparticle made of material with 7
crystalline symmetry. Cation and anion atoms are shown by blue and
red color, respectively.

In the considered case, the cancellations stem from both (i)
the microscopic crystalline symmetry of the material and (ii)
from the macroscopic spherical symmetry of the nanoparticle
as a whole. In order to illustrate this distinction, we show
in Fig. 9(a) a tetrahedral nanoparticle cut from a material
with T; point group symmetry, e.g., AlGaAs, and in Fig. 9(b)
the spherical nanoparticle made of the crystal with 7; point
group symmetry. Then, since a tetrahedron has the same 7,
symmetry, all the allowed transitions will be defined by the
crystalline symmetry only. However, spherical symmetry of
the nanoparticle in Fig. 9(b) imposes additional restrictions
on the second harmonic generation, absent in a tetrahedron.
The restrictions are provided by a certain parity of sphere
eigenmodes with respect to the symmetry transformations of
a sphere. Hence, we can make use of selection rules based on
spatial parity of eigenmodes. As such, most of the cancella-
tions of the integrals Eq. (12) stem from simple spherical sym-
metry considerations, discussed in the following Sec. IIT A.
The rest of the relevant cancellations can be explained as
inherited from the crystal point group symmetry and will be
considered in Sec. III B.

We note that in our consideration we neglect the roughness
of the spherical particle surface imposed by the crystalline
structure as we assume nanoparticle containing large enough
number of atoms. The possible nonlocal corrections to the
linear dielectric response of the nanoparticle, arising from
the spatial dispersion of the permittivity, and sensitive to the
difference between tetradehral and spherical symmetry [43],
are also neglected here, and the particle is described by the
local isotropic permittivity tensor.

A. Restrictions imposed by the spherical symmetry

The symmetry analysis of the integrals Eq. (12) becomes
more straightforward when the spherical harmonics W are
presented in a vector form. To this end we use the following
relationship between the Cartesian basis vectors and the elec-
tric dipole harmonics in the limit Xk — 0: N 211)1 O, r)=N, x
e, NV (0,r) =N, ey,Ngé)l(O, r) =N, « e.. This allows
us to rewrite the integral Eq. (12) as

Bunini—ow & X5, [ dV[Ng - W ()]
r<a

X [Nﬂ 'Wp./n’(r)][Ny 'W/L//Vl//(r)]' (13)

Let us consider the integral (13) in more detail. First of all,
it contains a sum of several integrals of three scalar products
of vector spherical harmonics, where each term corresponds to
one of x@-tensor components. We are seeking for the cases
when the integrand is invariant under the transformations
of the O(3) symmetry group. We expect the integral to be
nonzero, if at least one of the integrand terms contains a func-
tion invariant under all rotations and inversion transformation.
The scalar products entering Eq. (13) can be readily expanded
over the scalar spherical harmonics, see Refs. [44,45] and
Appendix B. Afterwards, the resulting integrals can be ana-
lyzed for different y ®-tensor components and three general
rules A, B, and C, governing whether the integrals are zero or
not, can be formulated for each component separately.

Rule A: Parity under inversion and reflection in the y =
0 plane. The vector spherical harmonics (Appendix A) are
transformed in the same way as the real scalar spherical
harmonics ¥, [46-49] under the coordinate rotations, while
under inversion Yy, and Ne,,, acquire a sign (—1)" and M,
acquires a sign (—1)"*!, so the parity of magnetic vector har-
monics is inverse to the parity of electric and scalar harmonics.
We introduce the parity indices p; = (—1)" for Ne,,, and
pi = (=1 for M., describing the behavior of spherical
harmonics under the spatial inversion. Another parity index
pr describes the behavior of the harmonics under the reflection
in the y = 0 plane, equivalent to the change of the azimuthal
angle ¢ — —¢. The functions Ve, N emn, and M, are even
with respect to such reflection, p, = 1, while the functions
Womns Nomn, and M ,,, are odd, p, = —1. Thus, the inversion
and reflection parity selection rules can be summarized as

pipirp = —1 (inversion), (14)
PP p.pypy = 1 (reflection). (15)

The rule Eq. (14) is applied to the right-hand side of Eq. (13)
as a whole. The rule Eq. (15) is applied to the individual
products of different Cartesian components corresponding
to each nonzero element x,g, of the nonlinear susceptibility
tensor in Eq. (13). The factor p*f” in Eq. (15) is the parity of
the product x,xgx, under the reflection, which is illustrated in
Fig. 10. In the following, we will also use notation of pf,, or
p?(‘ﬁ) for the parity indices corresponding to the fundamental
or the SH modes.

Rule B: Conservation of the angular momentum projection.
Once the scalar products in Eq. (13) are calculated, the matrix
element is reduced to the overlap integral of scalar spherical
harmonics. The angular momentum projection rule for the
tesseral harmonics can be written as

+m® +m* +mf +m @ +m? +m" = 0. (16)

The matrix element (13) can be nonzero only if there exists a
combination of signs when Eq. (16) is satisfied.

Rule C: Triangle inequality for the total angular momentum.
This rule can be formulated as

—h+ |n/w _ n//wl < n2w < |n/w +n//w| +h, (17)

where the index & € [0..3] denotes the number of electric
harmonics under the integral (12). The presence of the index
h stems from the fact that the Cartesian components of vector
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XXX Xyy Xzz

~BaTiOs-----------~-
pra/fy
1 even
-1 odd
1 odd
AlGaAs -1 even

FIG. 10. Parity indices of the §®-tensor components. The solid
and dashed lines show the nonzero tensor components for AlGaAs
and BaTiOj; correspondingly for the crystal lattice oriented according
to Fig. 1.

electric harmonics with the total angular momentum r include
only the scalar harmonics with the momentum n £ 1, while
the projections of magnetic harmonics include only the states
with the same angular momentum n.

Now, let us illustrate the rules obtained above with some
specific examples. We start with examining the possibility
of the generation of z-polarized electric dipolar mode (N, =
N.o1) in a AlGaAs nanoparticle by combining the y-polarized
magnetic dipolar mode (M, = M,;;) and the x-polarized
electric dipolar mode (N, = N,11). Here p;pypi» = 1, so such
generation is prohibited by the first selection rule. Next, we
try to replace N, by some electric quadrupolar mode, for
example, N,y,. For this mode we have p;p; py» = —1, pi? =
—1 according to Fig. 10, and p**” p,pypy = (=1) - (=1) - 1 -
1 = 1. Hence, such a process is not prohibited by the first two
rules. But the sum of angular momentum projections (16) for
considered three multipoles is always odd, while for the tensor
component it is even (Fig. 10). This means that the total sum
is never zero, and such a generation process is prohibited by
the second rule.

These rules above provide a large number of possible
cancellations, however, some exceptions are possible due to
the properties of scalar products. To get all cancellations
for the specific tensor component, we either should use the
rules of how three scalar products are coupled, following the
algorithm given in Appendix B, or apply additional symmetry
reasons, discussed below.

B. Restrictions imposed by the crystal point group symmetry

In the previous Sec. III A, we have separately considered
the cancellations of the terms in Eq. (12) corresponding to
the individual components of the x®) tensor. However, some
of the components X;i;),, are equal due to the crystal point
group symmetry that can result in additional cancellations
after the summation over tensor components is performed.

Such mutual cancellations are taken care of by the theory of
representations of symmetry groups in a universal automatic
fashion. The detailed analysis is given below.

a. Transformation of the matrix elements under symmetry
operations. In order to determine the behavior of the matrix
elements Eq. (12) under the application of the point symmetry
group operation, we consider how vector spherical harmonics
are transformed. Here, one has to take into account that the
transformed harmonic is in general expressed via a sum of
the harmonics with different angular momentum projections
m and parity e/o, but the same polarization (M or N) and
the same total angular momentum n [46—49]. The scalar
products, entering the integral Eq. (13) are transformed under
the symmetry operation r — DUr as

No (DVr) - W, (DVr) = D) DY N (r) - Wiy (r).  (18)
Here Dg‘; (g) are the representation matrices of the symmetry
operation g with momentum n for tesseral harmonics [50],
in case of rotations they reduce to the combinations of the
Wigner matrices. As an example we consider the case when
the W harmonics are the electric dipole harmonics, W,,,, —
Ng, B=x,y,z and DV is a rotation around the z axis,
e.g., DY) = D{)) = cosg, D) = —D{}) = —sing, DIV = 1.

In this case Eq. (18) simplifies to

[N, - Ng1(DPr) = DéBD%‘gNg(r) ‘Nz@,  (19)
i.e., a scalar product of two electric dipole modes is trans-
formed as a second-rank cartesian tensor.
The condition that the integral Eq. (13) remains invariant
under the symmetry transformation Eq. (18) is written as
Iun,u’n’—)u”n” = Dgl;Df“;li/D%r;/rlﬂn,ﬁ’n/eﬁ”n”a (20)
where the matrix elements T are given by Eq. (12) with xg,
being replaced by
R
b. Application to harmonic generation. The most general
consideration would require an expansion of the x® tensors
Eq. (7), Eq. (8) of BaTiO; and AlGaAs, transforming under
the spherical symmetry operations according to Eq. (21), over
the irreducible representations of the O(3) symmetry group.
However, in practice it turns out that the relevant cancellations
of the matrix elements Eq. (13), not captured in the previous
Sec. IIT A, can be explained in a simpler way. Instead of
the whole O(3) group it suffices to apply a crystal point
subgroup of the O(3) group, i.e., to use a smaller set of
symmetry operations. When the crystal point group operation
is applied, the tensor x® stays invariant, which means that
X = x, and I = I. Hence, the matrix elements / in Eq. (20)
are transformed as a direct product of the three representations
governing the transformation of the corresponding vector
spherical harmonics. In order to stay nonzero, the integrals
Eq. (20) should contain a combination, invariant to the sym-
metry operation of the crystal. More formally, the reducible
representation governing the transformation Eq. (13) should
contain an identity representation.
The symmetry analysis of the second harmonic genera-
tion is then reduced to (i) expanding the vector spherical
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harmonics over the basis functions of the irreducible repre-
sentation of the crystal point symmetry group and (ii) using
the Clebsh-Gordan coefficients available for all point groups
[42,51]. The classification of the dipole, quadrupole, and
octupole spherical harmonics for 7; and Cy, point groups of
AlGaAs and BaTiOs, respectively, is given in Appendix C
and Table VI. The examples of basis functions of irreducible
representations, which behave in the same way under sym-
metry transformations as the spherical harmonics, are also
given. The expansion has been done using the transformation
properties of vector spherical harmonics.

For example, we see from Table VI that the electric
dipole modes are transformed in the 7; group according
to the F; irreducible representation, i.e., as components of
the radius vector r. Conversely, the magnetic dipole modes
behave as pseudovector components, i.e., according to the Fj
representation.

Such an approach allows us to find all the selection rules
of the nanoparticle with the same or higher symmetry as the
material [Fig. 9(a)]. It can be a tetrahedral nanoparticle for 7
or a quadrangular pyramid nanoparticle for Cy,. This is pos-
sible due to the fact that we consider the integrand behavior
under such transformations only. The further cancellations can
appear due to the scalar product properties, for example, the z
component of M,y; harmonic is zero, so it can provide some
extra restrictions (see Appendix B).

IV. DISCUSSIONS

Let us apply the developed selection rules to the cases
studied in Sec. II, where we already discussed the absence
of particular harmonics in the generated field.

Plane-wave excitation. Under the excitation of BaTiO;
(AlGaAs) nanoparticle with a plane wave, we observed the
absence MD (ED) modes in the SH field. It is illustrative to
start with the restrictions imposed by the spherical symmetry
of modes that account for most of the selection rules.

Here, we will consider only the dipole terms in the excita-
tion, and higher modes can be treated analogously. Applying
Rule A to the BaTiO3 nanoparticle in the case of dipole modes
(n = 1) we do not obtain any restrictions due to the inversion
parity, because both terms ED ® ED and MD ® ED are con-
tained in the fundamental field. One can find that the reflection
parity of the SH mode should be p?® = 1. Indeed, according
to the Mie theory generated dipole modes at the fundamental
frequency can be only N,;; and M,;;, and for both of them
p® = 1, while for BaTiO3 §® tensor p‘;‘ﬁy = 1 (see Fig. 10).
From the angular momentum projection conservation Rule
B, we find the limits for angular momentum of SH modes.
For the tensor components the sum +m® &+ m# 4+ m? is even
according to Fig. 10. Thus, +m?® 4+ m'® & m"® should also
be even, and from the Mie theory it follows that m® = m"® =
1, which makes m2® even. This immediately rules out all
magnetic dipole modes as the only dipole mode with even
m and pf"’ =1 is M9, which is identical to zero. Electric
dipole mode N,o; has the same reflection parity and, thus, is
allowed in the SHG process (see Table III). These reasons also
show that the higher order magnetic and electric modes can
also exist. According to Rule C the highest possible harmonic
generated from the dipole modes is the electric mode with
n =5 as shown in Table IIl: ED ® ED — ET.

TABLE II. Single-mode excitation. Generated nonlinear multi-
poles in BaTiO3 nanoparticle for two orientations of the pump MD
moment under the rotation in the yz plane (¢ = 7 /2). The shaded
region coincides with the shaded region in Table III.

pump MD SHG
) = a5/l () ED, MQ, EO
Neo1, Mo22, Neos, Ne2s
0=0 (mz) ED, EO
Neo1, Neos

The selection rules for AlGaAs are shown in Table V. The
same arguments as in the case of BaTiO3 can be applied, while
considering dipole channels of SHG. The only difference is
that the parity of tensor components for AlGaAs p‘fﬂ Y =—1
(see Fig. 10). Rule A will be fulfilled if the parity p, of
one of the modes will be changed in sign, allowing MD ®
ED — MD transition. Other possible channels ED ® ED /4
ED or MD ® MD - ED are forbidden, as it would require
generation of N, mode, which is identical to zero. Moreover,
the dipole modes generation in SH field will be still prohibited
even if the higher order modes will be excited at fundamental
wavelength.

Single magnetic mode excitation. In Sec. 11 B, we have
discussed the excitation of the SH mode with a single mag-
netic mode at the fundamental frequency. Let us first study
in more detail the case of y-oriented dipole M,,;. Applying
derived selection rules, one can get from Rule C that the
highest possible generated mode is the octupole mode n < 3.
For BaTiO3 nanoparticle from Rule B, we have already estab-
lished that m>® should be even. The inversion and reflection
parities from Rule A gives us that p?” = —1 and p>® = 1.
For total angular momentum value of n = 3 this means that
only electric modes should be generated (inversion rule), and
they should be even (reflection rule), which gives us for even
m only two possible modes: N.o3 and N,3. For n =2 only
odd magnetic quadrupole mode possesses required reflection
and inversion parity, which gives us only M, contribution
as Mo, = 0. These selection rules are summarized in the
highlighted row of Table II, which also corresponds to the
highlighted region of the extended Table III.

Until now we have considered only one orientation of the
crystalline lattice, shown in Fig. 1. However, the different
orientation of the BaTiOj; lattice provides other selection

TABLE III. Possible multipoles generated in second harmonic
by the dipolar terms products in the incident field. BaTiO; lattice
orientation is [100]||e,, [010]]le,, [001]]e;.

Incident SH
field Magnetic Electric
D Q O H D Q O H T

Ne11®@Ne11 Neor Neos Neos
Pz X Pa Mozz Moza (p=) Nea3 Neas
Mo11 @ Mo11 Moo Neor Neos

my @ my e (p2) Neas

Mo11 @ Ne1n Moo Neo2 Neoa

My @ P o= Neao Ne24
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TABLE IV. Possible multipoles generated in second harmonic
by the dipolar terms products in the incident field. BaTiO; lattice

TABLE VI. Symmetry classification of vector spherical harmonics.

orientation is [100]/le,, [010]]e;, [001]]le, Spherical Harmonic|  AlGaAs (T;)  |BaTiO; (Cu)
Incident SH ED xgl ! Fy y E o
field Magnetic Electric ell & x
DIQJlO[H|D[QJO]JH][T Neo: z  |A 2
Neg®Nell ével)l 1]:77513 1]3515 M1, i B z or Ly
Pz & Pz Pz e33 e35 /
Mo11®@Mo11 Moo Ne11 Neis T M1 5 L yor Ly
My ® My ¢ (pz) NeBS MeOl Lz AZ Lz
Mp11®Ne11 | Mo11 Mo13 Ne1a
My & Pa (my) Mo33 Neiz Nesa ZZZ B 5 E z
B No22 2z B zy
rules. For instance, one can rotate the BaTiO3 lattice by 90° Nez E 62(:62 _2 ) . Bi 2’ -y’
obtaining [100]|le,, [010]|le;, [001]|le,, which changes the Neoz 22" —x” —y" | A e
parity indices p??” = 1, and +m® + m? + m” should be odd. Mo12 La g zorly
The resulting selection rules are summarized in Table IV. One M Me12 F Ly yor Ly
can see that harmonics with different projection m can be Q M2 L. B: 2* -y
generated, allowing both MD and ED channels. This provides Moo B 222 — 22 — 92| B, xy
us an opportunity to control the SH signal by changing the M.00 6(z2 —y?) |As L.
relative orientation between the field polarization and the Nois —Gg B ”
crystalline lattice. ’ B+ F v |E
Neis —62 — Ly x
The same approach allows us to analyze the modes gen-
erated at SH by pumping at single MD mode in the AlGaAs Noas A1 lor zyz |Bz ay
nanoparticle, as shown in Table I. The shaded region describes EO Neas i 4L B a2’y
excitation of the MD mode corresponding to y-oriented mag- Noss <+ B —60y — 6L, E Yy
netic dipole (m,). The same argument as in the case of BaTiO3 Ness 60x — 6L, T
allows up to octupole mode generation. We have already N.os J7 4z A .
discussed in this section that the generation of ED mode is M.1s —6L, +y E,
possible in AlGaAs due to the p**” = —1 parity. Because of M o+ B 6L —x E W
that,zctuhe inversion a2riud reflection parity values shoul.d be equal M::z s Tr or ZI L,L.|B: o2 _Iyg
to p;¥ = —1 and p;“ = —1. Thus, for n = 3 N3 is the only
nonzero mode satisfying the parity conditions, while for n = 2 MO Me2s Lp 4z B, ')
the even magnetic modes have proper parity, thus, M, and M3 p gy - 2 —60Ly — 6y E Ly
M., are present (shaded rows in Tables I and V). M.33 60L, — 6x L,
The selection rules provided by the crystalline lattice sym- Mo3 Fy 4L, As L.

metry. So far we have discussed the selection rules which were
governed by the symmetry of the vector spherical harmonics
and related conditions A, B, and C. However, there are SHG
channels, which are allowed by the mode symmetry but
become restricted due to crystalline symmetry only.

For the SHG by rotated MD in AlGaAs nanoparticle for
¢ =m/4 (see Table I) modes M,;; and M,; are present
in the fundamental field, while the channels of generation

TABLE V. Possible multipoles generated in the second harmonic
by the dipolar terms products in the incident field. AlGaAs lattice
rotation angle is 8 = 0°.

Incident SH
field Magnetic Electric
D Q O H D Q O H T
Ne11®Ne11 Meo2 ],\ddu N Noas
Me24 No23 r

Pz @ Pz Me22 Mous Nouss

Mo11®@Mo11 Meo2 Noo:

my ® my Moo 022
Mo11®@Ne11 | Meor Meo3 N No24

My @ P (m=) Mea3 o2z Noaa

of higher quadrupole modes are forbidden M,;; ® M,;; #
M2, M2, M 55, however some of them satisfy the mode
symmetry rules. These processes are restricted by the crys-
talline symmetry rules discussed in Sec. IIIB: In the 7y
symmetry group the magnetic dipole modes are transformed
as components of the pseudovector L (F) representation).
The modes M2, M,12, M, also behave under the sym-
metry operations as components of a pseudovector L (F)
representation), see Table VI. Now, the physical question,
of whether the SHG process is possible, is reduced to the
mathematical question of whether the direct product F} ®
F; contains F;. The nine-dimensional reducible representa-
tion F; ® F; is equal to a direct sum of irreducible rep-
resentations A1 @ E D F, @ F; [42,51]. If we label the 3-
pseudovectors, forming the basis of the representation F; as
M and M, the nine linear combinations transforming to A, E,
Fi,ELare M-M (A), ﬁ(MxM; — M;M)) and 2M; M —
MM, — MyM; (E), MXM; + M, M, and two cyclic permu-
tations (F) and M x M’ (F}). The latter must be understood
componentwise. We are interested only in the magnetic dipole
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contribution, i.e., in the pseudovector M x M’ transforming
according to F. However, in our case M and M’ are equal,
since both modes at the first harmonic frequency belong to
the same electric field. As such, the vector product M x M’
is zero and the conversion from the magnetic dipole modes
to the M5, M .12, M ;5> quadrupolar modes is forbidden by
the T, crystal symmetry. For similar reasons, such a process is
prohibited for the conversion from the electric dipole modes
N,i11 and N,j;. On the other hand, a sum frequency generation
process, when the incident modes have different frequency,
can be possible, since M x M’ in general is not zero.

Anisotropy of the linear response of the nanoparticle.
Finally, let us briefly discuss the effect of the uniaxial sym-
metry of the linear response of the dielectric tensor, present
for BaTiO3 on the obtained selection rules for the second
harmonic generation. The impact of anisotropy on linear
scattering has been studied in details in Refs. [52,53]. How-
ever, for the considered range of parameters the anisotropy
is not very strong, namely /e, = /2,y = 2.33 and /¢;; =
2.29 at the fundamental wavelength of 1050 nm [54] and
Ve = /&,y = 2.48 and /e, = 2.42 at the SH wavelength
of 525 nm [55], a rigorous extension of the approach pre-
sented in this paper to the anisotropic case manifests itself
a complicated problem. Thus, we have applied numerical
simulation method in order to check the effects of the present
material anisotropy on the SH field multipole content. The
spectral dependence of the SHG cross section is shown in
Fig. 11 similarly to Fig. 2 but with account for anisotropic
permittivity tensor. Simulations results have shown that the
difference in the nonlinear response is rather weak, and the
multipolar contents are generally preserved for the given set
of the parameters.

The further speculations on the influence of the anisotropy
will bring us to the conclusion on the selection rules modifi-
cation. In general, the linear scattering of a plane wave on an
isotropic particle preserves both the multipole order (n, m),
and the electric or magnetic parity, namely each spherical
harmonic contained in a plane wave generates a scattered
harmonic with the same numbers (n, m), and the same elec-
tric/magnetic parity. In the process of anisotropic particle
scattering the mode numbers are not conserved [53,56] and
multipole orders n, their projections m (in case of arbitrary
orientation of the optic axis of the crystal), and electric
and magnetic degrees of freedom are getting mixed. The
SHG process will also entangle the multipole orders due
to the structure of the anisotropic Green’s function. These
two processes change the selection rules A—C. However, the
formulation of the exact selection rules in this case is a matter
of future work; there will be a particular resemblance to the
case of the SHG from a cylindrical nanoparticle with isotropic
linear permittivity tensor [57].

V. CONCLUSION

In conclusion, we have theoretically analyzed the sec-
ond harmonic generation by spherical dielectric nanoparticles
made of materials with nonzero bulk second order nonlinear
susceptibility tensor §®. Considering two typical crystalline
solids, BaTiO3; and AlGaAs, we have studied the intensity
of SHG under a plane wave illumination and analyzed the

contribution of different multipole components into the total
SH intensity. We have shown that under the resonant ex-
citation of a single magnetic dipole mode one can achieve
control of the directionality of SH emission by rotating the
dipole moment with respect to the material’s crystalline lat-
tice. Finally, we have developed a symmetry approach which
provides an explanation why only particular modes can be
observed in the SH field and defined general selection rules for
SHG. Our symmetry analysis fully agrees with numerical and
analytical results and also demonstrates promising predictive
power, which can be used for design of efficient nonlinear
light sources based on nanoparticle ensembles.
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APPENDIX A: VECTOR SPHERICAL HARMONICS

Vector spherical harmonics used above are defined as

M;mn =V x (rwf)mn)’ (A1)
V x Me,,,
N"mn = —0’ (Az)
’ k
where
1pemn = COos m(PP,'ln (COS G)Zn(:o)a (A3)
I/fomn = sin mgop:,n(cos Q)Zn(p) (A4‘)

are the scalar spherical functions, proportional to the tesseral
spherical functions. Functions z, (o) can be replaced by spher-
ical Bessel functions of any type, p is k(w)r = w./er/c.

M (k. T) = —— sin(mg)P" (cos(0))za(p)es
sin(0)
—cos<m<p>wzn<mew (AS)
M (k. 1) = —— cos(me)P™(cos(8))zx(p)es
sin(6)
—sinmp) RO e, (a6)
N (k, 1) = Z(p) cos(me)n(n + 1)Pr(cos(0))er
dP,:”(cos(G))li
—i—cos(mgo)—de odp [pza(p)]eq
m sin(me sin@)  pdp PZn(P)I€y,
(A7)
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Nomn(k, 1) = M sin(mg)n(n + 1)P)" (cos(6))e,
0

The Mie coefficients for the field inside the nanoparticle can
be expressed as follows:

[o1ha ()] Ju(p1) — [o1jn(P)] B (p1)

(A9)

El

(A10)

. dP"(cos(9)) 1 d W(@) = : :
i) g g P ele ) = o jn(02) — Lp2n (o) (1)
P"(cos(9)) 1 d d(0) = Velpitha (oD ja(p1) — /&2lp1jn(p1)] ha(p1)
e Ga@y pap N ' e20p1ha(P0) u(p2) = [02n(P2)V (1)
(A8)

J

here py is ki(w)a = w\/e1a/c, p2 is ka(w)a = w\/e2a/c.

The Green function for a dielectric sphere of radius a for r > a > r’ at frequency 2w is given by

a(r, F.20) = ikg(f[a)) Z Z(z 8) 2n+1 (n—m)!

4

n=1 m=0

nn+ 1) (n + m)!

(@ Qo) (M), [k 2w), 1] @ M{) [k 2w), ¥+ MS), [k Qw), r] @ M) [k (2w), 1']

emn emn

+ 5P (20)(NS) [k (20), 1] @ N [k (20), 1] + NS [k (2w), 1] @ NS [k 2w), ']

emn emn

omn omn )

(A11)

omn omn )) ’

where superscripts (1) and (3) appear, when we replace z,(p) by spherical Bessel functions, and the spherical Hankel functions
of the first kind, respectively, 8o = 1 when m = 0, and o = O when m # 0. Coefficients in the Green function have a similar

denominator as the Mie coefficients:

(0270 (02)1 1 (02) — [021(02)] ju(p2)

alP(w) = — =,
[02jn(02)) ha(p1) — p2/ 1l o1hn(01)] ju(02)
b () = [2Jn(p2)) hn(p2) — [P2hn(02)] jin(p2)

2n+1 (n—m)! (a¥Qw)

20\ 2 ik>(2
Dy = <_w) ika( a))(2
; p

— o)

Here, Ws,ln)n(kz(2w), r) is a vector spherical harmonic
M) (ky2w), 1) or N (ky 2w), 1).

APPENDIX B: RIGOROUS APPROACH FOR THE
SELECTION RULES IMPOSED BY THE SPHERICAL
SYMMETRY

Considering three scalar products of vector spherical har-
monics in Eq. (13), we find that each of them can be expanded
in a finite sum of several specific scalar functions ¥, with
the coefficients independent on angle [44,45]. In turn, the
product of three scalar functions can be again represented in
the form of a sum over spherical scalar harmonics. We are
looking for the cases when the coefficient before the invariant
term .o iS nonzero, which also provides integral (13) is
nonzero.

Here, we are only interested in the scalar products with
Cartesian harmonics N, which have angular momentum n =
1. As aresult, we have two different types of scalar products:

(1) If W, is replaced by N, ., and N, is replaced by
NP’, w1, where p, is the parity index, introduced in Sec. Il A,
obtaining [58]:

[Np/m/lemn] & Z C(r)lpp-p’m”n/“

m" =mxm’,
n=n+l,

' n

(B1)

4 n(n 4+ 1) (n +m)! \b? w)

w2/ (Ve ) p2n (o) hu(p1) — /€[ P1ha(p1)) ju(p2)

The rigorous expression for the D-coefficients is as follows:

) / WO (ky2w), 1) XE(X)E(r)dV .
L

(

For instance:

[Neo1 (0, ) - Neoi (k, 1)1 = [Neor 1 (B2)
_ %<Z1(,0)( Y00 n Yen2 )
30 0 \z20(p)  2200)
20(0) — 22(0) { Ve00 Yeo2
— . B3
* 3 <z0(p) @(M)) B3

(2) If W, is replaced by M,, ,,,, and N, is replaced by
N, w1, we obtain a similar expression. Since for Cartesian
projections of magnetic harmonics n” = n, the summation
over full angular momentum is simplified:

[Np’m’lMpmn] 08 Z C(r)wp-p’m”n”- (B4)
m!" =m4m’,
For instance:
[No11(0, 1) - M1 (k, 0)] = [Moi1ly ~ Yoo1 =0 (BS)
2
[Neo1 (0, 1) - M3k, r)] = [M,3];, = 323(,0)1/0)13 (B6)

In our considerations, we are not interested in the exact
form of the coefficients c¢(r), because they have no angular
dependence, so they are invariant under all transformations
of the sphere and can’t alter the selection rules. If radial
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integration turns into zero, this is not due to the symmetry
and can’t be considered in this simple way. Finally, we obtain
the integrand consisting of the sum of products of scalar
spherical harmonics Ve,,,, which can be easily expressed via
the Clebsh-Gordan coefficients [49,59]. This means that the
product of two of three scalar harmonics must contain a
third one:

Y VppwwCrome- (B

m'=m+m’ ,n"

Wp’m’n/ wpmn X

The Clebsh-Gordan coefficient C%S,O is nonzero only when
n” has the same parity as sum of n and »’. The usual triangle
inequality for n must be satisfied as well. It appears in accor-
dance with the fact that the product of two functions should
have the same inversion behavior as the third.

Below we present several examples of computation of
the integrals, obtaining selection rules for particular mode

channels:

/ Xxxz [NxMol 1 (2w)][NxMoll (0))] [NZNeOl (w)]dv (B8)
Vv

= / Xxxz [Nell (O)M()ll (2(1))] [Nel 1 (O)Mnll ((,())]
\%4
X [Neo1 (0)No1 (@)]dV

— Xxxz/ Yeo1V¥eo1(C1¥en2 + C2We00)dV # 0, (B10)
%

(B9)

here c¢; and ¢, depend on the radius only and are angular
independent. Thus, the coupling is possible with the tensor
component x,y;.

| XN 0Nt 20N O Mt @) IN(ON s (@)Y
' B11)
- /V Yo Nett O, 20 N1 0 My ()]
X [Neo1(0)N,o1 (w)]dV
- [V (c1¥en + oo + c31e)Weor VeondV = 0,

(B13)

(B12)

so this coupling is prohibited because C12820 is zero. We see
that actually, it is prohibited due to Rule A because the
integrand is odd with respect to spatial inversion. The three
selection Rules A—C, given in the main text, follow from this
procedure, but mix all the harmonics, neglecting properties of
specific scalar products.

APPENDIX C: SYMMETRY CLASSIFICATION OF
VECTOR SPHERICAL HARMONICS

In order to reveal how the crystalline symmetry affects
the possibility of multipolar generation, we need to know

Isotropic

— — — - Anisotropic

SHG efficiency,
>
2

108

1

80 100 120 140 160 180 200 220 240 260

Particle radius (nm)

FIG. 11. The SHG cross section for BaTiO3 nanoparticle without
(solid lines) and with (dashed lines) account for the anisotropy of
material parameters. All the parameters of simulations are the same
as in Fig. 2(a), but the anisotropic tensor of the dielectric permittivity
is defined by components /e,, = /€, = 2.48 and /e, = 2.42 at
the SH wavelength of 525 nm.

the behavior of the vector spherical functions under the
transformations from the crystal symmetry group. Here we
give the table for two types of crystalline symmetries where
we indicate the corresponding irreducible representations and
express the spherical functions via the basis functions of
these representations, that are transformed via each other
in the same way. The numerical coefficients are obtained
properly, but their explicit values are not required to derive the
selection rules. While the selection rules in spherical BaTiO;
nanoparticles can be determined just from the conservation
of the angular momentum projection quantum number m, the
table can be also useful for the nanoparticles of the pyramidal
shape. Similar classifications for other symmetries can be
found in Ref. [60].

APPENDIX D: ANISOTROPY OF THE LINEAR MATERIAL
PARAMETERS

Here we provide the comparison between the SHG from a
nanoparticle with isotropic and anysotropic tensor of dielec-
tric permittivities as discussed in Sec. IV. The results of the
numerical simulations of the SHG efficiency are presented
in Fig. 11 for the case of a BaTiO3; nanoparticle. The contri-
butions coming from different multipole moments are shown
with different colors and are marked. One can see that there
is weak dependence of the obtained spectra for the given
parameters of anisotropy.
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