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Multipole expansion plays an important role in the description of electromagnetic scatterers, allowing them
to be accurately characterized by a small set of expansion coefficients. However, to describe electromagnetic
excitations inside a scatterer, the current density in it should be decomposed into current multipoles, which
include nonradiating current configurations (anapoles) that are absent in the classical field-based expansion.
Unfortunately, the use of current multipoles has so far been limited by the absence of an exact and general
expression for the current multipole moments beyond their point-multipole approximation. Here, we derive such
an expression and present the exact mapping relations between the classical and current multipole moments.
We use our theory to calculate the scattering and extinction cross sections for large, wavelength-scale, optical
scatterers supporting multipole excitations up to the sixth order, showing perfect agreement with the Mie theory.
We also demonstrate the ability of current multipole expansion to describe anapole excitations beyond the
small-scatterer approximation, which allows us to derive the exact anapole condition and reveal the actual current
configurations and their contributions to scattering. Finally, we show that current multipoles enable a rigorous
and intuitive description of chiroptical effects in chiral photonic structures. Our theoretical framework is valid
for electromagnetic scatterers of arbitrary sizes and shapes without restrictions on the multipole orders, comple-
menting the existing theory of electromagnetic multipole expansion. The minimalistic and universal character
of current multipoles makes them a convenient tool for characterizing and designing diverse electromagnetic

scattering systems of arbitrary complexity.
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I. INTRODUCTION

The radiation and scattering of electromagnetic fields are
among the most fundamental phenomena in physics. Their
rigorous theoretical treatment is essential in many areas
of science and technology, from telecommunications [1] to
atmospheric science [2,3] and astrophysics [4]. Recently, scat-
tering theory has become particularly relevant for the rapidly
growing field of nanophotonics, in which the resonant optical
response of nanostructured media has created new paradigms
for optical field manipulation and enhanced light-matter in-
teractions [5,6]. For example, multipole excitations at Mie
resonances [7-11] have been extensively explored for the
realization of Kerker effect [12—-14], toroidal and anapole
excitations [15—18], bound states in the continuum [19-21],
antireflection coatings [22], Huygens metasurfaces [23,24],
nanoscale lasers [25], metamaterials [26,27], structural colors
[28], nonlocal (collective) resonances [29-32], and enhanced
nonlinear optical effects [33,34].
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Theoretical description and design of the scattering prop-
erties of micro- and nanoscale objects can be done using
electromagnetic multipole expansion. It allows one to char-
acterize every finite-size scattering system with a relatively
small set of expansion coefficients corresponding to mu-
tually orthogonal electromagnetic fields of different-order
multipoles [35]. Since the original Mie theory [36] and the de-
velopment of rigorous mathematical foundations for the exact
Cartesian multipole expansion of retarded fields [37], multi-
pole expansion has been approached in many ways [38-50].
However, regardless of the approach, the classical field-based
expansion does not fully capture the actual current oscillations
within the system. For example, electromagnetic anapoles are
absent in this expansion, as they do not radiate into the far field
[51-54]. As a result, theoretical description of anapoles often
involves the so-called toroidal moments, which are artificially
separated parts of the actual multipole moments [11,47,55].
Since the conventional multipole expansion is based on the
radiated fields rather than their sources (i.e., oscillating cur-
rents), it is difficult to use it for engineering electromagnetic
scatterers based on higher-order multipoles, such as chiral
scatterers exhibiting strong circular dichroism [56-63].

To overcome these limitations, a complementary multipole
expansion has been proposed [40]. It expands the scattering
current density J(r) in the scatterer, defined as

J(r) = —iweg[€:(r) — &]E(r), ey

in terms of the current multipoles. In the point-multipole ap-
proximation, the moments of these multipoles are introduced
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FIG. 1. Examples of current configurations in the excitations of
current multipoles of different orders / in the point-multipole approx-
imation: a current dipole (/ = 1), quadrupole (! = 2), octupole (I =
3), hexadecapole (I = 4), and triacontadipole (/ = 5), corresponding
to moments p., Oy, Oy, Hyyye, and Ty, respectively. Each arrow
represents a single linear current element (see Ref. [40]). Current
multipoles of high orders, such as 4 and 5, are relatively common,
constituting classical multipoles of lower orders. In particular, cur-
rent hexadecapoles are constituents of classical electric quadrupoles
and magnetic octupoles, whereas current triacontadipoles appear
in classical electric octupoles and magnetic hexadecapoles [see
Egs. (C1)-(C19)]. In numerical calculations presented in this work,
we consider classical multipoles up to the electric and magnetic hex-
acontatetrapoles (! = 6) which include current multipoles of orders
[ up to 8. Note that in the used convention, the outermost current
element at positive coordinates is positive if the multipole moment is
positive.

by the following multipole tensor:

Mo = = Tim / I, @
similarly to the moments of the primitive Cartesian multipoles
[64]. In the above equations, €.(r) is the position-dependent
relative electric permittivity and € is its value in the sur-
rounding medium, / is the multipole order, and J(r)r'~! is
the outer product of vector J(r) and [ — 1 vectors r. The
current multipoles are not divided into electric and magnetic
multipoles and represent very simple configurations of linear
current elements (see Fig. 1), which facilitates their use in
designing individual and arrayed scatterers with prescribed
near-field characteristics [54,65-69].

Unfortunately, Eq. (2) is not valid beyond the long-
wavelength (point-multipole) approximation and cannot be
used to accurately evaluate the magnitudes of the multipole
moments and their contributions to the scattering and extinc-
tion cross sections for wavelength-scale and larger scatterers.
So far, the only method for obtaining the exact current mul-
tipole moments for such scatterers was to calculate them
from the exact moments of the classical electric and magnetic

TABLE I. Exact expressions for the current multipole moments
illustrated schematically in Fig. 1. The names of the multipoles
follow the same convention as in Refs. [70,71].

l Name Symbol Expression

1 Dipole Dx f Jolkr)J (r) d>r

2 Quadrupole Oy 27 hkn)y(r)Edr

3 Octupole 0.y szfz s akr)(r) S d3r
4 Hexadecapole H.y. 225;3 fzo J3(kr)J (r)3d 3
5 Triacontadipole y— ; al) Zi fcoo Ja(kr)J () Xi;"z d’r

multipoles, i.e., from the multipole expansion coefficients
ag(l, m) and ay (I, m), where [ and m are the expansion orders
[27,40,67-69]. However, because current multipoles include
nonradiating current configurations that are absent in the clas-
sical multipole expansion, the mapping from the classical to
current multipole moments is underdetermined, so that some
of the current multipole moments cannot be unambiguously
evaluated [67]. The lack of a complete theoretical framework
for the current multipole expansion has so far prevented re-
searchers from using the approach to its full potential, despite
its clear advantages that make it complementary to the classi-
cal multipole expansion.

Here, we derive the long-sought general expression for the
current multipole moments of any order /. The expression is
valid for scatterers of arbitrary sizes and shapes. The obtained
general current-multipole tensor reads

21 — D! k
o= 2808 [ B )
where 2l — D=1 —1)- 21 —=3)-----5-3-1 is the

double factorial, j;_;(kr) are the spherical Bessel functions
of the first kind, and k is the wave number in the surround-
ing medium. The derivation of this expression is presented
in Appendix A. Equation (3) allows the moments, i.e., the
elements M (¥, a, b) of the tensor M) . [see Eq. (A13)],
to be calculated directly and unambiguously from the scat-
tering current density distribution J(r) defined in Eq. (1).
Moreover, the moments can be used to assess the magni-
tude of the corresponding current density (see Appendix B
and Refs. [68,69]). Several examples of these moments are
presented in Table 1. They are p, = MV(%,0,0), Q) =
M, 1,0), Oy =M (2, 1, 1), Hyyyy = MP(R, 1, 1), and
Tooye = M®(%,2,1). The corresponding conﬁguratlons of
linear current elements in the point-multipole approximation
are shown schematically in Fig. 1. The expressions in Table I
illustrate the fact that every current multipole moment corre-
sponds to a unique monomial containing a Cartesian vector
component of the scattering current density (Jx, Jy, J;) and,
for I > 2, a product of normalized Cartesian coordinates x/7,
y/r, and z/r. These moments constitute exceptionally simple
Cartesian configurations of oscillating currents, which makes
them truly the elementary multipole moments. Importantly,
Eq. (3) avoids the mathematical complexity of the conven-
tional Cartesian multipole expansion into an infinite series of
mean-square radii and toroidal moments [41]. At the same
time, the current multipoles calculated using Eq. (3) are exact
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and applicable to scatterers of arbitrary sizes and shapes,
making them suitable for the analysis of diverse scattering
phenomena, such as electromagnetic anapoles and chiroptical
effects, which we demonstrate in the further sections.

II. NUMERICAL VALIDATION

To validate Eq. (3), we used it to numerically calculate
the multipole contributions to the scattering and absorption
cross sections for wavelength-scale scatterers across the vis-
ible and near-infrared spectral range. We did this by first
calculating the elements of tensor M g()act and then using them
to calculate the multipole expansion coefficients ag(/, m) and
am(l, m). Finally, we evaluated their contributions to the cross
sections in question.

The exact expressions for coefficients ag(l,m) and
am(l, m) in terms of the generalized current multipole mo-
ments are derived in Ref. [72]. The moments of the two
expansions are just simple linear combinations of each other.
For example, the coefficients of the classical electric and mag-
netic dipole moments are written as

T2
ag(1,0) = \/ECIPZ + %_C3(3Oxxz + 30y )2

- 0:xx - Ozyy + 2Ozzz)v (4)

7
ag(l, £1) = C (:pr + lpy) + §C3[20xxx - Oxyy

- Oxzz + 30yxy + 302xz + i(30xxy
- nyx + 20)’)’}’ — Oyzz + 302}’2)]’ (5)

am(1,0) = 5v/2iC(—Qyy + Q) (6)

ap(l, £1) = 5G[= 0 + Qe £i(Qy: = O], (D)

where C; = —ik3/(6neE0), G = —k4/(60rr6E0), and G5 =
—ik’ /(2101 € Ey), with Ej being the incident field amplitude
and € = €p€;. The mapping relations for a set of higher-order
multipoles are presented in Appendix C. Additionally, in
Ref. [72], we provide a PYTHON code to automatically derive
the mapping relations for an arbitrary order /.

After obtaining ag(l, m) and ay(/, m), the multipole con-
tributions to the normalized scattering and extinction cross
sections at each order / are given by

!
Quaemi(l) = Tz Y @1+ Dlagm(.mP, ®)

m=—I
g
Qexte(l) = s m:;+1(21 + D Re[mag(l, m)],  (9)
g
Qexem(l) = s m:;H(Zl + D Relam(l, m)],  (10)

where S is the geometric cross section of the scatterer (S =
7 R? for a spherical nanoparticle of radius R). The correspond-
ing multipole contributions to the normalized absorption cross
section are then calculated as

QapseM() = Qextem(!) — Oscaem (D). a1

In the numerical calculations, J(r) defined in Eq. (1)
was obtained from the electric-field distribution calculated in

COMSOL MULTIPHYSICS [73] for a silicon sphere of diameter
600 nm (see Fig. 2) and a silver sphere of diameter 400 nm
(see Fig. 3). In both cases, we assumed the scatterers to be
embedded in poly(methyl methacrylate) (PMMA), which is
a dielectric material commonly used in nanofabrication. The
optical constants of Si, Ag, and PMMA were taken from
Refs. [74-77]. The scatterers were illuminated by a plane
wave linearly polarized along the x axis and propagating along
the z axis, which corresponds to the definition of the extinction
cross section given in Egs. (9) and (10). In the calculation of
multipole moments, the coordinate system had its origin at
the center of the scatterer. Figures 2 and 3 show the calculated
cross sections. In the presented plots, the dots were obtained
using the current multipole moments computed numerically in
COMSOL MULTIPHYSICS with the aid of Eq. (3), together with
Egs. (1), (4)—(11), (C1)—(C19), and Ref. [72], while the solid
lines were calculated directly using the Mie theory. The results
obtained with both approaches are seen to be in excellent
agreement.

In the considered examples, the scatterers are comparable
in size to the wavelength and cannot be treated as point scat-
terers. Using the multipole expansion in the long-wavelength
(small-scatterer) approximation for such scatterers is known
to produce significant errors [44]. Hence, the presented analy-
sis of wavelength-scale scatterers confirms the validity of our
theory beyond the long-wavelength approximation, demon-
strating its applicability to scatterers of an arbitrary size.

It is illuminating to note that Eqs. (4) and (5) for the
classical electric dipole moments contain the current dipole
and octupole moments, while Eqgs. (6) and (7) for the classi-
cal magnetic dipole moments contain the current quadrupole
moments. In fact, every classical electric multipole moment
of order / can be expressed as a superposition of current
multipole moments of orders / and [ + 2, while every classical
magnetic multipole moment can be written as a superposition
of current multipole moments of order / + 1. This shows that
the magnetic dipoles (or, more generally, magnetic multipoles
of order /) in the field-based expansion are, in fact, excita-
tions of the same order as the electric quadrupoles (or, more
generally, electric multipoles of order [ 4+ 1). Moreover, the
fact that every classical electric multipole moment of order
[ contains a more complex current excitation of order [ 4 2
is partially associated with the emergence of the so-called
toroidal moments. The relevance of these findings for anapole
excitations is discussed in the next section.

III. ANAPOLES

In this section, we show that the current multipole expan-
sion not only enables a complementary understanding of the
anapole excitations, but also can be used to refine and gener-
alize the anapole condition. Let us start with the well-known
example of anapole excitations inside a dielectric nanodisk
[55,78]. We assume that the disk is made of silicon and
surrounded by vacuum. The diameter of the disk (in the xz
plane) is 600 nm and the thickness (along the y axis) is 60 nm.
The disk is illuminated by a plane wave, linearly polarized
along the z axis and propagating along the y axis. Just like in
the previous section, we study this system numerically using
COMSOL MULTIPHYSICS.

225407-3



KOLKOWSKI, SEHRAWAT, AND SHEVCHENKO

PHYSICAL REVIEW B 114, 225407 (2026)

A (nm)
2000 1500 1200 1000 850 750 675 600 550 b
(a) 200 1200 1200 1000 %0 790 O8O0 30 (b)
9 . 91
0.51 [ 0.11
8 / z 8
0.0 eeeer” “eeveeed () O deeee el
7 380 390 420 430
f(THz) f(THz)

6 6
< x10 f\, <
~— 5 Jood \_: 5

A =
g, N2 N g,
< &

) SSseR oo e Mg Sl WOy 3

PR vt (S 2

1 1

ol M T s, |

150 200 250 300 350 400 450 500 550
f (THz)
A (nm)
1000 850 750 675 600 550
(C) 1.8 (d) 1.8
0.25 0.2
16 \ 16
0.00 4e=e=” : gt 0.0t
380 390 420 430
14 f(THz) f (THz) 1.4
1.2 1.2
— —
I 1] RS | S = 10
=) =
CR N ] DRI A ST s e <
< 0.8 o 0.8
X2/ . e S O
0.6 foeoseooeer  Treeeeeeeeeees 0.6
X5 e T
0.4 4ommemere 0.4
0.2 0.2
Xlo .....................
00 ........ 00
300 350 400 450 500 550
f (THz)

A (nm)
2000 1500 1200 1000 850 750 675 600 550
1]
0.1
Ol e (PR
345 350 355 390 395
f(THz) f(THz)
| X 10 .......
J\ x2

Mie theory
=1
=2
=3
=4
1=5

350 400 450 500 550 1=6
7 (THz)

150 200 250 300

Numerical multipole

X (nm) expansion using

1000 850 750 675 600 550

current multipoles
- o1=1
1=2
1=3
=4
=5
=6

0.5
0.25

0.00 t=——

0.0 -
390

345 350 355
£ (THz)

500

FIG. 2. Numerical validation of the exact expression for the current multipole moments [Eq. (3)] using the optical response of a silicon
sphere of diameter 600 nm embedded in PMMA, for which we evaluate the multipole contributions to the (a),(b) normalized scattering cross
section Qg and (c),(d) absorption cross section Qups = Qext — Oscar defined in Egs. (8)—(11). The dots correspond to the contributions of
ag(l,m) and ay(l, m) obtained by numerically calculating the current multipole moments MéQm in COMSOL MULTIPHYSICS using Egs. (1)
and (3) and converting them to the classical multipole moments using Eqs. (4)-(7), (C1)-(C19), and Ref. [72]. The solid lines are the cross
sections obtained from the Mie theory. The insets show the peaks of electric and magnetic triacontadipoles (/! = 5) and hexacontatetrapoles
(I = 6). In the main plots, the curves for subsequent multipoles are vertically offset for clarity, and some of them are magnified by a constant
factor, as indicated. The results of numerical multipole expansion and Mie theory overlap perfectly (up to the numerical precision of COMSOL),

which validates the expressions presented in this work.

The violet curve in Fig. 4 shows the calculated spectral de-
pendence of the enhancement of the volume-averaged electric
energy density inside the disk, (n) = |¢,| (|E|2)/E§. We plot
it together with the total scattering cross section Qi (black
curve), which is obtained by integrating the radial component
of the Poynting vector of the scattered field over the surface
of a sphere enclosing the disk. In addition to Q'%,, the red
curve in Fig. 4 shows the contribution of the electric dipole
scattering, which is, in this case, dominated by the expansion

coefficient ag(1, 0). The spectrum of (n) has three pronounced

peaks that coincide with the dips in both Q% and Q“{"?,
indicating the excitation of anapoles suppressing the electric
dipole scattering with the dipole moment oriented along the
z axis. The insets in Fig. 4 reveal the electric-field intensity
distributions at the peaks of (n), allowing us to identify the
excitations as fundamental (f = 307 THz) and higher-order
anapole excitations (f = 434 and 530 THz).

Such electric dipole anapoles are typically analyzed by
expressing the electric dipole moment deduced from the far
field (p™-ficld) as a sum of the electric dipole and toroidal
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FIG. 3. Numerical validation of the current multipole expansion using the optical response of a silver sphere of diameter 400 nm embedded
in PMMA. Similarly to Fig. 2, the solid lines represent the cross sections calculated using the Mie theory, while the dots correspond to the
cross sections obtained numerically in COMSOL MULTIPHYSICS using the current multipole expansion (Egs. (1), (3), (4)—(7), (C1)—(C19), and
Ref. [72]). In the given example, the scattering cross section (Qs.,) has significant contributions of (a) the electric multipoles of order / < 6
(up to hexacontatetrapoles) and (b) the magnetic multipoles of order / < 3 (up to octupoles), while (c) the absorption cross section (Qups) is
dominated by the electric multipoles of / > 4. Similarly to Fig. 2, we find an excellent agreement between the numerical multipole expansion

and Mie theory.

electric dipole moments in the point-scatterer approximation
(pP°™ and TP™). For a dipole moment oriented along the z
axis, the amplitude can be expressed as

p = ™ (1,0) = pRo™ ik TM, (12)
Ci
where
‘ i [
P == f J.(r)d’r (13)
and the toroidal electric dipole moment is
. k o0
T / {r-Jmlz =27 L), (14)
—o0
Note that pP>™ does not depend on the choice of the origin
of the coordinate system, as opposed to T°™. For exam-
ple, shifting the origin to increase r allows szolm to become

arbitrarily large. By convention, the origin is chosen at the ge-
ometric center of the disk, in which case the anapole condition
is written as

pgoint 4 ik’];point —0. (15)

Under this condition, the electric dipole scattering due to
poml(1 0) disappears. Using Eqs. (12)—(14), this condition

can be written in terms of the point current multipole mo-
ments, defined in Eq. (2), as

k2 "
point poin
P+ 20400 =0,

5 (16)

where
15i
05;"(“1‘0) =T TPO™ = 3009 4 30P0
t t t
305;’,‘" 605)?;" 60%";“ . (17)

This result is in agreement with Eq. (43) of Ref. [40] af-
ter setting ag(1, 0) to 0. It shows that in the point-scatterer
approximation, the toroidal dipole moment is equivalent to
a sum of current octupole moments. However, scatterers
supporting anapole excitations are typically large, at least
of the order of 1/2 [17,51,52,55,78]. Because of that, the
point-scatterer approximation breaks down for higher-order
anapoles. To illustrate this, let us consider the contributions

of pP™ and TP™ to the scattering cross section,
fe = sz —5Ivac . (18)
Ol = kz 5 2T |V2Cy ik, (19)
0 = i (e . o)

These quantities are shown as dotted, dashed, and solid pink
curves in the upper part of Fig. 4, respectively. Anapoles are
formed at frequencies at which 0., = Q. and p?™ are out
of phase with ikT”"™ (see the lower part of Fig. 4), leading
to cancellation of Qf:gfkT. However, this approximate analy-
sis overestimates the scattering suppression that is accurately

quantified by QScat . Indeed, the anapole dips in QScat ) (red)
appear to be much shallower than those in Q7" (pink).

Furthermore, at shorter wavelengths, the lineshapes of the two
spectra differ qualitatively. The observed discrepancy can be
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FIG. 4. Anapole excitations in a silicon nanodisk: conventional
analysis based on decomposition of the total electric dipole moment
into the electric dipole and electric toroidal dipole moments in the
point-scatterer approximation. In this example, we consider a disk
of diameter 600 nm and thickness 60 nm, surrounded by vacuum,
illuminated by a linearly polarized plane wave. The anapole exci-
tations are revealed by peaks in the spectrum of volume-averaged
electric energy density enhancement (1) (violet curve), coinciding
with the dips of the total scattering cross section Q'%, (black) and
the electric dipole scattering cross section Qg’cml 9 (red). The pink
curves in the upper plot show the contributions of pp"““ Tp"““ and
pp"'“t + szp"'“t to the scattering cross section [dotted, dashed and
solid curve, respectively; see Eqs. (12)—(14)], whereas the phases of
PO and —ikTP*™ are shown in the lower plot (dotted and dashed,
respectively). The insets show the spatial distributions of 1 across the
xz plane inside the disk for each of the anapole excitations (at f =
307, 434, and 530 THz).

reduced by introducing higher-order toroidal moments [47],
correcting the magnitudes of the multipole moments in the
regime beyond the point-scatterer approximation. Here, we
use a different approach. Instead of adding extra terms to
Egs. (13) and (14), we replace them with the following gener-
alized expressions (see Eq. (T2-1) in Ref. [44]):

p: = : / Jo(v)jo(kr)d°r, (21)
W J—co
_i *© . 2 Jo(kr )
.=~ /_ N {3[r - J(©)lz — r*J.(r)} & )2 (22)

Writing these expressions in terms of the exact current multi-
pole moments defined in Eq. (3) leads to the following exact
anapole condition:

k2
Pz + =040 =0,

23
5 (23)
where
15i
OaE(l,O) = TTZ = 30xxz + 30}*yz + 20zzz - Ozxx - OZyy-
(24)

This condition is the same as the one obtained from Eq. (4)
by setting the exact ag(1, 0) to 0. Note that both the general
p; and O, 1,0y depend on the choice of the origin of the
coordinate system.

For pointlike scatterers, the exact anapole condition con-
verges to the approximate one given in Eq. (16). Indeed, the
spherical Bessel functions in Egs. (21) and (22) can, under
the small-argument condition, be approximated as jy(kr) =
1 — (kr)?/6 and j,(kr) = (kr)?/15. The dipole moment in
Eq. (23) can then be written in terms of the point-scatterer
moments as

k2
oint __ poml point point
pp ( XX + 0 + o ) ’

zyy 222

(25)

while the exact octupole moments simply become equal to
the point-scatterer ones, i.e., Oggy ~ OZ%?. Inserting these
expressions into Eq. (23) leads to Eq. (16).

The obtained exact anapole condition allows us to iden-
tify the actual current configurations (i.e., current multipole
moments) that are responsible for the formation of anapoles.
We test this approach numerically by calculating the contri-
butions of different multipole moments to the scattering cross
section of the disk. We start by analyzing the contributions
of the classical multipole moments using Eq. (8). They cor-
respond to orthogonal scattered fields and therefore can be
summed together. The non-negligible contributions are shown
in Fig. 5. The scattering spectrum is essentially dominated
by the contributions of ag(1, 0) (electric dipole; red) and
am(2, £2) (magnetic quadrupole; violet). Their sum (gray)
overlaps almost perfectly with Qi (black) in the studied
spectral range. In fact, the parasitic scattering that reduces the
visibility of the anapole signatures in the total scattering spec-
trum mainly results from the magnetic quadrupole excitation
represented by ay (2, £2).

Next, we analyze the contributions of the current multlpole
moments to the electric dipole scattering cross section QWH1
In general, it involves six moments, but only four of them are
significant in the studied case: p;, Oy, O, and O_,,. Each
contribution is evaluated using Eqs. (4) and (8) by setting all
other moments to 0. For example, for O,,,, we write

3n
1,0

il (Oue) = 136 17V2C3 0 (26)
The scattered fields produced by the current multipole mo-
ments are not orthogonal and, therefore, their scattering
contributions are not additive. To calculate a joint contri-
bution of several selected current multipole moments, they

must be combined within the corresponding mapping relation.
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FIG. 5. Selected contributions of classical multipole moments

agm(l, m) to the scattering cross section of a silicon nanodisk (the

same as in Fig. 4). Other contributions are significantly smaller or
vanish due to symmetry.

For example,
question is

1,0
ng:t )(pzv OXXU Ozzz’ Ozxx)

. (%4
T k2S

the joint contribution of the moments in

2
27)

k2
Cl |:pz + E(?’Oxxz + ZOZZZ - OZXX)]

The above cross section is shown as a red curve in Fig. 6 and
it is essentially identical to chﬁftl " shown in Fig. 5, which
means that the other terms in Eq. (4) (O,y; and O,) can
indeed be neglected. Interestingly, the isolated contribution
of p, (orange curve in Fig. 6) closely follows the curve of

fggf 0 , including the anapole dips. The dips coincide with the
peaks in the scattering contribution of the current octupoles
(green), whereas the total octupole moment 30,,, + 20, —
O..x, which is responsible for that scattering, is out of phase
with p, (see the lower part of Fig. 6). This leads to a slight
improvement in the suppression of Qscm1 P (e., deeper dips in
the red curve compared to those in the orange curve), which
can be attributed to a destructive interference analogous to
that of pP>™ and T™. Despite this, Fig. 6 clearly shows that
the electric dipole scattering cross section due to the current
octupole moments (green) is much smaller than that of p,
(orange). This means that the exact anapole condition defined
by Eq. (23) is not fulfilled, making the interference between
the dipole and octupole contributions inefficient. What we
see is that the anapole dips appear directly in p, and their
existence does not depend on any destructive interference
with octupole or toroidal moments. The scattering suppression
could be improved by modifying the scatterer geometry and/or
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FIG. 6. Contributions of current multipole moments p,, O,
O..;, and Oy, to the electric dipole scattering cross section ag(1, 0)
of a silicon nanodisk. The lower plot shows the phases of p, and
_(30xxz + 201& - 0zxx)~

the illumination conditions to enhance the influence of the
octupole/toroidal moments on electric dipole scattering. In
fact, the geometry of a thin disk is fundamentally not suitable
for supporting perfectly dark anapole excitations because it is
essentially extended only in two dimensions, which prevents
cancellation of scattering simultaneously in all directions (see
the discussion on the magnetic quadrupole radiation in the
next paragraph). The full cancellation would also require the
moments O,,. and O, to be excited, which is impossible in
such a thin disk geometry.

Although the contributions of the current octupole mo-
ments to the electric dipole scattering are relatively small,
they are responsible for the significant magnetic quadrupole
scattering observed in Fig. 5 [see Eq. (C10)]. Figure 7
shows the joint contribution of O,,, and O,,, to the magnetic
quadrupole scattering due to ay(2, £2) (violet curve, iden-
tical to Qi‘gg? 2 in Fig. 5) with the dominant influence of
O, (solid pink). In the electric octupole scattering (green
curve), the octupole moments (blue curves) tend to interfere
destructively, rendering this type of scattering inefficient.

Figures 6 and 7 show that the contributions of the same
current multipole to the scattering through different classical
multipole moments have identical spectral shapes, differing
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FIG. 7. Contributions of current octupole moments O,;, O,

and O, to the magnetic quadrupole and electric octupole scattering
cross sections of a silicon nanodisk.

only by a constant factor [see, for example, ng;tl’o)(Om),

an(2,£2) a(3,0) ap(3,£2) o
O *D(0,1), and QS (0u) + Q%P2 (01x) in Figs. 6
and 7]. Therefore, it is possible to evaluate the contribution of
each current multipole moment to the total scattering cross
section. We present such overall contributions in Fig. 8(a)
for p,, Oy, O, and O,,. The fractions of optical power
scattered into different radiation patterns (electric dipole,
magnetic quadrupole, etc.) by current multipole moments
are, in fact, universal constants, independent of the scatterer
and the excitation conditions (provided that the moments are
nonzero). Their values for p,, O,,;, O;;., and O,,, are summa-
rized in Table II.

The spatial distributions of J in Fig. 8(b) reveal the pres-
ence of multipole excitations beyond octupoles, especially in
the higher-order anapoles. However, the scattering contribu-
tions of higher-order multipoles are found to be negligible,
which means that they play no essential role in the formation
of anapole dips in Q. In summary, our analysis shows that
the scattering properties of the studied system are almost
entirely determined by the current multipoles illustrated in

TABLE II. Fractions of optical power scattered into a specific
multipole radiation pattern by current multipole moments p,, Oy,
0., and O_,,.

Radiation pattern P Oy O Ox
ax(1,0) 1 7/40 7125 7/160
apv(2, £2) 0 724 0 21/32
ag(3,0) 0 1/5 18/25 9/80
ap(3, £2) 0 113 0 3/16
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FIG. 8. (a) Contributions of current multipole moments p,, O,,.,
O..., and O, to the total scattering cross section (Q ) of a sili-
con nanodisk. (b) Spatial distribution of iJ (black arrows) and iJ,
(blue-white-red color scale) across the xz slice of the disk at the
three subsequent anapole excitations. Both J and J, are multiplied
by the imaginary unit i, which makes them in-phase with the current
multipole moments. (c) Illustration of the current multipole moments
Pzs Oxxz, Oy, and O, which have the most significant contributions
to Qtol

scat*

Fig. 8(c). An interesting conclusion is that the current oc-
tupole moments (which are the building blocks of the toroidal
electric dipole moment) do not contribute significantly to the
formation of anapoles in disk-shaped scatterers, but they, in
fact, produce parasitic magnetic quadrupole scattering that
makes the anapole dips in Q' much shallower.

The exact anapole condition in Eq. (23) can be generalized
to multipole scattering of an arbitrary order [ by setting the
relevant classical multipole expansion coefficients agn (I, m)
to 0. For electric multipole scattering, the exact anapole con-
dition can be written as

M(Z) + CZM(I+2> =0, (28)
(l,m)

ag ag(l,m) —
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where ME(IIE)(M) and Méébzfn) are the sums of the current multi-
pole moments of orders / and [ 4 2, respectively, contributing
to the [-order electric multipole scattering described by
coefficient ag(l, m), while ¢; is the relevant ratio of the co-
efficients in the corresponding mapping relation (involving
a ratio between C; and C;1,). Equation (28) resembles the
conventional anapole condition, with MEIE’(LI%,)") playing the role
of a toroidal multipole moment, i.e., the moment with a more
complex current configuration that produces the same radi-
ation pattern as the multipole moment Mc(lfs)(l’m). This analogy
does not hold for magnetic multipole scattering, in which case
the anapole condition imposes a relation only between current
multipole moments of the same order (/ 4 1). In general, the
exact anapole condition for the magnetic multipole scattering
can be written as

MED =0, (29)

(lM(l,m) -

For example, in the case of magnetic dipole scattering associ-
ated with ap (1, 0), the anapole condition is

Ory = Oy =0, (30)

and it involves only current quadrupoles [see Eq. (6)]. Note,
however, that fulfilling this condition inherently leads to a
nonzero contribution to the electric quadrupole scattering as-
sociated with ag(2, £2), which contains the sum Q,, + O,..
This situation is similar to the studied example of a nanodisk,
in which current octupoles produced significant magnetic
quadrupole scattering despite relatively weak electric dipole
and electric octupole scattering.

In the above examples, we have mainly focused on the
contributions of the current multipole moments to the scat-
tering cross section. However, these moments can also be
used to assess the magnitude of the corresponding current
density and the resulting local field enhancement [68,69]. In
Appendix B, we establish a direct connection between the
current multipoles and the current density at the surface of a
scatterer. Rigorous analysis of this approach requires separate
attention and, therefore, we leave it for a future work. Never-
theless, the approach can be used to jointly analyze the current
configurations produced by the current multipole moments of
different orders, which we demonstrate in the next section.

IV. CHIRALITY

Higher-order multipoles play an important role in the chi-
roptical response of nanostructures [45,56-63], which is of
great interest for applications such as chiral molecular sensing
[79-81]. However, the analysis of chiroptical effects is often
limited to dipolar interactions (coupling and interference of
electric and magnetic dipoles) [82—85] and lacks direct and
rigorous insight into the complex configurations of excited
currents and their contributions to scattering. In this section,
we show that the current multipole expansion is perfectly
suited for such analysis, offering an intuitive description of
chiroptical effects.

Knowing that plasmonic scatterers of helical shape can
exhibit giant circular dichroism [86,87], we select a helical
gold nanostructure as an example chiral scatterer to be ana-
lyzed using the current multipole expansion. The considered

nanostructure is made of four gold rods, each 180 nm long and
60 nm wide/thick. They are attached to each other to form a
left-handed helix [see the inset to Fig. 9(a)]. The edges and
corners of the rods are rounded with a radius of curvature
equal to 20 nm. The structure is embedded in PMMA (just like
the scatterers in Sec. II). The origin of the coordinate system
used in the multipole expansion is positioned at the center of
mass of the structure (coinciding with the geometrical center).
Figure 9(a) shows the spectra of the scattering cross section of
the structure for different polarizations of the incident light.
While the cross sections are nearly identical for the x- and
y-polarized light (green and orange curves), they show a sig-
nificant difference for the right- and left-handed circularly
polarized fields (R and L, red and blue curves, respectively).
This difference, called the differential scattering cross section
(AQ™ ), is plotted in Fig. 9(b) (black curve). At the long-

scat

wavelength peak (f = 225 THz), AQ'%, is dominated by the
electric dipole contribution (pink curve), while at the second
peak (f = 320 THz), AQY, is additionally enhanced by the
electric quadrupole and magnetic dipole excitations (orange
and violet curves, respectively).

The actual current excitations that contribute to AQY
are revealed in Figs. 9(c)-9(f). We find that the chiroptical
response is primarily governed by just six current multipole
moments: py, py, Ox, Oyx, Oxz, and Q,.. The excitation of
the p, —ip, configuration is responsible for the enhanced
scattering at f = 225 THz under the L polarization, whereas
the excitation of p, + ip, under the R polarization increases
the scattering at f = 320 THz. Note that both p, and p, are
complex quantities and, therefore, the expression p, £ip,
does not necessarily correspond to a spinning dipole. In fact,
as can be seen in Table III, at f = 225 THz, the L-polarized
field excites the p, and p, moments that are comparable
in magnitude and phase shifted by approximately 7, which
corresponds to a vector that oscillates along a fixed line, at
around —45°, rather than rotates. The scattered field is there-
fore linearly polarized. This demonstrates the capability of
chiral photonic structures to convert the polarization of optical
fields—in this case, circularly polarized light becomes linearly
polarized when scattered, exhibiting the cancellation of the
spin angular momentum.

The contributions of the p, & ip, configurations are nearly
identical to those of the classical expansion coefficients
ag(1, £1) [see Fig. 9(c)], which indicates that the current-
octupole contributions [see Eq. (5)] are in this case relatively
small. Similarly, Fig. 9(d) shows that the combined contribu-
tion of the classical electric quadrupole and magnetic dipole
moments (dashed green curve) is close to the combined con-
tribution of four current quadrupole moments: Qxy, Oy, Ox:,
and Q,. (solid green curve). The two curves in Fig. 9(d) would
match almost perfectly upon adding the moments Q. and Q,,
to the list. Further analysis shows that the scattering of the
R-polarized field at f = 320 THz is additionally enhanced
by the excitation of two specific current-quadrupole config-
urations, which are Q., + Q,, and O,; + iQ,, [see Figs. 9(e)
and 9(f), respectively], which contribute to the scattered
power through the classical multipole expansion coefficients
am(1, —1), ag(2, —1), and ag(2, £2) [see Egs. (7), (C2), and
(C3)]. In contrast, Qy, — O, and Qy; — iQ,, are excited much
less efficiently regardless of the excitation wavelength and
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FIG. 9. Scattering of light by a helical gold nanostructure. (a) Spectra of the scattering cross section of the structure calculated for different
polarizations of the incident light (X, Y: linearly polarized along the x and y directions, respectively; R, L: circularly polarized, right- and
left-handed, respectively). The inset in the upper left corner shows the modeled helical geometry and its dimensions. The agreement between
the cross-section values obtained by direct integration of the scattered power (dots) and by applying the current multipole expansion (solid
lines) provides an additional numerical validation of the current multipole expansion for highly asymmetric scatterers. The multipole expansion
involves the classical electric and magnetic multipoles of / < 3 (current multipoles of / < 5). (b) Total differential scattering cross section
AQ (black curve), defined as the difference between the scattering cross sections under the excitation by L- and R-polarized light (as
schematically illustrated in the top inset), and the contributions to it of the classical multipoles (pink, orange, and violet curves). The bottom
inset illustrates the currents of the moments p,, py, Oy, and Q,, (real part of the currents at a global phase ¢ = /3 and 27 /3), forming
a rotating helical configuration that gives rise to the strong scattering of the R-polarized light at f = 320 THz. (c) Contributions to AQ' ,
denoted as AQq, of the current dipole configurations p, & ip, (solid red and blue lines) compared to the contributions of the classical
multipole expansion coefficients ag(1, £1) (dashed lines). (d) Combined AQy. of the classical magnetic dipole and electric quadrupole
moments (dashed green) compared to the combined contribution of four current quadrupole moments Q,,, O,., Ox., and Q,. (solid green).
(e) AQycq of the current quadrupole configurations Q,, & O, (solid red and blue) compared to AQy, of ag(2, £2) and apw(1, 0) (dashed).
(f) AQgcu of the current quadrupole configurations Q,; £ iQ,, (solid red and blue) compared to the combined AQg of ag(2, £1) and
ay (1, 1) (dashed). The slight discrepancies between the dashed and solid curves in (d)—(f) result mainly from excluding the current
quadrupoles Q.. and Q. from the consideration.
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TABLE III. Current dipole moments p, and p, excited by the L-
and R-polarized light at f = 225 THz.

Polarization Moment Amplitude (1073 Cm) Phase

L s 0.45 —0.697
L Py 0.59 0.267
R . 0.50 —0.277
R P, 0.16 0.987

polarization. This is a direct consequence of the asymmetric
shape of the scatterer, which breaks the symmetry between
the classical multipole expansion coefficients ag (I, +m) and
agm(l, —m), leading to different excitations of the current
multipole moments included in these coefficients. Table IV
provides direct insight into the underlying mechanism, pre-
senting the amplitudes and phases of the current multipole
moments excited at f = 320 THz by the L- and R-polarized
light. Using the approach introduced in Appendix B, we find
the relative current densities in the structure corresponding to
the dipole and quadrupole excitations (the dipolar current is
proportional to the dipole moment, while the quadrupolar one
to the quadrupole moment divided by the effective radial size
of the structure in the corresponding direction; for example,
the moment Q,, is divided by 120 nm since the total size of
the structure in the z direction is 240 nm). The analysis shows
that the currents of py, p,, Oy, and Q,. form a rotating right-
handed helical configuration. This configuration is illustrated
in the bottom inset to Fig. 9(b). Since such a chiral configu-
ration cannot be efficiently excited by the opposite circular
polarization, it is responsible for the strongest chiroptical
response in the studied system. In addition, the R-polarized
incident field gives rise to strong quadrupolar currents Q.
and Qy,, which are approximately in phase and do not rotate.
This is another manifestation of circular-to-linear polarization
conversion, similar to that observed for the dipolar currents at
f =225 THz.

TABLE IV. Current dipole moments (p, and p,) and current
quadrupole moments divided by the appropriate size parameters
(Ox/Y, Oy /X, Q. /Z, and Q,./Z, where X =Y =90 nm and Z =
120 nm; see Appendix B) excited by the L- and R-polarized light at
f =320 THz.

Polarization Moment Amplitude (1073 Cm) Phase

L Ps 0.02 —0.837
L Py 0.12 —0.257
L 04/Y 0.07 0217
L 0,./X 0.11 0.237
L 0../Z 0.07 0.237
L 0,./Z 0.08 0.107
R Dx 0.20 —0.67r7
R py 0.26 —0.957
R 0,/ 0.33 —0.177
R 0,:/X 0.27 —0.257
R 0../7 0.26 —0.087
R 0,./Z 0.18 —0.357

In addition to studying chiroptical effects, the considered
helical nanostructure can be used to validate the current mul-
tipole expansion for a highly asymmetric scatterer that cannot
be described analytically, supplementing the analytical bench-
marks in Sec. II. Figure 9(a) shows perfect agreement between
the scattering cross sections obtained from direct integration
of the scattered power (dots) and the scattering cross sec-
tions calculated using the current multipole expansion (solid
lines).

V. CONCLUSIONS

In summary, we have introduced an expression for the
general and exact current multipole tensor [see Eq. (3)], en-
abling rigorous analysis of localized current configurations in
electromagnetic scatterers. The expressions for current mul-
tipole moments also remain very simple for large multipole
orders (see Table I). Unlike the classical field-based multi-
poles, current multipoles are not divided into electric and
magnetic types, which reflects their universal nature. Despite
their simple and intuitive form, they can be used to quantita-
tively determine the multipole contributions to the scattering
and extinction cross sections for scatterers of arbitrary sizes
and shapes. We have verified our expression numerically for
wavelength-scale spherical scatterers supporting higher-order
multipole excitations and found excellent agreement with the
Mie theory. Furthermore, we demonstrated the usefulness of
our approach in describing nonradiating current configura-
tions in the well-known example of a dielectric nanodisk
supporting anapole excitations. In particular, our analysis re-
veals the true nature of the so-called toroidal dipole moment,
showing that it is composed of current octupole moments, be-
ing responsible for parasitic magnetic quadrupole scattering in
a thin disk geometry. The current multipole expansion allowed
us to derive the exact anapole condition and to generalize it
to multipole scattering of an arbitrary order, opening new av-
enues in the design of anapoles and other nonradiating states
of light. Finally, we used the current multipole expansion to
analyze the chiroptical response of an example helical gold
nanostructure, clearly identifying the current configurations
that have dominant contributions to the observed circular
dichroism.

An important extension of the approaches presented in this
work is their application to periodic lattices of scatterers. In
fact, both classical and current multipole moments can be
calculated using the scattering current density within one unit
cell of the lattice (see, e.g., Refs. [32] and [40]). One can then
quantify the contributions of multipole moments to the ob-
servable optical properties, such as transmittance, reflectance,
and absorptance. This requires coherent summation of the
multipole radiation patterns produced by each scatterer in the
lattice. While such a summation may be relatively simple in
certain cases (e.g., for scattering in the normal direction; see
Refs. [27,88,89]), it is generally a mathematically demanding
task. Another approach is to calculate the optical response
of the lattice from the response of a single scatterer, taking
into account the lattice coupling effects [90-92]. In any case,
the mapping relations derived in this work enable the current
multipole expansion to be incorporated with the existing theo-
retical frameworks for periodic lattices based on the classical
multipole expansion.
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Overall, our approach simplifies the analysis of multipole
excitations and the design of arbitrarily sized individual and
arrayed electromagnetic scatterers, which can be useful in
many areas of optics and photonics, including optical antennas
and metamaterials.
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APPENDIX A: DERIVATION OF EQUATION (3)

To expand the scattering current density J(r) defined in
Eq. (1), one can use the identity

) = / T s — o', (Al)

where 3(r’ — r) is the three-dimensional Dirac delta function.
Expanding the delta function into a Taylor series about r’ = 0,
we obtain
-1 l—a—1
Jr) = la)Z 3> MG a. by
=1 ¥V=X.¥,Z a=0 b=0
(_1)1(1_1)1 d¢ db dl a—b—1
X
abl(l —a—»b— 1)'dx“d dyb dzl—a—b-1

N 1S
(A2)

where X, ¥, and Z are the unit vectors along the corresponding
Cartesian coordinate axes and M)(¥, a, b) are the elements
of the multipole tensor M" given in Eq. (2). These elements

can be written as
o0

MOR . a.b) = ;/ T, (e)xyb g =ab=1 g
(V,a, b) Do) . (r)x“y’z r

(A3)

where J,(r) is the v component of vector J(r). Equation (A3)
coincides with Eq. (2) and is valid only if the size of the
scatterer, L, satisfies the condition kL < 1. Using the identity

one can rewrite Eq. (A2) in the form

8(x), (A4)

-1 l—a—1

Jr) = —za)Z Z Z Z MD®, a, by

=1 v=X,9,2 a=0 b=0

(I —1)!
X WS(I‘), (AS)

which is in agreement with Eq. (A3). The right-hand side of
this expression is a sum of the current densities associated
with the multipole moments. These current densities are

[—=1)!

I @) = —ioM (S, a, b)Wé‘(r). (A6)
A similar multipole expansion can be written for the vector
potential A(r). Note that in contrast to the electric and mag-
netic fields, the field of the vector potential is produced by
electromagnetic anapoles as well. In the Lorenz gauge, the
vector potential generated by a localized scattering current

density obeys the Helmholtz equation,

(V2 4+ EHA(r) = —pJ (@), (A7)

where k and p are the wave number and magnetic per-
meability in the surrounding medium. The solution of this
equation can be written as the following integral:

Ar)=p / JOHG —r)d’r, (A8)

where G(r' —r) = ¢*I"' =" /45 |¥' — r| is the Green’s function
for a point source at a coordinate r’ that is proportional

to the spherical Hankel function of the first kind and ze-
roth order, h(l)(k|r r|). Using the identity G(r' —r) =
(ik/4m )h(()l)(k|r — r|) and expanding the Green’s function in
Eq. (A8) into a Taylor series about r’ = 0, we obtain

=1 l—a—1

e Z Z Z Z MD®, a, by

=1 v=X,9,2 a=0 b=0
(_1)1—1(1 -1 de gb gi-e-b-1
X — — —
alb![l — (a+ b+ 1)] dxe dy? dzl—a—b-1

A(r) =

B (kr),
(A9)

which is valid for kL <« 1 and is the same as Eq. (32) in
Ref. [40].

Equation (A8) is general and can be used to find the exact
expressions for the current multipole moments by expanding
G(r' —r) in terms of spherical harmonics Y; ;(0, ¢). This
leads to the following result [35]:

[ -1
iy Y > KRG

I=1 ¥=%.9.2 m=—I+1

X Yi_1m(0, )M, m)9,

A(r) =

(A10)

where r, 0, and ¢ are the spherical coordinates, and the coef-
ficients M) (¥, m) are given by

Ji—1(kr)

= Y51 (0, ¢)dr.

MO®, m):/ Jy(r)ym———- (Al1)
These coefficients are the current multipole moments in
the expansion of A(r). They possess mutually orthogonal
current distributions and can be used as a basis for ex-
pansion of arbitrary localized current densities. Let us find
several lowest-order moments M® (¥, m) with the spher-
ical harmonics in their expressions written in Cartesian
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coordinates,

e 1 [1 [ , 3
MY F,0) =5,/ — / Jy(r) jo(kr)d’r,
2V J_

M(Z)(‘A,’ 0) Zl /3/00 Jv(r)zwtﬁ

2V J_o kr
~(2) 1 /3 (= _Jitkr)

(2) _ T _ S g3
M <v,il)—¢2,/2ﬂ [wfu(r>(xizy) o
PN 1 /5 [ 2, Jalk )

3) _ _ = 2
MY (¥,0) = 4,/n/ Jy(r)(3z° — )(k B d’r,
MPE, 1) =F ,/ f J(r)(xz:l:zyz)](zk( )2)

It can be seen that each moment M) (¥, m) is a simple linear
combination of the following normalized moments:

i@l =1 [
o (1) /_NJ“(")

k
anybzl a—b—1 J1=1( V)da
(kr)i-1

These moments form the general scattering-current multi-
pole tensor defined in Eq. (3). In the limit of kr « 1,
ji—1(kr)/(kr)! =" approaches 1/(2{ — 1)!! [35], and Eq. (A13)
converges to Eq. (A3). Correspondingly, Eq. (3) converges to
Eq. (2).

(A12)

MP®,a,b) =

(A13)

APPENDIX B: CURRENT DENSITY ASSOCIATED
WITH CURRENT MULTIPOLES

For a pointlike scatterer, Eq. (A6) connects the current
multipole moments with the associated scattering current den-
sities. For a realistic scatterer that is much smaller than the
wavelength, the current density in a dipole excitation is nearly
uniform. Hence, the volume-averaged current density can be
equated to the current density itself, and we have

1) . . 1
J5.00(r) = —iwp,8(r) = —lopuy; (B1)
where V is the volume of the scatterer. Then, to keep the rel-
ative strengths of the multipolar current densities unchanged,
we replace §(r) with 1/V also for other orders / in Eq. (A6).

J

ag(2,0) = —vV6Cy (O + O,

+ I_I,VXX,V + HY}'}’.\'

- ZQZZ) -
- 4Hyyzz + 3Hzxxz + 3szyz -

Furthermore, in the considered model, the current density is
required to produce the actual field only outside the scatterer,
and the field and current density inside the scatterer can be ar-
bitrary. Therefore, we expect the calculated current density to
correspond to the realistic current density only on the surface
of the scatterer. If the radial sizes of the scatterer along the
x, v, and z directions are X, Y, and Z, respectively (such that
the volume of the scatterer is V &~ 8XY Z), the approximate
expression for the multipole current density on the surface can
be written as

i ol-=1)!
This equation allows assessing the surface current density and
the corresponding near-field enhancement associated with a
given multipole moment. The phase of J©)(¥, a, b) is equal to
that of the outermost current element in the given multipole at
positive x, y, and z.

The generalized surface current density associated with

each multipole moment can be written in the same form as
Eq. (B2), but with V = 8XY Z being replaced with

Ji—1(kr)
v (kr)—1

Here, the integration is performed over the volume of the
scatterer. This gives the following result:

Dre i o=
J (V’ a, b) ~ _1 Xaybzl-a—b-1
If the scatterer is much smaller than the wavelength, 7 is equal
to V, which makes Eq. (B4) identical to Eq. (B2).

JOE,a,b) ~ — MO, a,b). (B2

I=@Q2l—1! d’r. (B3)

MDF, a, b). (B4)

APPENDIX C: CLASSICAL MULTIPOLE MOMENTS
AS LINEAR SUPERPOSITIONS OF CURRENT
MULTIPOLE MOMENTS

Exact expressions for ag(l, m) and ap (I, m) with [ > 2 in
terms of current multipole moments up to triacontadipoles
are given in Egs. (C1)—(C19), supplementing the expressions
for the electric and magnetic dipoles given in Eqs. (4)—(7).
The factors C;-Cs; in the expressions are defined below
Eq. (7) and the two new factors are Cy; = —k°®/(350m €Ey) and
Cs = —ik’ /(4410w €Ey). The expressions for any order / can
be derived automatically, following instructions provided in
Ref. [72],

‘/6C4 (Hxxxx + Hxxyy - 4Hxxzz

2H;:2), (ChH

(lE(Z, :l:l) =+ 3C2(sz + sz) + 31C2(Q»z + sz) + 2C4 (4Hxxxz - nyyz - szzz + Snyyz - Hzxxx - Hzxyy + 4Hzxzz)
- 2iC4(4Hyyyz - I—Iyxxz - I'Iyzzz + 5Hxxyz - Hzxxy - szyy + 4szzz)v (CZ)
aE(Z, ﬂ:Z) = 3C2[Qxx - ny + i(Qxy + ny)] + C4 (3Hxxxx - xx»y ZHxxzz + 7nyxv 3Hyyyy + 2Hvyzz + SHzxxz - Sszyz)
+ 2iC4(4Hxxxy - nyyy - nyzz - I'Iyxxx + 4nyyy - yxzz + 5Hzxyz)» (CS)
aE(?” O) = 2\/§C3 (zoxxz + 2Oyyz + Ozxx + Ozyv - Zozzz) + 2‘/§C5 (15mez + lsnxyyz - 20Txxzzz
+ 15Tyxxyz + 15Tyy,\'yz - zorvyzzz — 3T, zxxxx 6Tz,xxyy + 24szxzz - 3szyyy + 24Eyyzz - STzzzzz)v (C4)
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ag(3,£1) = F G305 + Oy — 40, + 20, — 80.,) +iC3(30,y, + Oyy — 40, +20,,, — 80,,,)
F3Cs (ATuxex + 3Ty + STiywy — Ty + 4Tszzzz + 3Tz + STyeany — 27 evnzz — 30 gz + 15T
+ 15Ty — 20Tezy) + 3iCs (4T3, + 3Tayy + STeyyy — Tyxonx + 4 3222 + 3Tucze + STenny
— 27T,yyz; — 30T yzz + 15T 1y + 15T5yyy, — 207,22), (C5)
ag(3, £2) = V10C3[ =204 4 204y — O-ix + 0.y & 2i(Osyz + Oy + O-yy) ]
— 3V10Cs (5Txaxs — Yxayye — 2Txzzz + Iyaye — STz + 2Tz — Tocanr + 6 ez + Toyyyy — 6T1pyz2)
£ 67100 Cs (6Txxay: — Teyyye — Toyzze — Tynxe + 6Tyyye — Tyazze — Toxery — Toayyy + 6Toyz)s (C6)

aE(Sv :I:3) = v 15 C3 [:I:(Oxxx - Oxyy - 20yxy) - i(20xxy + nyx - Oyyy)] =+ v 15 CS (4’Ijrxxxx - 217:{xxyy - lsj}xyyy
+ 13Tyxxw + 3Tx,vyyy + 3730’%1 — 3Tz + 6Tyx,vzz + TTocee: — Zleyz) + V15iCs (4Tyyyyy - le}’xxw

—15 7;c)cxxy + 137}:xyyy + 3Tyxxxx + 37}xe1 - 3Tyyyzz + 67}xyzz + 7szyyz —21 szxyz) ]7 (C7)
am(2,0) = 7v6i C3(Ouy: — Oyye). (C8)
aM(Z, :l:l) = _7C3 [Oxyy - OXZZ - nyy + Ozxz + i(Oxxy - nyx + Oyzz - Ozyz) ]’ (C9)
aM(Z’ :|:2) = 7C3 [:F(Oxxz - Oyyz - Ozxx + OZyy) + i(Oxyz + nyz - 20zxy)]v (CIO)

5 .
aM(?’, O) = 5\/3 l C4 (_Hxxxy - nyyy + 4nyzz + nyxx + nyyy - 4nyzz)’ (Cl 1)

5
aM(31 il) = _ZC4[Hxxxz + 11nyyz - 4szzz - 10nyyz - Hzxxx - Hzxyy + 4Hzxzz
+ i(Hyyyz + llnyxz - 4Hyzzz - IOHxxyz - H7yyy - Hzxxy + 4szzz)]a (CIZ)

5 —
ClM(3, :i:2) = Z 10 C4 [i(2Hxxyy - 2Hxxzz - 2I—Iyxxy + 2I—I}’yzz + 2Hzxxz - 2szyz)
+i (Hxxxy - nyyy + 2nyzz - nyxx + Iiyxyy + 2nyzz - 4Hzxyz )]7 (C13)
5 —
aM(31 :l:3) = Z 15 C4 [Hxxxz - nyyz - 2nyyz - Hzxxx + 3Hzxyy
+ i(Hyyyz - Hvxxz - 2Hxxyz - szyy + 3Hzxxy)]a (C14)
GM(4, 0) = l4\/§lC5 (37;xxyz + 3Txyyyz - 47;Cyzzz - 3Tyxxxz - 3Tyxyyz + 4Tyxzzz)v (C15)

aM(4» :l:l) = _7C5 [3Exxyy - 37;(xxzz + 37;cyyyy - 21]36yyzz + 47;czzzz - 3Tyxxxy - 3Tyxyyy + 18Tyxyzz + 3szxxz + 3szyyz - 4szzzz
F i (3 Tyxxyy - 3Txxxxy + 3Tyxxxx - 217jvxxzz + 4Tyzzzz - 37}xyyy - 3Tyyyzz + lgﬂcxyzz + 3szxyz + 3szyyz - 4’szzzz)]

(C16)
aM(4» :|:2) = _7\/§C5 [:I: (T;cxxxz + lsnxyyz - 6nxzzz - 15Tyxxyz - Lyyyyz + 6Tyyzzz - szxxx + 6szxzz + szyyy - 6szyzz)
+ 2i (3 Exxyz - 47;cyyyz + 37;cyzzz - 4Tyxxxz + 3Tyxyyz + 3Tyxzzz + szxxy + szyyy - 6szyzz )]a (C17)
am (4s :l:3) = 7‘/7C5 [3];xxyy - 3Tyxxxy - ]}yyyy + Tyxyyy + 37})‘yzz - 37}xxzz + 6Tyxyzz + 3szxxz - 9szyyz

+ 1(3 Tyxxyy - 373cxyyy - ]Szxxxx + 7Bc)c)cxy + 3Tyxxzz - 37}’yyzz + 6];nyzz + 3szyyz - 9szxyz)]’ (C18)

ClM(4, :l:4) = =T« 14C5 [:F(Ecxxxz - 37}xyyz - 37}xxyz + 7jvyyyz - szxxx + 6szxyy - szyyy)
+ [ (37;cxxyz - Ecyyyz + Tyxxxz - 37jvxyyz - 4szxxy + 4szyyy )] (C19)
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