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Structured light mechanically interacts with matter via optical forces and torques. Optical torque is tradi-
tionally calculated via the flux of total angular momentum (AM) into a volume enclosing an object. In the
work published in [Phys. Rev. A 92, 043843 (2015)], a powerful method was suggested to calculate the optical
torque separately from the flux of the spin and the orbital parts of optical AM, rather than the total, providing
useful physical insight. However, the method predicted a new type of dipolar torque dependent on the gradient
of the helicity density of the optical beam, inconsistent with prior torque calculations. In this work, we first
intend to clarify this discrepancy and clear up the confusion. We rederive, from first principles and with detailed
derivations, both the traditional dipolar torque using total AM flux, and the spin and orbital torque components
based on the corresponding AM contributions, ensuring that their sum agrees with the total torque. We also test
our derived analytical expressions against numerical integration, with the exact agreement. We find that “helicity
gradient” torque terms indeed exist in the spin and orbital components separately, but we present corrected
prefactors, such that upon adding them, they cancel out, and the helicity gradient term vanishes from the total
dipolar torque, reconciling literature results. In the second part of the work, we derive the analytical expression
of the quadrupolar torque, showing that it is proportional to the spin of the EM field gradient, rather than the
local EM field spin, as sometimes wrongly assumed in the literature. We provide examples of counter-intuitive
situations where the spin of the EM field gradient behaves very differently from the local EM spin. Naively using
the local EM field spin leads to wrong predictions of the torque on large particles with strong contributions of

quadrupole and higher-order multipoles, especially in a structured incident field.

DOI: 10.1103/PhysRevB.105.125424

I. INTRODUCTION

The mechanical interaction between a structured optical
beam and structured photonic matter is a very important sub-
ject to study, in both fundamental and applied research. Such
interaction is often complex, and simple analytical models like
a multipole theory of optical force and torque in a general
(inhomogeneous) electromagnetic field can greatly help our
understanding of the physics involved.

Since the realization of orbital angular momentum in a
paraxial laser beam (related to a helical phase) in 1992, there
has been much confusion and debate on the separation of
angular momentum into its spin and orbital parts [1,2]. In the
strict sense, the spin and orbital parts of the angular momen-
tum are not separately meaningful physical quantities though
both of them have the unit of angular momentum. However,
it is still possible to separate the total angular momentum
into spin and orbital parts in a laboratory frame of reference
such that both satisfy the proper continuity relations and are
separately conserved quantities [1-3]. Both being conserved
quantities, their net flow into a volume can be associated with
a torque, it is Ref. [4] that first proposed the interesting con-
cept of deriving the optical torque from the separate spin and
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orbital parts of angular momentum. The analytical expression
given in Ref. [5] of optical torque acting on a dipolar particle
takes into account complex spatial structures of the incident
electromagnetic field. Such a treatment, if done properly,
should give more physical insights on the separation of spin
and orbital angular momentum involved in the interaction of
structured light and objects [6,7].

One of the most interesting results of Ref. [5] is the the-
oretical prediction of a torque dependent on the gradient of
helicity density. Studying early literature on optical torque
since Ashkin’s invention of optical tweezers [8,9], a few im-
portant works actually studied the optical torque on spherical
particles exerted by an inhomogenous electromagnetic field
based on generalized Mie theory [10-16]. In some of these
early works [11-13], the helicity density gradient is generally
nonzero in the incident optical beam. However, the dipolar
components of optical torque in these early results [11-13] do
not seem to contain the ‘gradient’ torque term as predicted in
Ref. [5], thus pointing to a contradiction.

In this work, we intend to clarify this discrepancy and clear
up the confusion. We rederive, from first principles and with
detailed derivations, both the traditional dipolar total torque
using total AM flux, and the spin and orbital torque compo-
nents based on the corresponding AM contributions, ensuring
that their sum agrees with the total torque. We also test our
derived analytical expressions against numerical integration,
with exact agreement. We find that “gradient” torque terms
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indeed exist in the spin and orbital components separately, but
we present corrected prefactors, such that upon adding them,
they cancel out, and the gradient term vanishes from the total
torque, reconciling literature results. The concept proposed
in Ref. [5] is still a very powerful tool to study the separate
SAM and OAM contributions of optical torque, providing
many advantages in understanding optical manipulations in
the interacting structured light and photonic nanostructures.

In the second part of the work, we derive the analyti-
cal expression of the optical torque acting on an isotropic
electromagnetic quadrupole in a general (inhomogeneous)
electromagnetic field. With the analytical result, we show
that the quadrupolar torque on an isotropic Mie particle is
still proportional to the absorption cross section, confirming
the transfer of the angular momentum to mechanical action
through absorption. However, the relevant physical property
of the incident beam that must be used to indicate the orienta-
tion of the optical torque is not the spin of the electromagnetic
field, but the spin of the EM field gradient. Using the two-
wave interference as an example, we show that there are
significant differences between the spin of the electromagnetic
field and the spin of the electromagnetic field gradient. As
a result, simply using the local EM field spin can give rise
to wrong predictions on the orientation of optical torque on
large particles with strong quadrupole resonance. We show
that an extraordinary transverse spin of the magnetic field
gradient appears in a field formed by purely TM-polarized
two wave interference, even though the magnetic field spin is
zero. Furthermore, some of the nonintuitive “negative” torque
that arises in the two-wave interference is often due to an
incorrect interpretation of the physical properties related to the
optical torque acting on a quadrupole and other higher-order
multipoles.

II. OPTICAL TORQUE AND ANGULAR MOMENTUM

It is well known that electromagnetic fields can carry linear
and angular momentum, and that angular momentum is a con-
served vector quantity. Consequently, if an electromagnetic
field shows a net flow of electromagnetic angular momentum
constantly flowing into a volume containing a material object,
we can conclude that the “missing” angular momentum is
being transferred to the object via a mechanical torque.

The flux density of the electromagnetic angular momentum
at every point in space is given by a tensor denoted as (<l\_/l>).
This is a tensor because it contains information about the
flow of electromagnetic angular momentum (itself a vector
quantity) along each spatial direction. The time-averaged me-
chanical torque vector I' can therefore be calculated as the
total flux integral of the time-averaged angular momentum

flux density (<1\_/I)) over a closed surface surrounding the ob-
ject, as

r= #(i\_f) .dS, (1

In turn, the angular momentum flux is calculated as
<—> <> <> .
(M)=rx(T) where ( T ) represents the time-averaged

flux density of electromagnetic linear momentum and is re-
<>
ferred to as Maxwell’s stress tensor { T ) of the total field:

<> 1 i N
(T) = Em eoEwr ® Etot + poHwpr ® Htot

 e0lEuo|* + o Hior? <_>} -

I
2
where r = (r' — ry), ry is the location of the object, r’ denotes
a point on the surface S, and E = Eiyc + Ega and Hy, =
H;,. + Hj, are the total electromagnetic fields.

In this report, we study the interaction between tiny ob-
jects and a time harmonic general (inhomogeneous) incident
electromagnetic field. A time dependence of e~ is assumed.
Since the integration of the angular momentum flux is done
relative to the center of the object, the mechanical action
on the object related to the optical torque corresponds to a
rotation about the object’s own center.

The time-averaged spin angular momentum flux ((I\_/[)"‘) and
orbital angular momentum flux ((1\_/[)"), which together make
up the total angular momentum flux density ((1\_/1)) = ((1\_/[)5) +
(<1\_/I)"), can be separately written as [2,5]

i 1 . N N .
(M?) = Z‘J{Etm ® Hi + Hiy @ Bt — (Eeo - Hi ) T},
3

H0 1 X * * *
( M ) = E\g{Etm 02y Hlot + Htot & Etot + [(l' X v) ® Etol]

x Hige + [(r x V) ® Hil] x Eg }, 4

tot

The optical torque I'* attributed to the spin angular momen-
tum flux can be calculated by

while the optical torque I'? attributed to the orbital angular
momentum flux can be calculated by

r° :#(i\_/f”) . dS, (6)

such that they represent two physically distinct parts of the to-
tal torque I' = I'* + I'°. Like the optical torque using the total
angular momentum flux, the torque I'’ arising from the orbital
angular momentum flux depends on a certain reference point

as (<l\_/l>") has components that are dependent on the position
vector r. As before, this reference point is often considered at
the object’s own center when one only considers the optical
torque resulting in self-rotation of the object. However, the
optical torque I'* attributed to the spin angular momentum flux
does not have this dependence and therefore this torque can be
calculated for any choice of coordinate origin.

III. PREDICTION OF A ‘GRADIENT’ TORQUE

We first follow the formulism in Ref. [17] and write down
the analytical expression (in SI units) of optical dipolar torque
I'n derived from the total angular momentum flux,
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We then follow the formulism in Ref. [5] and separate the total optical torque I'y into a SAM related torque Ty, and OAM

related torque I'}. I}, and I’} are derived following Egs. (5) and (6), respectively, from the spin angular momentum flux and the
orbital angular momentum flux that satisfy separate conservation laws,

1 Loy
I'n = Efﬁ{P* X Einc} + zm{m X ptoHinc} —

1 1 3 k3,u
T} =3 9HP" x Bine) + 2 9%m”" x proHine} — 230" x p) — 5 4;5{m* x m)
1 _[1 ®)
sooa L v, - oo v
2w 200)
K k3 o 1 1
Iy =-— I{p* - J{m* —3| —((p-V)H, — -VEE | 9
N= T Qg P R tmeam+ 0 S|:80 P+ V) = (m - V) } ©)

For induced dipoles in an isotropic Mie particle as described in Appendix A, the total optical torque I'x can further be
separated into an intrinsic part I'\}' that is closely related to the local spin density and an extrinsic part I'$" closely related to the
dipole moments and the local field gradient.

. 1 K 1 K> 1o
' =—R{p* x Einc} — I{p* x —R{m* x poHipl — —3{m* x m
N 5 {p nc) IZJTEQAS{p p} + 5 { oHinc} 127 S }

(Y4 o6
=7 i) - lar|*1s® + = ) - b1 *1s™,
(10)
X Einc}’

1
s¢ ZESOS{ETHC

1
s™ :EMOS{Hi*nc X Hinc}’

where a; is the Mie coefficient for an induced isotropic electric dipole and b; is the Mie coefficient for an induced isotropic
magnetic dipole, whose relations with the induced dipolar polarizabilities are given in Appendix A.
The extrinsic torque I'S", as given in Ref. [5], can be reformulated using vector calculus identities,

1nc mnc

rec =3y l( .VYH: — (m - V)E!
N _46()& €0 P i i

9" SiaE H* H E*
—Mli{al( inc - VIHI . — by (Hipe - V)ES }
9 Nai} + NR{b1} 9 S{ai} + 3{b1}
= V x R{Epe x HE } — VI{E;,. - H.. 11
2k4CQ 2 X { X m(,} 2k4CO 2 S{ lnL} ( )
o Nfar) — Kb} . . N i
T S (V9 Eine - H ) o 03 (i x Hine) — €03 {Efy, % Einc))
o S{ay) — S{b
7 Sta) =3l g g, x HE ).
2k*eo 2

The total dipolar optical torque discussed in Ref. [5] should
correspond to the mechanical action of a particle rotating
about its own center. However, the extrinsic part in the total
dipolar torque expression implies that under certain condi-
tions, i.e., [3{a;} + I{b;}] # 0, the torque is dependent on the
gradient of the helicity density of the incident beam V3I{Ej, -
H }. Based on this, Ref. [5] predicted the existence of the
‘gradient’ torque. The gradient torque is said to exist as long
as the incident beam has a nonzero gradient of helicity density
V3{Ein - HZ .}, and the nanoparticle has a nonzero imaginary

mnc

(

part of the dipolar Mie coefficients I{a;} and J{b,}. However,
unlike a spinning torque that introduces a rotation around the
particle’s own center, or a revolution torque that introduces a
rotation around a fixed reference point, it is difficult to inter-
pret what mechanical action the gradient torque introduces on
the dipolar particle.

In some of the early works [11-13] on optical torque,
the helicity density gradient is generally nonzero in the in-
cident optical beam. Therefore, according to the prediction
of Ref. [5], there should exist a gradient torque in these
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early results. However, the dipolar components of the optical
torque in [11-13] only show dependence on the absorption
cross section of the dipole coefficients, i.e., R{a;} — |a;|* and
R{b,} — |b1|>. None of them has a dependence on J{a;} and
3{b1} which are linked to the existence of a gradient torque.
These early results seem to contradict the gradient torque
prediction in Ref. [5]. Reference [18] also presented a mul-
tipolar theory of optical torque on an isotropic Mie particle in
a general time-harmonic electromagnetic field. The analytical
expression of dipolar torque in [18] is exactly the same as the
intrinsic torque I'M in Ref. [5]. Just as the intrinsic torque T,
the dipolar torque derived in Ref. [18] depends only on the ab-
sorption cross section and the local spin density, agreeing with
previous results [11-13]. However, the analytical expression
in Ref. [18] does not include extrinsic torque T'$, and thus no
torque that depends on the gradient of helicity density, again
pointing to a contradiction.

In this work, we try to clarify this discrepancy and confu-
sion on gradient torque. We rederive from first principles, with
detailed calculations in Appendices, the analytical expressions
of the dipolar torque both from the total angular momentum
flux but also from the separate spin and orbital AM fluxes,
ensuring that their sum exactly matches with the result ob-
tained from the total AM flux. We also test our analytical
expressions for the total torque against numerical integration
of the angular flux density, finding exact agreement. Our re-
sults on total dipolar torque agree with Ref. [18], and contain
only the intrinsic torque I'}{}t but not the extrinsic torque I'Y*
presented in Ref. [5]. However, in our derivation of optical
torques from the separate spin and orbital AM fluxes, we find
that both the spin AM part and the orbital AM part of the
dipolar torque contain components that are proportional to the
extrinsic torque I'Y". To be specific, we obtained the same
analytical expression for SAM related torque as I'Y; in Ref. [5].
However, we obtained a different coefficient for the extrinsic
part of the OAM related torque compared to the expression
I’} given in Ref. [5]. In our derivation, the extrinsic parts in
the SAM and OAM related torques exactly cancel each other
out, and thus do not show in the total dipolar torque, which
allows their sum to match the torque calculated via the more
traditional conservation of total AM.

IV. ANALYTICAL EXPRESSION OF THE DIPOLAR
OPTICAL TORQUE

In this section, we study the interaction between a time
harmonic electromagnetic wave (described by its electric and
magnetic fields E;,. and Hj,.) and a tiny particle that can be
described by induced electromagnetic dipole moments. By
definition, the torque can be calculated by integrating the

<> <>
total angular momentum flux (M ) =r x ( T ) over a closed
surface centered at the origin,

r=#(<1\_4>> .dS. (12)

Without loss of generality, we consider this enclosed sur-
face to be spherical. The time-averaged torque on the Mie

particle can then be expressed as

r:#(ﬁ’).ds

2 T <>
=/ / rx (('T)-n)r?sin0dode,
0 0

2 b4
N &o A Mo N
=§R/ / (rp) x {EEmt(Efm -0) + THtm(Hfm . n)}
0 0

x 12 sin 0dode,

(13)
where r is the radius of the spherical surface and f is the
outward radial unit vector normal to the surface.

Given the induced electric dipole moment p, the cor-
responding radiation field E, and H,, can be analytically
calculated, as expressed in Appendix B. Knowing the total
electromagnetic field Eyo = Ejnc + E, and Hyo, = Hipe + Hy,
the analytical expression of optical torque on an induced
dipole by a general time-hamonic electromagnetic field can
be derived, as detailed in Appendix C based on the angular
momentum flux of the total field.

The dipolar torque Iy, attributed to the interaction between
induced electric dipole and incident field, can be decomposed
into different parts,

rp = [jpe + l-‘p,mix + rp,recoi1~ (14)

From the derivation in Appendix C, the torque component
purely dependent on the incident field is

LCipe = 0, (15)

the extinction torque component I'p iy, dependent on the
interference between incident and radiation fields, is analyt-
ically given

1
1-‘p,mix = zm{P* X Einc}’ (16)

and the recoil torque I'p, recoil, as a result of self-interaction of
the induced electric dipole, is

3
r recoil = —
P 12 e

The total optical torque for an induced electric dipole in a
general optical field can therefore be written as

3{p* x p}- 7)

3

12w gy

In the special case of an isotropic electric dipole as described
in Appendix A, one can easily relate the induced electric
dipole p to the incident electric field E;,, via the Mie polar-
izabilities, and therefore the optical torque can be written as a
function of polarizabilities and incident fields only, as

1
l-‘p =§m{p* X Eine} — S{p* X p}s (18)

6
Tp =5 @) = lailIs",
. (19)
s° =~ 3{Efe X Einc),
2
which indicates that the optical torque for an isotropic electric
dipole is proportional to the absorption cross section and the
local spin density of the incident electric field.
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The analytical expression of the optical torque for a mag-
netic dipole can be derived in a similar manner,

k3
osim* xm),  (20)
127

and in the case of an isotropic magnetic dipole,

1
I'n= Em{m* X oHine} —

I =i—’§[ﬂt(bl> — |b1]’1s™,
2D
s = % 3 {H;knc
As we can see from the above expressions, the total optical
torque on isotropic electric and magnetic dipoles derived from
the conservation of total AM does not contain the extrinsic
torque terms as in Refs. [5,17]. The transfer from spin to
torque is purely through absorption, and the only relevant
property of the incident field is its local spin angular momen-
tum even in the case of a complex incident optical field.

X Hinc}-

V. DIPOLAR TORQUE AND CONSERVATION LAWS FOR
SPIN AND ORBITAL PARTS OF THE ANGULAR
MOMENTUM

In this section, we follow the optical torque calculation
devised from the separate conservation laws for the spin
and orbital parts of angular momentum, first outlined in
Refs. [2,4], and we will see that after a careful derivation, their
sum will equal the total torque derived in the previous section.

The dipolar optical torque attributed to the spin angular
momentum flux I'* and the torque attributed to the orbital
angular momentum flux I'” can be calculated by integrating
the corresponding angular momentum flux as shown Egs. (5)
and (6). Based on this method, the spin and orbital torques of
a general electromagnetic field acting on an induced electric
dipole can be analytically derived as detailed in Appendix D,

-y Lo ,
iv,mix = Efﬁ{P x Einc} + md[(l’ : V)Hinc]’

r;,mix = _ZwSO%[(p ' V)Hi*nc]7
. (22)
lsa,recoil = _2471’80%(1)* X p),
3
p.recoil — _247'[80%([) X P)

Similarly, the “spin” and “orbital” optical torque of a
general electromagnetic field acting on an induced magnetic
dipole can be analytically derived as,

s MO o 1 N .
rﬁ,mix = ?E}l{m X Hinc} — %'Kg{(m . V)Einc}’

. 1 )

o =+, 3 VIEL), »

s k3M() ~ " ( )

m,recoil — ;s{m X m},

’ 247
ko ~ ok

rfn.,recoil = _mfxs{m X mj}.

By adding up both the spin and orbital angular momentum
flux contributions, the optical torque on an electromagnetic

dipole, described by an electric dipole moment p and a mag-
netic dipole moment m, is given as

1
l-‘p,mix = rls)’mix + I = Em{p* X Einc}’

p,mix

3

FPJECOH = ri) recoil + ;.recoil = S{p* X P},
12meg (24)
Mo o\
l—‘m,mix = rfn,mix + r;)n,mix = Tﬂl{m* X Hinc}’
Ko
rm,recoil = rin,recoil + rom,recoil = - 127 \S{m* X m}

The resulting total dipolar torque

rd =l-‘p,mix + rp,recoil + l-‘m,mix + 1-‘m,recoil
3

1 k Ko
2—9 * Ein — : * _g * Hin
3 H{p* X Einc} T2meq s{p* x p} + > t{m”™ x Hiyc}

(25)
agrees with the analytical expressions of dipolar torques
devised from total angular momentum flux. The “orbital”
optical torque on a source of combined electric and magnetic
dipole has the same structure as the extrinsic torque I'Y" in
Ref. [5], apart from a different coefficient. However, as it
can be seen, the difference means that this “extrinsic” type
of torque, which includes the “gradient torque,” is exactly
canceled when adding the spin and orbital angular momentum
contributions together.

VI. ON THE (NON) EXISTENCE OF “GRADIENT”
TORQUE

As discussed previously, Ref. [5] predicts the existence of
a gradient torque, i.e. an optical torque arises from a nonzero
gradient of helicity density and is depedent on the imaginary
part of the dipolar Mie coefficients JI(a;) and J(b;). The
existence of a gradient torque challenges our understanding
of the nature of optical torque. Conventionally, we know that
optical torque introduces a mechanical action on an object be-
ing either rotation around its own center or revolution around
a fixed reference point. However, it is difficult to interpret
what mechanical action the gradient torque introduces on the
object. We try to examine this with an electromagnetic field
designed such that there are no torques except for the gradient
torque, if it exists at all.

We consider the special case of an electromagnetic field
built up by the coherent interference of multiple N circularly
polarized plane waves with constant radial wave vector k, = k
and evenly distributed over the full 27 azimuthal directions
in the z = 0 plane. Each plane wave has an electric field
distribution E,(¢,) = (&, + iés)%exp{i(kév) - (p&€,)}, where
&(¢y) = —&4, =sin¢,&, —cos¢,&, and &,(¢,) = —€; are
the unit vectors for transverse magnetic (TM or p-) and trans-
verse electric (TE or s-) polarization, and €, = — cos ¢, &, —
sin ¢,&,. In the limit of infinitely many beams as N — oo, the
electromagnetic field built up can be analytically calculated as
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FIG. 1. (a) Gradient of helicity density of the designed optical field. (b) Total optical torque (unit Nm) on a dipolar particle with Mie
coefficient by = 0.969 — 0.173i in the designed optical field (£, = 1 V/m), based on the analytical results in Refs. [5,17]. (c) Optical torque
on the same particle calculated based on the numerical integration of total angular momentum flux; Analytical results of the optical torque
attributed to (d) the spin AM flux, (e) the orbital AM flux, and (f) the total AM flux.

2

Einc(pv ¢7 Z) = 5

[ép (¢v ) + lés (¢v )]EOCXP{lkP (év : ép )}d¢u

= &.EoJi(kp)sing — &,EnJ (kp)cos ¢ — & EgJo(kp),

Hinc(pv ¢3 Z) =

where Zy = +/o/ €0 is the impedance of free space.
This electromagnetic field has the following properties:

Einc X H»* =0,
S{E! . X Einc} =0, I{H. X Hipe} =0

mnc

27)
2

E
EmH&miﬂmm+&Mﬂ

Based on the analytical results in Ref. [5] as given in
Eq. (11), placing an isotropic magnetic dipole in the designed
optical field would introduce an optical torque arising only
from the gradient torque:

Iy =T + T}
=TIy
3 (28)
= ——As[(m V)HE?

1nc

O
= _4k Ag(bl)VJ{Emc HIHC}
Figure 1(b) shows the optical torque distribution based

on this analytical result where a dipolar particle with b; =

. .Eo . ~ .Eo ~ .Eo
—&,i—Ji(kp)sing + &,i—J(kp)cos ¢ + &;i—Jo(kp), (26)
Zo Zo Zo

(

0.969 — 0.173i is placed in the z = 0 plane of the designed
beam. Since I{H} . x Hi,} = 0, the instrinsic parts of both
the mixed and recoil dipolar torque are zero. The optical
torque shown in Fig. 1(b), calculated according to the expres-
sions on Ref. [5], has only an extrinsic part and depends on
J3(b1) and on the gradient of helicity density I{Ei,. - H; _} as
shown in Fig. 1(a). As a result, the analytical results of Ref. [5]
give rise to a radially oriented torque across the incident beam
in the z = 0 plane.

In order to test the existence of the gradient torque, we

first calculate the optical torque numerically by integrating
<>

the total angular momentum flux (M) =r x ( T ) over an
enclosed surface surrounding the particle. The numerically
calculated optical torque for the same dipole in the designed
beam is shown in Fig. 1(c), whose values are close to zero
(down to numerical errors) across the beam. On the other
hand, Figs. 1(d)-1(f) show the torque distributions attributed
to the spin, orbital and total AM fluxes based on our analytical
results given in Secs. V and IV. The numerically calculated
torque based on total angular momentum flux in Fig. 1(c)
does not show the radially oriented gradient torque across
the incident beam as predicted by by Ref. [5]. Instead, it
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agrees well with the intrinsic torque in Fig. 1(f) which is null
and dependent on local spin den51ty S3{H* x H} = 0. This
gradient torque structure does show up in the spin and orbital
parts of the torque as in Figs. 1(d)-1(f). However, as discussed
previously, the spin and orbital parts of the torque exactly
cancel each other, leading to a null total optical torque.

VII. ANALYTICAL EXPRESSION OF THE ISOTROPIC
QUADRUPOLAR OPTICAL TORQUE

Given the electric quadrupole moment 6)‘“', the corre-
sponding radiation field Eqg. and Hq. can be analytically
calculated, as expressed in Appendix B. Knowing the to-
tal electromagnetic field Ei = Eipc + Eqe and Hygy = Hjpe +
Hg., the analytical expression of optical torque on an induced
quadrupole by a general time-hamonic electromagnetic field
can be derived, as detailed in Appendix E based on the angular
momentum flux of the total field.

The quadrupolar torque T'q. and Tqn, attributed to
the interaction between an induced electric and magnetic
quadrupole in an isotropic Mie particle and a general elec-
tromagnetic field, can be analytically expressed as

In previous literature, the local EM field spin densities s°
and s™ are often used to indicate the orientation of the optical
torque [5,17,19,20]. Just like the dipolar case, the optical
torque acting on a quadrupole is proportional to the corre-
sponding quadrupolar absorption cross sections R{a,} — |as|?
and R{b,} — |b2|>. However, the relevant physical properties
of the incident beam is not the spin densities of the EM field
s® and s™, but rather the spin densities of the EM field gradient
s and s%™. As a result, simply using the local EM field spin
densities can give rise to wrong predictions on the orientation
and magnitude of optical torque.

The EM field spin vectors {s®, s™} and the EM field gra-
dient spin vectors {s%, s¢™} can, perhaps unintuitively, show
very different behaviours, including having opposite orienta-
tions. This can be shown through examples. In the remaining
of this section, we will illustrate the differences in the very
simple case of two-wave interference [21], but differences will
appear in any general structured EM field.

The EM field, built up by two free-propagating plane waves
along the wave vectors k| = k&, + k.€, and k, = —k, €, +
k;€., can be described in the transverse magnetic (p—) and
transverse electric (s—) polarization basis,

1207
Toe = —5—[9H{az} — lax 1%,
oo 120n , e (29) E| = (EJ&) + E}&))exp(ikx + ik.2),
Qm = Riba) = [b2Fls E, = (EJ&) + E3&5)expligy — ikx + ik:2),
where H k; E H k, E
= 3 2y(pe xpe), Tz N R Tz T @1
6
U=x,y,2 where
Qm _ Ko~ fpm+ « pm N Ck
=) 3D <Dy, =0, §=—8, =8 x L, &= x 2,
u=x.y, k k
Y2 (30)
<> <>
DLC, = Z év[,Z)e ]uvv D:l = Z év[Dm]uvs
v=x,9.2 v=xy.2 Here we focus on the field properties that are related to the
PEN E, + ,E, <> a,H, + 9,H, optical torque in dipoles and quadrupoles. The field spin s™
[D° ) = — (D" = — [as given in Eq. (21)] and the field gradient spin s%™ [as given
in Eq. (30)] are evaluated on the z = O plane:
m k x€0 D* s D¥ s kXSO px sk P
» S{EIE} — EVEs} + ——S{(E["E5 + E}*E})exp(igo — 2ikx)},
2k k,
sy = 2 60 ——3{E*ESexp(ipy — 2ikx)},
k k;
m = ZON(EPE 4+ EPES) + 0S| (ESEY — EPFES)explipy — 2ike0)},
Kok ) k(R —R)e ) (32)
s — 2‘90 S{E/"E} — EV'E5 | + ( ok Jeoy S{(E{"E; + EJ*EY)exp(ipo — 2ikex)},
ke ik, (k> — ke kek e
s.‘(,2m === Z(3Zk2 ) OS{Ef*Ezsexp(igoo — 2ikex)} + TZO S{EP*EYexp(ipy — 2ikex)},
k.k k. (k? — 3k2)e
s = 28 CX{EPE; + EVES) + (Tk)o {(E}*EL — EI*E$)expligy — 2ikex)).

For an induced magnetic dipole with Mie coefficient b,
in such a field, an optical torque I'y, = %’[fﬁ(bl) — b *]s™

(

will be exerted on the Mie particle. For an induced magnetic
quadrupole with Mie coefficient b, in such a field, an optical
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(a). Iy, s-polarised two wave interference
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(c). Tqm,y, s-polarised two wave interference
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(b). Ty, p-polarised two wave interference
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(d). Tqm,y, p-polarised two wave interference
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FIG. 2. Optical torques on an induced magnetic dipole and magnetic quadrupole (with equal Mie coeffcients by = b, = 0.802 — 0.0471)
in an electromagnetic field formed by two-wave interference, at varying x and incident angles 6;,. The y component of the optical torque I'y,
(N'm) on a pure magnetic dipole in the EM field formed by (a) two s-polarized plane waves (E{ = E; = 1 V/m) and (b) two p-polarized plane
waves (E{ = E5 =1 V/m); The y component of the optical torque on a pure magnetic quadrupole I'gp , in the EM field formed by (c) two
s-polarized plane waves and (d) two p-polarized plane waves; Illustrations of two-wave interference by (e) purely s-polarized plane waves and

(f) purely p-polarized plane waves.

torque Tom = 2 [R{by} — |b|*]s™ is exerted on the Mie
particle.

In Figs. 2 and 3, we show a magnetic dipole and a magnetic
quadrupole with equal Mie coefficients b; = b, = 0.802 —
0.047i in three types of EM field built up by two-wave

(a). l-‘m,y
1 s 6.6e-33
< ;
®° P’ 0
-6.6e-33
10 20 30 40 50 60 70 80 90
Oin(degree)
(c). er,y
1 —
3.0e-32
| —
<
————
-1 -3.0e-32

10 20 30 40 50 60 70 80 90
6 (degree)

interference: purely p-polarized plane waves (E/ = E} =1
V/m, corresponding to an intensity of 1.3 x 1073 W/m? in a
single beam), purely s-polarized plane waves (Ej = E5 =1
V/m), and circularly polarized plane waves with the same
helicity (Ef = E5 =1V/m, E} = E; =i V/m).

(b). Ty 2
1 2.6e-32
So 0
)
- ‘ e -2.6e-32
10 20 30 40 50 60 70 80 90
Oin(degree)
(d)- er,z
1 — 3.8e-32
Zo0 0
R
Al -3.8e-32

10 20 30 40 50 60 70 80 90
Oin(degree)

FIG. 3. Nonzero components of optical torque on an induced magnetic dipole and magnetic quadrupole (with equal Mie coeffcients b, =
by = 0.802 — 0.047i), at varying x and incident angles 6,,, in an electromagnetic field formed by two circularly polarized plane waves (E{ =
El =1V/m, E{ = E; =i V/m). (a) y component of the optical torque I', , on a pure magnetic dipole; (b) z component of the optical torque
I'm . on a pure magnetic dipole; (¢) y component of the optical torque I'gm , on a pure magnetic quadrupole; (d) z component of the optical

torque I'gm ; on a pure magnetic quadrupole.
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The differences between the field spin vector s™ and the
field gradient spin vector s%™ are shown in Eq. (32) and clearly
illustrated in Fig. 2. From Eq. (32), we can clearly see that the
electromagnetic field, built up by two purely TE (s-) polarized
plane waves, introduces both a transverse spin in the magnetic
field s§' and a transverse spin in the magnetic field gradient
sgm. As can be seen from Eq. (32), both the transverse spins of
the magnetic field s;“ and magnetic field gradient s?m are gen-
erated via the interference effect I{E*Ejexp(ipy — 2ikx)}.
However, the transverse spins of the magnetic field and field
gradient are strongly dependent on how the interfering elec-
tromagnetic field is structured. In the two-wave interference
cases, the structure of the resulting electromagnetic field is
dependent on the incidence angle 6;, (following the rela-
tions that k, = ksin6;, and k, = kcos6;,). We can see from
Eq. (32) that the transverse spin of the magnetic field has a
dependence of k,k_, while the transverse spin of the magnetic
field gradient has a dependence of k,k, (kz2 — kf). kyk, does not
change sign with incidence angle 6;, varying from 0° to 90°,
but kck, (k? — k2) will change sign around 6;, = 45°. Exactly
at 45° when (k? — k2) = 0, the transverse spin of the mag-
netic field gradient s is zero everywhere, regardless of the
interference effect. As a result, the interfering electromagnetic
field will exert a transverse optical torque (proportional to the
field spin s§') on an isotropic magnetic dipole, as well as a
transverse torque (proportional to the field gradient spin sSm)
on an isotropic magnetic quadrupole. However, as shown in
Figs. 2(a) and 2(c), the optical torque acting on a magnetic
quadrupole I'gn,, has a different dependence on incidence
angle 6, from its dipolar counterpart I'y, ,. The different
torques can be expressed analytically, together with their
ratio, as

2kxk180 ~
— S

6
Py = 25 ) = 101115

x {EfEsexpligy — 2ik.x)},
1207 2kk, (k2 — k?)eo
Famy = —5—[9{b2} = |bz|2]%s
x |E{*Esexp(igy — 2ikox)),
Tomy 20 [%(by) — [bo]?] (K2 — k7)

(33)

Tpy 3 [R(b1) —012] K2

When 6, is below 45°, the torque on a magnetic
quadrupole I'gn , and the dipolar torque I'y, , are in phase,
as (k? —kf)/(kz) > 0. Above 45°, the torque on a mag-
netic quadrupole I'gn,, and the dipolar torque I'y, , are out
of phase, as (k7 — k7)/(k*) < 0. In other words, the optical
torque acting on a magnetic quadrupole points along the
opposite orientation of the local magnetic field spin vector
s™. If one uses the local field spin vector s™ to indicate
the orientation of the optical torque, this result might seem
counter-intuitive and be interpreted as a “negative” torque
[5,17,19,20]. However, as we demonstrated, this counter-
intuitive impression is due to the fact that the field spin
vector should not be used to predict the orientation of a
quadrupolar torque in the first place. Instead, the quadrupolar
torque is always aligned with the field gradient spin vector

as the absorption cross section is always a positive value for
an absorbing isotropic Mie particle, and thus a “positive”
torque.

The difference between dipolar and quadrupolar torque is
even starker in the case of an electromagnetic field built up
by two purely TM (p-) polarized plane waves. This type of
electromagnetic field does not have any magnetic field spin
as indicated in Eq. (32). As a result, it does not introduce
optical torque on an isotropic magnetic dipole as shown in
Fig. 2(b). However, a transverse spin of magnetic field gradi-
ent exists in the same electromagnetic field, and can introduce
a strong optical torque to a magnetic quadrupole as shown
in Fig. 2(d). Again this result argues against the use of local
field spin vector to indicate optical torque on an object beyond
the dipolar approximation, especially in a general structured
electromagnetic field. It is also very interesting to notice from
Figs. 2(a) and 2(d) the remarkable similarity between the
dipolar torque I'y, , for s-polarized two-wave interference and
the quadrupolar torque 'y, for p-polarized two-wave inter-
ference, as they have the same incidence angle dependence of
(kyk).

In Fig. 3, we study an electromagnetic field set up by the
interference of two circularly polarized plane waves (E/ =
Ey =1V/m, E{ = E; =i V/m). For this specific interfering
electromagnetic field, the spin properties can also be described
from Eq. (32). We can see that the x components of both the
field and field gradient spin are zero. The transverse spin of the
magnetic field is only dependent on the s-polarization compo-
nents of each wave, while the transverse spin of the magnetic
field gradient is dependent on both polarization components.
As discussed earlier, the transverse spin of the magnetic field
gradient in p polarized two-wave interference has the inci-
dence angle dependence of (k.k;), while the transverse spin
of the magnetic field gradient in s polarized two-wave in-
terference has a dependence of k.k.(k? — k?). Adding these
two together will lead to an overall weaker transverse spin
SSm for incidence angles above 45° and a shift of zero s?m
angle to around 52° in this specific case, as can been seen
in Fig. 3(c). The two types of EM field based on purely
p-polarized or purely s-polarized two-wave interference don’t
exhibit net spin densities when integrating the spin densities in
either x = 0, y = 0 or z = 0 plane. This can be easily derived
from Eq. (32) for these two cases and clearly shown in Fig. 2.
However, for the circularly polarized two wave interference,
there is a net nonzero spin density along the z direction when
integrating the spin of the EM field or field gradient in the
z =0 plane. The z component of the optical torque on a
magnetic dipole 'y, ; shows the interference fringe pattern
along x, but none of its values is negative. Only positive values
of torque are seen, aligned with the net magnetic field spin
density of the incident waves along the z direction, as shown
in Fig. 3(b). Meanwhile, the z component of the optical torque
I"gm,; on a magnetic quadrupole shows locally negative values
compared to the net magnetic field spin density along z direc-
tion as shown in Fig. 3(d). They might be rightly interpreted
as ‘negative’ torques, with reference to the net spin densities
of the magnetic field gradient integrated across the entire
z = 0 plane. Yet when referred to the magnetic field gradient
spin vector, they are still positive torques for any absorbing
isotropic Mie particle.

125424-9



WEI AND RODRIGUEZ-FORTUNO

PHYSICAL REVIEW B 105, 125424 (2022)

The results in Figs. 2 and 3 have also been verified
using numerical integration of the total angular momen-
tum flux, and agree with the results of our analytical
expressions.

VIII. CONCLUSIONS

In this report, we study the optical torque acting on
an induced multipole in an isotropic Mie particle and
a time harmonic general (inhomogeneous) electromagnetic
field.

We first try to address the confusion on the ‘extrinsic’
part of the dipolar torque present in Refs. [4,5], including the
prediction of a torque that is dependent on the gradient of
helicity density. With detailed calculations in the appendices,
we rederive the analytical expressions of the dipolar torque
in a general electromagnetic field by exploring the separate
conservation laws of the total, spin and orbital angular mo-
menta, a method proposed by Refs. [4,5]. We prove that the
‘gradient’ torque does not exist in an isotropic dipole. Though
the “extrinsic” type of terms exist in the analytical expressions
of dipolar torque attributed separately to the spin and orbital
parts of the angular momentum, they cancel exactly with each
other in the total dipolar torque.

In the second part of the work, we derive the analyti-
cal expression of the optical torque acting on an isotropic
electromagnetic quadrupole in a general (inhomogeneous)
electromagnetic field. With the analytical result, we show
that the quadrupolar torque on an isotropic Mie particle is
still proportional to the absorption cross section, confirming
the transfer of the angular momentum to mechanical action
through absorption. However, the relevant physical property
of the incident beam that must be used to indicate the orienta-
tion of the optical torque is not the spin of the electromagnetic
field, but the spin of the EM field gradient. Using the two-
wave interference as an example, we show that there are
significant differences between the spin of the electromagnetic
field and the spin of the electromagnetic field gradient. As
a result, simply using the local EM field spin can give rise
to wrong predictions on the orientation of optical torque on
large particles with strong quadrupole resonance. We show
that an extraordinary transverse spin of the magnetic field
gradient appears in a field formed by purely TM-polarized
two wave interference, even though the magnetic field spin is
zero. Furthermore, some of the nonintuitive negative torque
that arises in the two-wave interference is often due to an
incorrect interpretation of the physical properties related to the
optical torque acting on a quadrupole and other higher-order
multipoles.

Considering the growing interest from the nanophotonics
community on studying and understanding the mechanical
interaction between structured light and structured materials,
we felt the need to address some discrepancies in the lit-
erature. By using consistency checks, double-checking our
results using different methods, and scrutinizing our ex-
pressions via examples, we have produced what we feel
are trusty analytical expressions, which we hope serve the
community as much as it served us to clear up some
confusions and improve our understanding of the role of

angular momentum in the mechanical interaction of light
with matter.
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APPENDIX A: INDUCED DIPOLE AND QUADRUPOLE
MOMENTS IN ISOTROPIC MIE PARTICLES

For an isotropic Mie particle, the polarizabilities for elec-
tric dipole «., magnetic dipole oy, electric quadrupole o,
and magnetic quadrupole agm are defined by the correspond-
ing Mie coefficients as follows:

b 6
o = lﬁ&gal, Uy = lﬁbl,
1207 1207
AQe = ITS()CIQ, aQm = ZT[?Z.

The induced electric and magnetic dipole moments are vectors
determined by the EM dipole polarizabilities and the incident
EM field:

p = @cEine, m = o, Hipc. (AD)
The induced electric and magnetic quadrupole moments are

tensors determined by the EM quadrupole polarizabilities and
the incident EM field and the field gradients [22-24]:

‘6% = aQe<5>°, 6)“1 = an%)m, (A2)
where
Te _ V ® Eine + Eine ®V’
T _ V ® Hinc i Hi, ® V e
7 .

APPENDIX B: RADIATION FIELDS OF
ELECTROMAGNETIC DIPOLE AND QUADRUPOLE

Knowing the electromagnetic dipole and quadrupole mo-
ments, the corresponding radiation fields can be analytically
expressed [25]. The radiation fields of the dipoles are ex-
pressed as

K
E,=—(G“ p)
0]
H, = —ikeoV x (G 2 - p) = —ikeo(g
p = —ikcoV x (G “ - p) = —ikco(g” x p), B
'k 'k
Em:l—Vx(%>d~m):—(gd x m),
Coéo Co€o
H, = (G m),
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where

(B2)

with T) being the 3-by-3 identity tensor.
The radiation fields of the quadrupoles are expressed as

k2<—>
EQe—EO Q.(Qc-)l,

<> <> <>
Hoe = —ikcgV x [ G - (Q ¢ - )] = —ikeo[g? x (Q - 1)1, B3)

ik <> < ik <>
Egn=—Vx[G2-(Q™ )] =—I[g*x(Q
Co€0 Co€o

Hon = (G2 (Q™ ),

go_l(__ 3z+ 6 6 Ny 8 15 1S5 o ike!”
N kr2 ' (kr)? kr  (kr)?  (kr)? 24mr’

i1+ 3i 3 kZelkr
g° kr (ke | 24nr

where

(B4)

APPENDIX C: DERIVATION OF THE ANALYTICAL DIPOLAR TORQUE

In this section, we will outline the main derivation steps for the analytical expressions of optical torque I', on an electric
dipole in a general electromagnetic field. Assume an isotropic Mie particle is placed at the origin ry. As shown in Eq. (13), the
total optical torque be calculated by integerating the total angular momentum over an enclosed spherical surface surrounding the
object,

2 > 2
/ / rx (( T)-n)r?sinfdode, —‘h/ / (ri) x Etot(Etm n)+ Hm[(H ot n)}r sin 0dOd¢, (C1)

where r = r' — ro = rii, r’ denotes a point on the spherical surface, r is the radius of the spherical surface and # is the outward
unit vector normal to the surface, i = £ = n.&, + n,&, + n,&; (n, = siné cos ¢, n, = sin @ sin ¢ and n, = cos 6). Here we only
consider the torque contributed by the induced electric dipole and the incident field so that Ei(r') = Ein.(r') + E,(r') and
Hio (r') = Hipo (r') + H,(r'). The analytical expressions of optical torque on an electric dipole can be derived based on the
knowledge that the radiation field of an induced electric dipole can be analytically expression as in Appendixes A and B.

The optical torque I'p, attributed to the interaction between the induced electric dipole and incident EM field, can be
decomposed into different parts as shown in Eq. (13) and Eq. (14), namely the torque component purely dependent on incident
EM field,

0 r3 2 T o I"3 2 4
I = TER/ / (0 x Eip)(E} . - 1) sin0d0d¢ + TS{/ / (0 x Hino)(H - 1) sin 0dOd ¢, (C2)
o Jo o Jo
the extinction torque I', mix dependent on the interference between incident and radiation fields

_“o

21 2
Tpmix = 2r R / / (A % Einc)(E} - ) sin0d6d¢p + TJ‘ / / (A x Ep)(E}, - A)sin0d0d¢

Hor tor?

2
1oy, / (A x Hipe)(H: - ) sin 0d0d¢ +
0 0

2w
5 RN / / (A x Hy)(H;, - )sin0d0d¢,  (C3)

and the recoil torque I'p, recoil as a result of self-interaction of the induced electric dipole

3 3

r o’ [T E,)(E*
p.recoil = ) (nX p)(E n)sm9d9d¢+

2 b4
ER/ / (n x Hp)(H; - ) sin 0dOd¢. (C4)
0 0
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Due to the fact that the angular momenta of the incident, radiation and total fields are separately conserved quantities, the
corresponding contributions to the dipolar torque can be calculated independent of the radius of the enclosed surface,

I, = rlggo I(r) = ll_I)I(l) (),

Tipe = rliglo LCine(r) = }gl(l) Line (7),

) ) (Cs)
rp,recoil = rllg;lo rp,recoil(r) = }I_I)I'(l) rp,recoil(r)»
l-‘p,mix = rll>no]o l-‘p,mix(r) = 11_13}) rp,mix(r)v
It follows from Eqgs. (B1) and (B2) that
H: -5 =0. (C6)
It is thus easy to prove that
3 2
Hor™ . % AN -
TER/ / (n x Him)(Hp -fi)sin0dBd¢ = 0,
o Jo 7

Mof”3
2

2 b4
ﬁn/ / (f x Hy)(H}, - 0) sin 0d6d$ = 0.
0 0

In the small r limit that » — 0, we can approximate the incident electric field on the integration spherical surface, to the first
order as

Einc(r') ® Eg + r(fi - V)Eo,

(C8)
Hine(r') ~ Ho + r(fi - V)H,
where EO = Einc (l’()) and H() = Hinc (l‘()).
The optical torque component Iy, attributed purely to the incident EM field can be proven to be zero as follows:
2 M0r3 2 b4
Line = hm —‘h/ / (@ x Ein)(E}, - 5 SR/ / (h x Hino)(HS, - 1) sin 0dOd ¢
o Jo
3 2w b4
eor N N . Mor ~ ® AN o
=1 H(l) T‘R/ / (h x Eg)(E, - ) sin0d0d¢ + hrr(l) 9%/ / (fh x Hyp)(Hj - h) sin0d0d¢
r— 0 r= 0 0

=0. (C9)

We then calculate the remaining nonzero terms of I',. The following properties related to i have been used in the derivations:

2 b4
/ / ny sin 0dOde = 0,
0 0

2 T
4
/ / nay $in 0dOdd = —=5,, (C10)
0 0 3

2 T
/ / nn,n, sin 0dode¢ = 0,
0 0

2 b4
/ / nin,nyn, sin0dode = 0, except
o Jo

and

27 T
4
/ /(nu)4sin9d9d¢=—n, (C11)
o Jo 5

2 T 47t
/ / (n,)*(ny)? sin0dBdp = —, u # v.

It follows from Egs. (B1) and (B2) that

KRe T2 2
B f— 2 ), C12
p 1 47t80r|: +(kr)2i|(p ) (€12)
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and using aforementioned properties of fi, we can derive that

k2 —ikr |:2l 2

o+ W}(p i) sin 0d0d¢

2w 2
l1m —‘R/ / (n x EmC)(E* M) sin6dfd¢ = hm —‘h/ / (0 X Ejpe)——

47'[80}"

2 —ikr
- limfﬁ/ / (At % Eine)—— [ikr + 1]1(p* - f) sin 0dOd
0 0 4

r—0

1 2 b4
= —E)‘L/ / (i x Eg)(p* - 1) sin0dOd ¢
47 0 0

1

(C13)
It follows from Eqgs. (B1) and (B2) that
K2ekr i 1
hx E, = 1+ — — —— |( , Cl4
xS 47180r|: T (kr)2:|(nXp) (€14
and using aforementioned properties of fi, we can derive that
80 2
li 1 i/ / (0 x E,)(E; - fi)sin0d0d¢
= lim W S0 o / : / el | L (f x p)(E"._ - ) sin0dOd
B 4 eor kr (k )2 P){Einc
o (C15)
= lim 9t / / (k2r2 + ikr — 1)( x p)(Ef, - f)sin0dOd¢
I R % A
=——MN (n x p)(E, - i) sin0d0d¢
8 0 0
1%{ * x Eo}
= - X .
6 P 0
It follows from Eqgs. (B1) and (B2) that
R —ikcoe™ T . 7. .
0 xH, =———|ik— - [[A x (A x p)], (C16)
4y r
it is easy to prove that
Ko m
lg% —‘R/ / (0 x Hy)(H; . - 7) sin 0dOd ¢
T N —zkcoe . 1] . . o s
= hrr(l) N — ik — - [n x (f x p)I(H;,, - h)sin0dOd¢
2 MOCO kr
= 1in% N / / (kP + ikr)[h x (A x p)](H}, - ) sin0dOd¢
=0. (C17)
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The last nonzero term contributing to the electric dipolar torque is the so called ‘recoil’ torque. Using the relations of (f x E;)
and (E’l; - i) just derived, we can arrive at the analytical expression of I'p recoit:

80}’3 2 . .
Tyt = Jim 2251 / / (B x E,)(E? - ) sin 0d0d¢p
2 2 ikr . 2 —ikr .
gor ke i ke 2i 2
= lim —N — i _— 0dod
Am / / 47180r|: kr (kr )2}( P) eor [ + (kr)2i|(p f)sinfdodg
2
_ / / K8 x pl(p* - ) sin 0d0d¢ (C18)
0 1672¢
_ 5 ik3 47'({ |
T 16w P’ xPp
k3
- 12n80\g{p X Pl

The analytical expression of optical torque corresponding to an induced electric dipole of a particle positioned in a general
electromagnetic field is thus derived from the total angular momentum flux method. The analytical expression of a magnetic
dipole torque can be easily derived in a similar manner. Both analytical expressions can be given as

k3
127wo«s{p x p}

1
:zfﬁ{p* x Eo} —
3

121 e
3

1
IEER{P* X Einc} - 3{p* X p},
0

(C19)
Ho I{m* x m}
127

3

k Mo
——3{m* x m}.
4

1
| I =§.‘R{m* x poHo} —

1
= _9{{m S /'L()Hmc}

For a combined electric and magnetic dipole, additional terms due to the interference of the electric and magnetic dipole
could arise. However, these are shown to be zero, following Eq. (B1), Eq. (B2), and the aforementioned properties of i, it is easy
to prove that

Sor3 3

2 T 2 b4
Fpm ccoit = —— / / (A x E,)(E, - #)sin 0d0d¢ + S"Trm / / (i x E)(E! - ) sin0d6dg
0 0 0

8()]"3 3

2w b4 sor 2 b4
+ T%/ / (f x Hy)(HZ, - 1) sin 0d6d ¢ + TSH/ / (A x Hy)(H - A) sin 0d0dp
0 0

2 3 2 T
= lim 8—91 / / (fi x En)(E} - 8)sin 0d6de + lim ‘?‘)Trm / / (A x H,)(H, - 1) sin 0d0d
0 0

r—00 r—00
=0. (C20)
To summarize, the dipolar optical torque in a general electromagnetic field can be expressed as

I, =T,+T,. (c21)

APPENDIX D: DERIVATION OF THE ANALYTICAL “SPIN” AND “ORBITAL” DIPOLAR TORQUE

In this section, a brief derivation of the optical torque acting on an electric dipole using the spin and orbital angular momentum
flux method is shown, and the optical torque acting on a magnetic dipole can be derived in a similar way. The optical torque

attributed to the spin angular momentum flux ( M *) can be derived by integrating the SAM flux over a spherical surface with
the object at its center as defined in previous section,

2
/ / (M n)r sin0dOd¢,

2
/ / \S{Etol(Hmt n) + Htot(Etot : ﬁ) - (Etot mt)n}r S1n9d0d¢ (Dl)
0
where Eqo(r') = Eine(r') + Ep(l’/) and Hig (r') = Hipe (r') + Hp(r,)~
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The SAM related torque on an electric dipole I';) can also be separated into three parts,

r - rlsnc + r; mix + l-‘p recoil ? (D2)
where T depends purely on the incident field,
2
/ / 2B - ) + H (B ) — (Bye - )2 sin 00d. (D3)
Is relies on the interference between the incident and radiation field,

p,mix

2
p mix / / J{Emc(H* n)+E,(H; . - /) +H; (E,-n)+ H*(Elnc ) — (Einc H* +E; Hl”‘nc)n}r2 sin 0d6d¢,
(D4)

while I} . is attributed to the radiation field only,
2m 1
T} recoil = /0 /o %S{EP(H; -h) + H (E, - h) — (E, - H;)ﬁ}r2 sin0dfdé¢. (D3)

Due to the fact that the spin angular momenta of the incident, radiation and total fields are separately conserved quantities,
the corresponding contributions to the dipolar torque can be calculated independent of the radius of the enclosed surface,

l"s = lirn r p(r) = lim r (1),
r; = l1m r (r)= l1mF (r),

. (Do)
r p.recoil — hm rp recoil(r) - hm l-‘p recoil(r)’
F; mix hm I‘; mix(F) = hm 1"; mix (F)-

In the small r limit that » — 0, using the approximation that E;,.(r') &~ Eg + r(i - V)Eg and Hy,.(r') ~ Hy + (i1 - V)H), it
is easy to prove that the optical torque component I'j _ attributed purely to the incident field is zero:

2
;.= hm / —{Einc(H, - 1) + HY  (Eipc - 1) — (Eipe - HY, * ii}r? sin 0dodo

2
— lim 2 / / 5 S{Eo(H; - ) + Hi(Eo - &) — (Eo - H)A] sin 06y (D7)
0

r—0

The various components of I') .. can be derived following a similar method as in the previous section, using the dipolar
radiation field properties in Eqs. (B1) and (B2), the aforementioned integration properties of the unit vector fi, and the
approximation of the incident field in the small r limit Ej (r') ~ Eq + r(fi - V)Ey and Hy,.(r') = Ho + r(fi - V)Hy. Their
analytical results are listed below:

2
/ / (Einc(H - )} sin 0d0dg = 0, (D8)

21 2
lim / 5= MH; (B - )} sin0d0dg = 3 / / —(n x p*)(Ep - n)}sm@d@dq)
r—0 w 1 (D9)

- x E

27 T 1 6 p27r O}
lim / —3{—(Eine - H)AY sin 0d6dp = 3 / / LG8 x p*) - Bl }sin9d9d¢
r=0 Jo 0 2w (Dl())

= —m{P* x Eo},

2 T 2 T _
lim / — B (H:, - 1)} sin0dOdg = 3 / / {[(A- V)H:] - A}psin0dOdep
r=0 /o 0 2w 0 0 SJTCL)S()

2 b4 3
+ ?9/ / {[(d - V)H] - f}(i - p)itsin 0dOd ¢
Snwso

2
_\s/ / {[(@ - V)H;] - a}(h - p)itsin 0dOd ¢
8mwey
= —‘ﬁ{p x Eo} + —d{(p V)H}, (D11)
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2 2w 1
lim / me{Hl*nc(Ep )} sin0dode = 3 / / { (A-p)l(a- V)Hg’;]} sin0dod¢
r—0 0 0 47‘[&)80

(D12)
= S{p - V)Ho}
2 27r
lim / —3{—(E, - H;, )h}r? sin0d0d¢ = \s/ / { {[(a- V)H] - p}ﬁ} sin6dOd¢
r—0 Sna)so
2
\3/ / {[(a - V)H{] - fi}(fh - p)it sin 6dOd ¢
Sna)so
= —Eh(p x Eo) + —o[(p V)Hg]
- {Eiﬁ(p* x Eo) + < mv[(P V)Hg ]} (D13)
From the above results, we can get the analytical expression for I'y .
1 1
L ix = =0H{p" X Einc} + S{(p - VH;, ). (D14)
P 2 2weg

Similarly, the various components of I'} .., can be derived using the dipolar radiation field properties in Eq. (B1) and

Eq. (B2) and the aforementioned integration properties of the unit vector fi in the large r limit as » — oo,

2w 1
lim / —(H:(E, - )} sin0d6d = 0,
r—o0 [ 0 2w

(D15)
2 T 1

/ / —{E,(H: - fi)}r* sin0d0d¢ = 0,

o Jo 2w P

r—oo [ 327’[280

2 T 2 T k3
lim / —3{—(E, - H)a}Y? sin9d9d¢=s/ / {— [(ﬁxp*)-p]ﬁ}sin9d9d¢
0 2o o Jo
3

k
- S{p* x pl, D16
Tl AR (D16)

and we can get the analytical expression for I'y .. as

3
s K o

I‘p.recoil = - 247'[280 \‘5{p

The optical torque on an electric dipole attributed to the orbital angular momentum flux can be calculated from

2 T
r”:/ /((M")~ﬁ)r23in9d9d¢>,

2
/ / 2 MEG(H - ) + HY (B 1)} 2 sin 0d0de

x p}. (D17)

2
/ / —3{[(rf x V) @ EX, ] x Hyo(} - fir? sin 0dOd ¢

2
/ / —3{[(rf x V) ® Hi] x Ef,} - ir? sin0dOd . (D18)

In the following derivation, both expressions of V in the Cartesian and spherical coordinates are applied such that
. R . N L, 0 90 0
M xV=r@n, +e&n,+&n)x|(&—+&_—+¢&_—
o "0, 0,
=rtxV
o——. (D19)
The OAM related torque on an electric dipole I'] can be separated into three parts,

ro = r?nc + r; mix + rp recoil ? (DZO)
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where I'? . depends purely on the incident field,

2 T
—1 .
1-‘fnc / / _S{Emc(H;knc n) + HTnc(Elnc ﬁ)}r2 s 9d9d¢
2
/ / —3{[(rf x V) ® Ef, ] x Hiye} - ir? sin 0dOd

2
+/ / 4—?5{[(rﬁ X V) ® Hj,] X EZ‘HC} fir? sin 6dodo, (D21)
0 0 “w

I’} mix relies on the interference between the incident and radiation field,
2m
| B / / +—{Einc(H,, - ) + Hy (Eine - ) + E,(Hi, - ) + HE, (E, - f1)}r? sin 0d0d ¢
2
/ / {[m x V)QE; 1 xH, +[(M x V) ® Eg] X Hine} - ir? sin 0d0d ¢

2
/ / {[ x V) @ Hp] x E; . + [ x V) ® Hijc] x E;} -fr?sindod e, (D22)

while I'] .. is attributed to the radiation field only,

) 2 -1 N . . . ) 2 T N . . . )
I recoil = /0 /0 @;S{Ep(Hp -h) + Hp(Ep -1)}r? sin0dOd¢ + /0 /) @‘J{[(Vﬂ x V)® Ep] x Hp} - fir? sin0dod¢

2 b4
1
+/ / —3{[(rh x V) @ Hp] x Ef} - ir?sin0dodé. (D23)
0 0 4w
Due to the fact that the orbital angular momenta of the incident, radiation and total fields are separately conserved quantities,
the corresponding contributions to the dipolar torque can be calculated independent of the radius of the enclosed surface,
= lim o) = lim I‘g(r),

| hm re (r)= hm e (r),

mc mc mc
) ] ) (D24)
1-‘p,recoil = rlig)lo rp,recoil(r) = hm rp,recoil(r)’
rg mix rlingo r;,mix(r) - hn(l) r[U) mlx(r)
In the small 7 limit that » — 0, using the approximation that Ey,.(r') = Eg + r(ii - V)Eq and H;,.(r") =~ Hy + r(fi - V)H, it
is easy to prove that the optical torque component I’} . attributed purely to the incident field is zero:

2 T
-1
r?. = limr? / / ES{Eo(Hg-ﬁ)+H;(Eo.ﬁ)}sinedeaz¢
0 0

r—0

2 T 1
+ lim r2/ / A x V) E}] x Ho} - isin0dod¢
0 0 “w

r—0

r—0

2 T 1
+ lim rz/ / 4—w;“s{[(rﬁ x V) ® Hy] x Ej} - isin0d0d¢,
0 0

—0. (D25)

The various components of I' .. can be derived as follows. First of all, using the analytical expressions of integrals developed

when deriving T} ., one can easily arrive at the result that

2w
/ / — 3{Eine(H}, - ) + H} (Eine - ) + E,(H, - h) + HG, (E, - )} sin0d0d
2 _
= 113(1) / ES{H;(EHIC -0) + E,(H, - 1) + H (E, - 2)}r” sin0d0d ¢

4
= _—n{p x B} — \s{(p V)HZ}, (D26)
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Using the dipolar radiation field properties in Eqs. (B1) and (B2) and the aforementioned integration properties of the unit
vector fi, one can arrive at the following result:

2
lim / —3{[(rf x V) ® E, ] x H,} - ir’ sin 0d0d ¢

r—0

2
= lim ms/ / —{[(rn x V)®E; .1 x (i x p)} - fisin0dO0d¢

r—0

(D27)

Using the dipolar radiation field properties in Egs. (B1) and (B2), the aforementioned integration properties of the unit vector
i, and the approximation of the incident field in the small r limit E;,.(r') = Eq + r(i - V)E and Hj,.(r") ~ Hy + r(fi - V)H),
one can derive that

2
lim / S{[(rA x V) ® E*] X Hipe} - fir? sin 0dod¢

r—0

2
= %/ / BE_ (i x V) @ [(p" - )]} x Ho) - fisin §d6dep
0 0 167TCL)8()

2
+ts~/ / 3 {{(rA x V) @ [(p* - MA]} x [(A - V)Ho]} - fisin 0dOde
0 0 167'[(1)8()

2w
= 3/ / . {(rA x V) ® [(p" - )AL} x [(f - V)Hl} - fisin0dOd ¢
0 0 167T0)80

1 3
= —R{p* x Eo} — I{(p- V)Hj}. D28
50 " x Eo} — o0 - s{(p - V)Hp} (D28)
In the derivation of Eq. (D28), the following identity relations are applied:

(ri x V) @ [(p* - R)A]

pvnxnz + pznxnv —pingn; — Zp;k,l’lyl’lz - P?("? - n)zy) pxnxnv + sz(n —n; ) + szn)
= 2pxnxnz + pynynz + PZ (I’l —n ) pinynz - p?nxny Px(n - I’l ) - pynxny - ZPZ”xnz
—2pininy — Py(n - nZ) — pinyn; P:(n)zc - ni) + 2P;nxny + pimn; —pymyn; + P;nxnz
nyléy - (A x P*)] _nz(p>k -h) + ny[éx - (h x P*)] ”v(P* -h) + nz[éx - (h x P*)]
= n(p* - h) + nx[éy - (h x p*)] ny[éy - (A x p*)] —n,(p* - fi) + nz[éy - (A x p*)]
_ny(p* -h) +n.[€; - (f x p*)] n(p* - h) + ny[éz - (A x p*)] n;[&; - (h x p*)]
= (p*-D)[(ri x V) ® A] 4+ (A x p*) @ A, (D29)
and
<> <>
[A xal; = ijkl[ A Jij[alg, (D30)
jk

where €, is the Levi-Civita symbol.

Using the dipolar radiation field properties in Eqgs. (B1) and (B2), the aforementioned integration properties of the unit vector
i, and the approximation of the incident field in the small r limit E;,.(r') = Eq + r(fi - V)E and Hy,.(r") ~ Hy + (i1 - V)Hj,
one can derive that

2 1
lim / 123U % V) ® Hipe] x B} - fir? sin 0d0d ¢
0 w

r—=0 fo

2w -1
= 3/ / {{(h x V) ® Hy] x p*} - isin 0dOd¢
0 0 167'[6()80

2
+s/ / 3 ([ x V)@ H] x [(p* - )R]} - fsin 0d6dep
0 0 167[6080

2w -1
::Ts/ / {[(h x V) ® Hy] x p*} - isin0dOd¢
0 0 167'[(1)8()

12a)gos{(p - V)Hg}. (D31)
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Using the dipolar radiation field properties in Eqgs. (B1) and (B2), the aforementioned integration properties of the unit vector
fi, and the approximation of the incident field in the small r limit E;,.(r") & Eg + r(fi - V)E and Hy,.(r") ~ Hy + r(fi - V)H),
one can derive that

2

lim / —As{[(m x V) ® Hp] x Ef.} - ir’ sin0d0d¢
21

= / / —{[(rnxV)@(nxp)]xE } - nisin0dOd¢

21
= / / —{{[(VHXV)(X)H]Xp}xEé}-ﬁsin9d9d¢

E?}f{p* x Eo}, (D32)

where the following identity relation is applied in the derivation:

0 —n; ny
(MmxV)yen=| n, 0 —ny |. (D33)
—n, Ny 0

From above results, we can get the analytical expression for 0 mix

1
Tpmix = — Slp - VIH], (D34)
2(080

The components of I' . ; can be derived using the dipolar radiation field properties in Egs. (Bl) and (B2) and the
aforementioned integration properties of the unit vector i in the large » limit as r — oo,

2w T _q 2 T _1
/0 /0 ES{EP(H;.ﬁ)+H;(Ep.ﬁ)}rzsin9d9d¢=rlggo i /0 Es{H;(Ep.ﬁ)}rzsineazea'qs

(D35)
=0,

2
lim / lS{[(rﬁ x V) Q@ Ef] x Hy} - i’ sin 0d6d ¢
=00 Jo 0 4w
2 k3
= 3/ / 64—2{{(rﬁ x V) ® [p* — (p* - M)A]} x (i x p)} - AisinOdOd
2w (D36)
= / / {{(m x V) ® [—(p* - 1)A]} x (A x p)} - isinOdOd¢p

= 48n2 ———S(p" x p),

2
lim / 1o M0R x V) @ By x Ej) - fir? sin 0d0d ¢
0 w

r—00 J

2 3
=3/ / ——{(ri x V) ® (i x p)} x [p* — (p* - )ii]} - fisin 0dOd¢p
0 0 647'[28()
(D37)

2 k3
= 3/ / {(rfi x V) ® (i x p)} x p*} - fisinOdOd¢
0 0 647'[280

3

= — 3 * X .
4872 @ xp)

and we can get the analytical expression for I'y . ; as

3
e

p. recoil — 247_[2 \V{p X P} (D38)
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APPENDIX E: DERIVATION OF THE ANALYTICAL EXPRESSION OF THE OPTICAL TORQUE ON AN INDUCED
ELECTRIC QUADRUPOLE

In this section, a detailed derivation for the analytical expression of the optical quadrupolar torque I'q. is provided. I'q. is
derived in the same way as the dipolar torques using the total angular momentum flux,

2
I = / / (i) x| E(E h)+ 22 = Huo (H;, - )} sin0dodg, (ED)

where we only consider the torque contributed by the induced electric quadrupole and the incident field so that E(r") =
Einc(r,) + EQe (l'/) and Htot(r,) = HinC (l’/) + HQe(r,)-

Like the dipolar torque, I'q. attributed to the interaction between the induced electric quadrupole and incident field can be
decomposed into different parts,

l-‘Qe = rinc + l-‘Qe,mix + rQe,recoil- (Ez)

As known in previous sections, the torque component purely dependent on the incident field does not contribute to the total
quadrupolar torque,

l-‘inc = O’ (E3)

while the extinction torque I'ge mix, as a result of the interference between incident and radiation fields, can be separated into
different components as

3

2 b4
OTrSR / / (R X Ein) (B, - 1) sin 0d0d + —in / / (A x Eqo)(EL, - h)sin 0d0d¢

2
por® o
s / / ( x Hipe) (H, -6

and the recoil torque I'qe recoit as a result of self-interaction of the induced electric quadrupole is expressed as

& I’
rQe,recoil = OT / / (l'l X EQe)(EQe

Due to the fact that the angular momenta of the incident, radiation, and total fields are separately conserved quantities, the
corresponding contributions to the dipolar torque can be calculated independent of the radius of the enclose surface,

1-'Qe,mix =

2
/ / (f x Hoe)(HY,, - i) sin 0d0d¢ (E4)

/ / (i x Hoe)(Hg, - ) sin 0d0d . (E3)

Fqe = rll>n<;lc Lqe(r) = }E}}) Lqe(r),
e recoit = 1M Te recoil (1) = }21(1) Lqe.recoit (7), (E6)
FQe.mix = 1M Toe mix(r) = }1_1)1(1) T ge,mix (1)
It follows from Egs. (B3) and (B4) that
Hg, -n =0. (E7)

It is thus easy to prove that

H0r3 2 b4
> ?R/ / (f x Hipe)(Hg, - i) sin0d0d¢ = 0,
o Jo (ES)
,U/OFS 2 b4 )
ER/ / (0 x Hge)(HE, - 1) sin0dod¢ = 0.
o Jo
The analytical expressions of the remaining nonzero terms of I'q. can be derived as follows.
It follows from Egs. (B3) and (B4) that
—ikde~kr [ —3j 9 9i <~
E{ ~ﬁ=——+—+—[ e*-ﬁ-ﬁ]. E9
Q 24meor [ kro (kr)? (kr)3:| (Q=-n (E9)
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Using the aforementioned properties of fi and the approximation that E;,.(r) =~ Ey + r(fi - V)E(, we can derive that

3

2
lim 87% / / (Bt X Eine) (g, - ) sin 0d0d

r—0
eorq 2 ik’ 9 RS I
=20 / / (A x Ey) x 24n8()r[(kr)2}[(Q n).n] sin 0d0de
sorg‘ 2 VIE —ik3 9i <> oA . 1 040d
+—1/ / {h x [(ri - )o]}24MOr Wy [(Q 'n)-n]sm (0]
—31/{ 2 2 .
=N 1671/ / (anO)[(Qe* fi) - n]s1n9d0a’¢+‘)t—/ / (A x [(fh- V)EO]}[(QS* i) - ] sin 0dOd ¢
2
g / (A x [(A - VIE(Q - h) - A] sin 0d6de
167
ikZy e ikZy ek ek e
a5 )| o[t w] o] £ o

(E10)
where we introduce the notation that D = _ év[(ﬁ]uv and Q¢ = ZUZW’Z év[@]uv
For an induced electric quadrupole moment in an isotropic Mie particle in which Q¢ = aq.D?, using the relations in Egs. (A2)
and (A3) so that Zu:x,y,z Q¢ = 0 and the fact that DS* x D¢, are purely imaginary, Eq. (E10) is reduced to

3

2
. lkZ()
lim —‘R/ / (h x Emc)(EQe ) sin 6d0d¢ = *ﬁ{

ex {O[ C} ~ ex (S
(Q H)} 1(‘)3 > 3{pgr = D). (E11)

U=x,y,z

It follows from Eqs. (B3) and (B4) that

leEQe:

13 ikr ; :
e [_1 - ﬁ Lo —(k6r’)3][ﬁ x (Qe-n)l, (E12)

24w eor (kr)?

and using the aforementioned properties of fi and the approximation that E;,.(r) =~ Ey + r(fi - V)E(, we can derive that

2
lim —E)L/ / (0 x Eqe)(E;, - 1) sin0d0d¢

80}’ e ik3 [ <> . s
= / /0 Yameor |:(kr)2] nx(Q°-0)E;-fi)sinfdod¢p

2 3
—’iﬁ/ / ik [6’ ][ﬁx(6)"'-ﬁ)]{[(rﬁ~V)E3]-ﬁ}sin9d9d¢

2Amegr | (kr)?
27 (E13)
= ?ﬁ— / [A x ( Q C-){[(h- V)E]] - i} sin0dOd ¢
1
=0 D (‘Ge*-éu>x(‘ﬁe~éu>}
U=x,y,2
= —Jt! > Qrx De}
U=x,y,2
For an induced electric quadrupole moment in an isotropic Mie particle, this is equivalent to
li W% 7 " (6 x Eou)(E" - ) sin 6d0dp = -9 3 Qe x D
—_— i X Eqe -n = —! X
rgr(l) Q mc sin 15 Bl u u
_ ‘\‘NV{aQC} Z C\i{De* « De}
- 15 ~ u u (E14)
U=x,y,2

_ J{aQe} {Z ZZZGJIU[De]lu[De]“U
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It follows from Egs. (B3) and (B4) that

23 ikr :
K coe [1 42 }{n x [ x (Q - A}, (E15)
24mr

n x HQe = kr (k )2

r ()~ Hj + r(h - V)HG, we can derive that in the small

using the aforementioned properties of fi and the approximation that H;! .

r limit,
MO’A 2 T
) m/ / (A x Hoo){[(8 - V)H] - i} sin0d6d = 0, (E16)
r— 0 0
3 2 k 2 T
lim ”‘Lm/ (A x Hoe)(HE, - f) sin 0d0d¢ = *RM/ / {8 x [A x (Q°-a)])(H - A) sin 0d6de
r—0 2 o Jo 16z Jo Jo
rZ kZ
=§R{l—0H*< 3 Q)} —m{’ EXQe )}
u=x, \ Z

—ikZ . ikZy <>,
:m{ 600H0< > Quu>}+‘}i{—0(Q ‘H )} (E17)

U=x,y,2

For an induced electric quadrupole moment in an isotropic Mie particle, this reduces to

lim ”“O—m/ / (i x Hoe)(H, - ) sin0d0d¢ = sﬁ{lk °(Q Ho)}- (E18)

r—0

To summarize the above results, the analytical expression for I'ge, mix 1S

3 2 3 2
Tge.mix = lim 87% / / (B X Einc)(Ey - ) sin 0d6d + lim = 807 g / / (8 x Eoe)(EL, - i) sin 0d0d¢

2
+ lim —‘R / / (A x Hoe)(HZ,, - h) sin 0d0d¢

—m{’kﬁﬁo< 3 Qi}j)}—i—éf}i{ 3 Q;*xD;]. (E19)

U=x,y,z U=x,y,z

For an induced electric quadrupole moment in an isotropic Mie particle, this is equivalent to

R 120
I‘Qe,mix = s{aQe} { Z De* De} = k7T80 N(az)s Qe

U=x,y,2

(E20)
% =250 3" D xDe
6 A u u

The last nonzero term contributing to the electric quadrupolar torque is the “recoil” torque I'p recoil, Which can be derived
using the dipolar radiation field properties in Eq. (B3), Eq. (B4), Eq. (A3), and the aforementioned integration properties of the
unit vector fi in the large r limit as r — oo,

2
Toerecot = lim S"Tr% / / (B x Eqo)(Ejy, - ) sin0d0dg
3i k5 2 b . <. . e o
= rlirgo R280 Qdn ) |:1 + (kr)* (kr)51| /o /0 [hx (Q°-n)][(QF - i) -n]sinfdOde
g " (Q°-WICQ - h) - ] sin0dod
= 250 (247_[)2[ ]/ / n x ) - fi] sin ¢

3ik’ —i8m
280 : 22477)2 [ ;5 :| Ze] Z ZZJ EZU/QIM uv

D QX Qe} (E21)

U=x,y,2
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For an induced electric quadrupole moment in an isotrog)ic Mig particle, this is gquivalent to
k

3 Qe xQ;

1-‘Qe,recoil ==

7207 &g P
K leqel” Y DY x D
7207 &g N “ "
1207 &g
=7 |as|*s. (E22)

To summarize above results, the torque acting on the isotropic Mie particle that is attributed to the induced electric quadrupole
can be written analytically as

1207 &g

[R(az) — |az|*1s. (E23)

I‘Qe = rQe,mix + rQe,recoil =
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