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The physics involved in the fundamental conservation equations of the spin and orbital angular momenta leads
to new laws and phenomena that are disclosed here. To this end, we analyze the scattering of an electromagnetic
wave field by the canonical system constituted by a small particle, which is assumed to be dipolar in the wide
sense. Specifically, under quite general conditions these laws lead to understanding the contribution and weight
of each of those angular momenta to the electromagnetic torque exerted by the field on the object, which is
shown to consist of an extinction and a scattering, or recoil, part. This leads to an interpretation of its effect
different than that taken up until now by many theoretical and experimental works, and implies that a part of
the recoil torque cancels the usually called intrinsic torque, which was often considered to be responsible for
the particle spinning. In addition, we obtain the contribution of the spatial structure of the wave to this torque,
unknown to this date, showing its effect in the orbiting of the object, and demonstrating that it often leads to a
negative torque on a single particle, i.e., opposite to the incident helicity, producing an orbital motion contrary
to its spinning. Furthermore, we establish a decomposition of the electromagnetic torque into conservative and
nonconservative components in which the helicity and the spin angular momentum play a role analogous to the
energy and its flux for electromagnetic forces. These phenomena are illustrated with examples of beams, also
showing the difficulties of some paraxial formulations whose fields do not hold the transversality condition.
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I. INTRODUCTION

There is a growing interest in phenomena related to the
angular momenta of light and other electromagnetic fields.
Advances in particle manipulation are making experiments,
their assessment, interpretation with theories, and applications
of increasing study and capability. This has opened a new
area of research related to the twisting of both the polarization
and the wave fronts of electromagnetic fields [1-20] and their
effects on matter [21-36,38].

On the one hand, conservation laws for the helicity and
spin of wave fields [7,12—16] were recently established based
on initial extensions [11] of known conservation equations
of electromagnetism. Such laws appear as fundamental as
those for the energy and linear and angular momenta. In
particular, [7] put forward the conservation of spin and orbital
angular momenta separately. On the other hand, studies on
the momenta transfer to matter and their mechanical action
on bodies are enlarging the area of optical manipulation of
objects. Among these, new bizarre effects like negative optical
torques (i.e., opposite to the helicity of the illumination) on
sets of particles have been predicted [35,39] with circularly
polarized plane waves, as well experimentally observed with
Gaussian beams on extended objects [36]. This phenomenon
keeps an analogy with pulling forces [40—42] that have recently
attracted so much attention.

However, theory and experiments on electromagnetic
torques are less developed and understood than their coun-
terparts of optical and electromagnetic forces [38,40-54].
Observations are more difficult to control and to quantitatively
interpret with existing models. With few exceptions [33,35],
most experimental [26,27] and theoretical [28-33,53] studies
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employ a static formulation (perhaps following the path of
pioneering work [21]), which was shown [39] to be incomplete
and not compatible with energy and angular momentum con-
servation. Only for extremely small (i.e., Rayleigh) particles in
terms of the wavelength is the static approximation valid; this
is further discussed in Sec. X, where the total electromagnetic
torque is addressed.

Although several reports [22-25,27,33,38] realize the need
of energy absorption by the object in order that it experiences
a torque, no explicit demonstration exists of the role played in
this effect by the variation of incident spin and orbital angular
momenta, even though they are calculated in some cases after
scattering [8,9,33,34]. Moreover, studies based on the static
approximation [26-29,31,53] deal only with the so-called
intrinsic torque which, as shown below, cannot account for the
angular momentum transfer nor describe the resulting torque
experienced by the object through energy absorption.

In a recent work [55] we established the significance of
the conservation of electromagnetic helicity for scattering
objects and its relevance for energy transfer between small
particles and molecules, as well as for circular dichroism.
Now the aim of this paper is twofold. On the one hand,
we integrate the conservation laws for the spin and orbital
angular momenta, extracting their physical meaning for the
interaction of fields and objects, specifically in the scattering
of a wave field by a small particle. On the other hand, we
predict the contributions of each of these angular momenta
conservation laws to the optical torque exerted by the field
on the object, also taking into account that part due to the
spatial structure of the field. This is illustrated with a generally
magnetodielectric bi-isotropic [56] dipolar particle in the
wide sense, i.e., whose scattering is fully described by the
first-order partial waves (namely, Mie coefficients if it were
a sphere [54,57,58]). This analysis opens a collection of new
phenomena related to the electromagnetic torque, susceptible
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to further investigation from the theoretical and experimental
points of view. Our discussion is classical, however, if one
considers the quantum nature of light; these results may be
obtained in terms of the number operators associated with left
and right circular polarized modes, expressed by the product of
the corresponding annihilation and creation photon operators
(see [59-61]), especially since methods to identify twisted
beams with different topological charge have been devised
[61-63].

A Coulomb gauge is chosen dealing with fields that satisfy
the transversality condition. This allows a separation of the
spin and the orbital angular momenta, thus conferring sense
to the existence of their respective conservation laws [7,13]
separately. It is known, however, that certain formulations of
optical beams have a problem with the transversality condition,
and this is also noticed in this work. Hence, within this context,
and within the validity of these conservation laws, we reach
the following results.

(1) The conservation laws for the spin and orbital angular
momenta lead to their respective contributions to the time-
averaged electromagnetic torque on the object, which from
each of them is composed of two parts: (a) an extinction torque
due to the extraction of the corresponding (spin or orbital)
angular momentum from the incident wave by scattering from
the body, described by the interference between the incident
and the scattered fields; (b) a scattering or recoil torque due to
the scattered field interfering with itself.

(2) Therecoil torque due to the orbital-angular-momentum
conservation is equal to that yielded by the spin angular
momentum conservation; both of them sum to produce the
total recoil torque, which is the same as that derived from the
conservation of total angular momentum [39] and coincides
with its emission rate by the electric and/or magnetic dipole
induced on the particle, as it should.

(3) The extinction torque obtained from the spin angular
momentum conservation contains two terms: One is the
so-called intrinsic torque by several authors so far, usually
employed in most studies on dipolar particles based on the
static theory, and which, however, we show to be canceled by
a part of the total recoil torque, which is also intrinsic as it does
not depend on the origin of coordinates; the other term comes
from the spatial structure of the incident field which, in turn, is
equal to twice the corresponding extinction torque yielded
by the conservation of orbital angular momentum. If the
incident wave is a plane, obviously there is no term due to the
field spatial structure; hence, the orbital-angular-momentum
conservation yields no extinction part, which is consistent
with the absence of incident orbital angular momentum in
such a wave. Also, in this latter case, the above-mentioned
cancellation conveys a transfer of spin angular momentum to
the particle accounted for by the remaining part of the recoil
torque through absorption of the incident energy.

(4) Therefore, if the incident field is a plane wave,
according to point 3 above, the existence of a recoil torque
stemming from the conservation of orbital angular momentum
has to come from the incident spin angular momentum, this
being a manifestation of the spin-orbit interaction which is
included in the conservation laws.

(5) For a circularly polarized incident plane wave, if
the particle produces a circularly polarized scattered field,
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(for which it is sufficient that its electric and magnetic
polarizabilities coincide), then the electromagnetic torque and
force on that particle become proportional to each other.

(6) Taking into account the spatial structure of the field,
the torques derived from the spin and orbital conservation laws
admit a decomposition into conservative and nonconservative
components, analogous to that of electromagnetic forces.
There is a gradient component of the torque, where now the
wave-field helicity plays a role analogous to that of the energy
for the optical force and hence may be employed as rotational
optical tweezers that aligns the torque acting on the particle
along an equilibrium direction. Likewise, there is a component
given by the spin angular momentum (which coincides
with the helicity flow in the dual-symmetric formulation for
quasimonochromatic fields [7] here employed), analogous to
the radiation pressure, or Poynting vector part, of the force.
In addition, there are other nonconservative components that
describe torques due to circulation of field vortices around the
dipolar object.

(7) In contrast with plane waves, incident fields with
certain spatial structures, and some beams in particular, may
easily produce negative electromagnetic torques on one single
small particle.

II. THE FLOW OF HELICITY

We address time-harmonic fields with electric and mag-
netic vectors: E(r,r) = Re[E(r) exp(—iwt)] and B(r,t) =
Re[B(r) exp(—iwt)], a functional form that also applies to
all potentials and currents. Re denotes real part. Although
such fields are not source free [64,65], they are considered
in regions with no sources so that they admit an angular
spectrum representation of plane-wave components [65,66],
either convergent, divergent, or both, satisfying at kr — oo
Sommerfeld’s radiation condition. Such fields are, of course,
transversal; namely, they hold Maxwell’s equations: V - £ =
0,V-B=0.

In a nonabsorbing dielectric medium of refractive index
n = ./€u (€ and p representing the dielectric permittivity and
the magnetic permeability), the helicity density .77, the flow
of helicity density .%, and the tensor .#;; of density of flow of
helicity flux of this light field are defined in the dual-symmetric
formulation as (cf. [7,13,67])

%=1<1A-B—ec-5>, 1)

2\ p

F="(ExA+Bx0), )
2p

C2

1
Nij = Z[&'Cj +&iCi — J(Aib,j + A;B:)

+5,»,»<$A-B ¢ c)} (.j=123. 3

In (1) and (2) A and C are vector potentials such that B =
V x A and £ = —V x C and are transversal in a Coulomb
gauge [13]: V- A =V - C = 0. From Maxwell’s equations,

. . 4
A= —ct, C=—Svxa+rTk )
€l €
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where the overdot means 9d; and c is the speed of light in
vacuum. In writing C in (4) we have taken into account that the
electric current density, which we denote as 7, is transversal
since the existence of A and the law V - €€ = 4w p convey that
the electric charge density p and any (static) scalar potential
are zero [68], and thus 7 has been expressed as J = V x K.

The transversality of A and C also amounts through the
two first Egs. (4) to that of £ and B, and hence is compatible
with the above argumentation based on their angular spectrum
[5], fulfilled by most optical wave fields outside near-field
regions. In particular, this also involves that any far-zone
scattered or radiated field, which is given by the propagating
part of its angular spectrum [65,66], is gauge invariant.
This agrees with [5,9] and implies that since both £ and
B are gauge invariant, the angular momentum J of these
fields admits a decomposition J = L 4 .# into an orbital L
[proportional to €€ - (r x V)A+ u~'B - (r x V)C] and a spin
Z [proportional to €€ x A+ u~'B x C; see above] angular
momenta, both L and .% also being gauge invariant.

Therefore, it makes sense to study the conservation laws
for the spin and orbital angular momenta separately. However,
as we discuss in one example, sometimes the transversality
condition is not taken into account, dealing with some
representations of optical beams which do not fulfill it, thus
preventing their inclusion in such decomposition of the angular
momentum and, in general, in any theory based on such
transversality equations.

From the above conditions, the definitions J¢, %, and 4;;
hold the continuity equations [7,13],

H N F =P, (5)

F V- N =R, (6)

where the dissipation on transmission of spin flow by interac-
tion of the fields with matter is given by & =27(£ - K — T -
C)and Z = Quc/en)(K x B+ T x A).

Equations (5) and (6) are conservation equations for the
helicity and its flow, respectively, and are as fundamental
as those for the energy, linear, and angular momenta. We
concentrate on (6), where Z is linked to the absorption by the
particle, which gives rise, as shown later, to the mechanical
action that it experiences as a consequence of the conservation
of the helicity flow.

The time harmonicity of the fields and potentials converts
the quantities of Egs. (4)—(6) into

Az—%E, cz_i[£-4—”1{], %

and the time-averaged (denoted by (-)):

1
A= (H) = — | SImE - BY), (8)
2k w1
1
F = (F) = ——Im(eE* x E+ —B* x B) = .Z, + .7,
4dnk nw
9)

%, and .%,, being the electric and magnetic parts, respectively,
of %, which now coincides with the spin angular momentum
density.
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Also,

2

c
J%jZ(J’{j)ZZ

kn’uIm[E;‘Bj + EB: — &;E* - B], (10)

which is the density of spin angular momentum flow
tensor. i,j = 1,2,3, Im denotes imaginary part, and k =
nw/c, and we have written A = Re[A(r)exp(—iwt)], C =
Re[C(r)exp(—iwt)], J = Re[J(r)exp(—iwt)], and K =
Re[K (r) exp(—iwt)]. Also & in (5) and Z in (6) are replaced
by the respective time-averaged quantities

(P = n[z\/EV -Im(K x B¥) — iIm(J -B")
kY € kn

C

4T [n % *:|
+— /=Im(J - K*) + Re(E - K*) |, an
ckV e

(%) = —Z—c{clm(E x J*); + Re(B x K*);
w

2
+ .16, ImE - K*) — Im(E;K* + E;K})]).
C
(12)

At this point it is pertinent to comment that in the case dealt
with here of time-harmonic fields, Maxwell’s equations and
the above relations show that (8) and (9) are proportional to
Lipkin’s zilches [11], used in recent works as the field chirality
J and flow of chirality .% [16,17], as well as the tensor of
spin flow .7;; [13]:

H = () = KH = kK H), (13)
I = () = kAT = kK (TF), (14)
Tii =(Fij) = kK> N;; = KA. (15)

The dissipative terms that appear in the continuity equations
for ', ., and Jj;, are, however, different from those of
(5) and (6). Reference [13] argues that .# and .4;; are the
quantities with dimensions of angular momentum, rather than
the zilches, and (), (&), and (.#;;) are those to deal
with in measurements. We follow this, although for these
monochromatic fields both kind of magnitudes should, as
shown in (13)—(15), lead to the same interpretation of effects.

III. SCATTERING AND THE CONSERVATION OF SPIN
ANGULAR MOMENTUM

We integrate (6) in any volume v that contains the object
with its distribution of currents. The divergence term is
transformed into the flow of an entity across the surface X
of this volume that will eventually be taken as a large sphere.

Let us first consider a monochromatic, elliptically po-
larized, plane-wave incident on a body of arbitrary form
enclosed in v (cf. Fig. 1). The field at any point of the
surrounding medium may be represented as the sum of the
incident and scattered fields; thus, its space-dependent vectors
are E(r) = E?(r) + E®(r) and B(r) = BO(r) + BO(r).

The incident field is written as E® = e@eiksim)
B® = b®eiki) and that scattered in the far zone is written
E® = e(s) exp(ikr)/r, B® = b(s) exp(ikr)/r, so that, of
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X

A

FIG. 1. (Color online) Illustration of an elliptically polarized
plane-wave incident on a polarizable particle of arbitrary shape. The
fields are evaluated at the point P of coordinates (r,6,¢) and position
vector r = rs (s being the unit vector along r), which eventually
belongs to a sphere of integration of radius r, centered at some point
1, of the particle. ry acts as the framework center 0. The point Q is the
projection of P on the plane O XY; the scattering plane being O P Q.
‘We show the three orthonormal vectors: s, € (in the plane O P Q and
in the sense of rotation of ), and €, (normal to O P Q).

course, b’ =uns; x e, e .s;=b b =ns x e,
e-s=b-s=0.
Then the time-averaged density of spin angular momentum

flow may be written .4;; = Ji{;i) + Ji{;s) + JI{J’ where

-5 =0;

@) _ @@)* pi) @)% p(i) L RpOx  p@
g _Mlm[Ei BY+E}"B" - 5,;EV* . BV], (10a)

ij

(8)% pp(s) ()% p(s) xR
mlm[Ei BY+E B — 8;;E® . BV, (10b)

’

N =

ij

(D)% p(s) ()% p(i) (O p(s)
2anIm[Ei By + E;’"B}’ + E;"B;

+ES" B — 5 [E0 - BY + EO* . BO]. (10c)
From Eq. (6) we write the rate £ at which this density flows
on interaction of the incident wave with the body, in terms of
its outward flux: £ = —(n%/4mc?) fz dQ2r> 4;; - s through the
surface ¥ of any large sphere of radius r with center at some
point ry of the body. d€2 is the element of solid angle and s
denotes the outward normal. That is, according to Eq. (6),

L=LD 4L+, (16)

where £, L), and £’ are respectively the ¥ integrals of
the projections on s of —J{;’), —:/1{;5), and —.4! on the
surface of the sphere, respectively. Of course, from Eq. (6),
L= n*/4nc?) [ drdQ2r*(R).

From these equations, £® = 0, so that (16) becomes

L=LY 4L (17)
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The integrals of —.4/7-s and —.4 - s across X leave the
nonzero terms [cf. (10)]

n

2
LY = — / A A,%s;
z

4 c? Y

= / dS2r Im[EY* - BO)]s
87Tk[,L )

I’l2

= — / dQImf{s - [e“*(s) x e (s)]}s
87Tk,LL )

__ ! / dQImf{s - [b“*(s) x b (s)]}s
87Tk[L )3

1

= ~Tonk |- dQIm{es - [€9%(s) x e)(s)]

1
+ i [ (s) x B (s)]}s, (18)

and

n2

L =—
4 c?

f dQr? As;
. :

/ dQRYIM[ED* . B® + E®* . BDs
8tk Js
= - Re[B(xo) - e(s))ls;
T 2uk? o) EX8i1%
n

2uk?

Re[E(i)*(rQ) . b(S,‘)]S,‘. (19)

In deriving (19) we have used Jones’ lemma based on the
principle of the stationary phase [69,70]:

1 ‘ 2mi . :
- f dQr2F(s)e *sor ~ ﬂ[F(s,-)e*’k’ — F(=s)e™ .
;

(20)

Notice from (9) and (10) that all these quantities of the con-
servation law (17)—(19) are also time averages. Equation (18)
conveys the ellipticity of the electric or the magnetic field, as
well as the dual-symmetric one containing both e and b. This
electric-magnetic duality is also seen in (19).

Equation (17), together with (18) and (19), constitutes the
law for the moment of the force exerted by the incident wave on
the object, expressed in terms of the flux £ of the spin flow ten-
sor ./#;; across any closed surface surrounding it. As seen, this
stems from the conservation of the spin angular momentum
density and, like the optical force [54], it has a contribution £
of the scattered field plus one £’ arising from the interference
between this scattered field and the incident one.

This force moment £ constitutes the contribution to the
electromagnetic torque on the scattering object (acting the
ellipticity of the scattered field as a factor in the integration)
by extinction of the incident spin angular momentum and
its transfer to the body at a rate proportional to a certain
amplitude component of the scattered wave, projected along
the polarization of the incident wave as a result of their mutual
interference in the forward direction s = s;.

043843-4



OPTICAL TORQUE: ELECTROMAGNETIC SPIN AND ...

IV. CONSEQUENCES FOR A MAGNETODIELECTRIC
BI-ISOTROPIC DIPOLAR PARTICLE

A. Incident plane wave

Let us consider a magnetodielectric bi-isotropic particle,
dipolar in the wide sense, i.e., characterized by its polariz-
abilities: electric o, magnetic «,,, and magnetoelectric oy,
Ome, Such that, for example, if it is a sphere these quantities
are given by the first-order Mie coefficients a;, b;, and
clas o, = iz%al, oy = iz%bl, Oy = i%cl, Uppe = i%dl,
respectively [54,57,58]. Then the electric and magnetic dipole
moments, p and m, on the particle, induced by the incident

field are
P= aeE(i) + aemB(i)v m = ameE(i) + amB(i)~ (21)

If, in addition, such sphere is chiral, then ¢; = —d; [58] and
hence a,, = —e.

The amplitudes of the fields scattered by this particle in the
far zone are

ikr
e(s) = k267|:el(s XP) XS — \/g(s x m)i|, 22)
2eikr m
b(s) =k " u(s xm) x s+ z(sxp). (23)

Introducing (22) and (23) into (18) and (19), evaluating the
angular integrals, and substituting the results in (17), we obtain

, k? 1
LY = —glm{zp* X p + um* x m} (24)

and

L = —lRe[<lp BY* — ym - E(i)*>sii|. (25)
2u €
Equation (24) is half the rate of radiated angular momentum
by the dipolar object [68], or equivalently half the recoil
optical torque on the particle which one would obtain from the
conservation of the total angular momentum by integration of
Maxwell’s stress tensor 7;;: fz dRdQrs x T;js; [39].
Interestingly, since p-s; =m-s; = 0, (25) may also be
expressed as

L = (To). (26)

(Ty) is the extinction electromagnetic torque, analogous to the
extinction energy in the optical theorem [35,54,70],

(To) = 1Re[p x E?* + m x BV*]. 27)

Sometimes (T') is called “the intrinsic torque” [31,53] exerted
by the incident plane wave on the particle. However, £
[Eq. (24)], is seen to be also an intrinsic torque component.

It is useful to consider a Cartesian framework (cf. Fig. 1)
where the elliptically polarized incident plane wave has
s; = (0,0,1), its electric vector being written in a helicity
basis €t = (1/ﬁ)(1, +i,0) as the sum of a left-hand
and a right-hand circularly polarized plane wave, so that
e = (e,-x,e,'y,O) = 6?—€+ + €l-_€7 and b; = (bivai_)’ao) =
n(—eiy,eix,0) = b e +b € = —ni(ef €™ —e;€), the
sign £ standing for left-circularly polarized (LCP) (4)
and right-circularly polarized (—), respectively. In such
representation, the incident helicity acquires the form: #" =
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(e/k)Imle} eiy] = (€/2k)S; = (¢/2k)[le;|* — le; ], which
clearly expresses this magnitude as the difference between left
circular and right circular intensities of the field, extensively
exploited in dichroism [16,17,71] and enantiomeric molecule
discrimination. S3 = 2Im[e e;y] = |ei+|2 — le; 2 represents
the fourth Stokes parameter [9,70].

In the case of circular polarization of the incident wave,
ejx = e,eisreal, and e¢;, = &ie depends on whether the light is
left or right circular; also ne; = £ib; and the incident helicity
is ' = £e?/k. In addition, when the particle satisfies the
first Kerker condition [72—74], thus yielding zero differential
scattering cross section in the backscattering direction, o, /€ =
Uoty,, then p = £inm and b(s) = Fine(s); i.e., the scattered
field is circularly polarized with respect to the Cartesian system
of orthonormal vectors: (€ | ,€,s) (see Fig. 1), € | , and ¢ being,
respectively, perpendicular and parallel to the scattering plane
[55].

In consequence, in circular polarization one has that e(s) =
[e(s) - €. ](1, £i,0) and b(s) = [ne(s) - €, ](i,1,0). The he-
licity of the scattered field is proportional to its intensity—
H® =+ le(s)|>—so that since then the flow of helicity
becomes proportional to that of energy, one has that the torque
L [Eq. (17)] and the flow tensor .4;; [Eq. (10)] become pro-
portional to the time-averaged force (F) and Maxwell’s stress
tensor (7;;) [68,75]: L = £(1/k)(F), —A]; = £(1/k){Ti;).
This matches with a statement of [13,67] on the existence of a
mapping of the helicity into the energy for circularly polarized
waves.

B. Arbitrary incident wave

The above equations are generalized for arbitrary illuminat-
ing wave fields, expressible in terms of its angular spectrum
of plane-wave components [65,66],

EO@r) = / e(s)e*VdQ,
; (28)
BO(r) = / b (s)e™*PdQ,
D

the integration being done in the unit sphere D whose element
of solid angle is d2. In this regard, notice that Eqgs. (22)
and (23) now constitute the angular spectra of the electric
and magnetic scattered vectors when they are represented
in the form (28). This integration contains both propagating
and evanescent waves [54,65,66], and to include them both,
s; in (25) must be replaced with s?, complex conjugated of
si = (57,5 ,57), where 57 = /1 — (572 +5)7) if 572 45 <
1 (propagating components) and s7 = iv/(s7> +s77) — 1 if
572+ s;vz > 1 (evanescent components).

From (28), using the same procedure as before for each
plane-wave component and summing up all of them, an easy
calculation shows that £©) remains as in (24); however, the
extinction torque £ now becomes

, n 1 i) )%
L= mlm{;p,ﬁ,ﬂ;) — um ;3 Y’ } 29
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which may be also expressed as

1 1 ; i
€= (To)+ 5 [<Im) ~(p- V)BY" — pu(m - V)E*
2kY €
(30)
Where (I'p) now is
(To) = 1Re[p x E™* + m x B, (31

the fields E®) and B®") being given by Egs. (28).

At this stage it is worth observing how taking (21) into
account, Eq. (29) confers, after separating real and imaginary
parts, a physical meaning in terms of the extinction torque
L’ to some quantities associated to “magnetoelectric effects”
introduced in [76].

C. On the torque involved in the conservation of the spin
angular momentum

The above equations not only show that the £ quantities
have torque dimensions, as they should, but as mentioned
before they manifest that £*) is also an intrinsic torque.
Notice on comparing (30) and (31) with (26) and (27) the
two additional terms in (30) due to the spatial structure of
the incident field when this is not a plane wave. This term
accounts for an extrinsic torque component. Also, the second
and third terms of (30) have an analogy with those of the
dipolar component of the electromagnetic force, whereas those
contained in (I'y) keep it with those of the Lorentz’s component
of the optical force. This duality between the E and B vectors
is also evident by comparing (29) with the expression of the
electric (e) plus magnetic (m) forces on a magnetodielectric
dipolar particle [54]. In this connection, the recoil optical
torque, Eq. (24), due to interference of the scattered fields and
which, as said, is also valid for an arbitrary incident field, has
a formal analogy with the electric-magnetic dipole interaction
electromagnetic force: F,_,, [54].

In summary, the torque on the particle £ = L% + [’
[Eq. (17)] governed by the conservation of the spin angular
momentum, is given by the sum of (24) plus (29) or (30). This
torque has the recoil component £ added to £’, which is as
necessary to describe the dynamics as the above referenced
F._,, component of the force.

However, this scattering torque (24) is only half the recoil
torque exerted by the field on the particle, obtained from the
conservation of total angular momentum [39]. As we shall
see, the other half is obtained from the conservation of the
orbital angular momentum. As expected from the premises
above adopted in this formulation, this is consistent with the
addition of both angular momenta to describe the total transfer
to the body.

V. DECOMPOSITION OF THE TORQUE INVOLVED IN
THE CONSERVATION OF SPIN ANGULAR MOMENTUM
INTO CONSERVATIVE AND NONCONSERVATIVE
COMPONENTS

Like the electromagnetic force [51,52,54], the optical
torque is amenable of a decomposition into conservative and
nonconservative components, as shown next.
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At this point we emphasize again that the vectors E® and
B satisfy the transversality condition V - E”) =0 and V -
B® = 0. From now on we omit the (i) superindex. Taking in
(21) the real and imaginary parts of the polarizabilities and
using the vector identities

Re[(B* - V)E] = 3(Y + X), Re[(E- V)B*] = 3(¥ — X),
Im[(B* - V)E] = 1(S+ R), Im[(E-V)B*] = 1(5—R),
X = Re[V x (E x B*)], 32)
Y = Re[V(E - B*)] — knIm[E* x E]
+ koIm[B* x B],
R = Im[V x (E x B")],
S =Im[VB*-E)]; ko = w/c,

we obtain the following expressions for the parts of £ = £ +
L® [Eq. (17)]. First, £’ [Egs. (29) or (30)] becomes

1
=1 ok kOEV%ﬂ— —V x Im(E x BY)
2k € 2¢

+af [kO,BV% + %V x Im(E x B*)}

ITauk® 8
+%[“ f—lﬁVx®+Vm@Jm}
€ C C
T4k 8
Mam[ﬁLL?—-nMV><6>—VRdE-BU}
2 c c
— 87 (ol V (we) — ek, V (wp)
€
2nk
— LM( RV xZ,—al V x fm)
Cc
8k
+ ”C“ g(a,’;e —afm)<5)}. (33)

The helicity .77 and the spin angular momentum density that
appear in (33) were defined in Eqgs. (8) and (9), respectively.
Moreover, (w.) = (6/167‘[)|E|2 and (w,,) = (1/167'[/,L)|B|2 are
the time-averaged electric and magnetic energy densities,
respectively, and (S) = (c¢/8mu)Re(E x B*) represents the
time-averaged Poynting vector. The R and I superindices
of the polarizabilities denote their real and imaginary parts,
respectively.

Notice that there are conservative terms containing
alkoV. A and afkoV 7, which represent a gradient optical
torque where now the helicity 7 plays a role analogous to that
of the field energy for the optical force. This may constitute
the basis of what we shall call rotational optical tweezers,
positioning the particle in equilibrium points where there is
no lateral torque. This is addressed in some of the examples
below. Also the imaginary parts o/, and &/, yield gradient
terms of the energies, like in the gradient force components.
These latter terms of the cross polarizabilities change sign if
the chirality of the particle, characterized by «,,, and «,,., is
reversed, a fact that suggests its use for enantiomeric separation
[31]. Likewise, there are conservative terms VRe(E - B*), this
time with the imaginary parts o/ and o/,
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The polarizabilities «f and X also appear in curl non-
conservative parts that contain the vortex circulation of the
reactive alternating flow of energy V x Im(E x B*) [68].
These latter terms are sometimes zero, like for a highly
collimated circularly polarized Gaussian beam. On the other
hand, the ! and o nonconservative terms proportional to
%, come from (I'y) in Eq. (30). They are the analogous to the
radiation pressure terms containing the field linear momentum
in the time-averaged force. It is remarkable the analogy
according to which while in this latter case the conservation
of the wave linear momentum leads to the radiation pressure
part of the optical force, in the optical torque the conservation
of the spin angular momentum .% leads to terms that similarly
contain this quantity and play the role of a spinning torque.

There are also energy flows in the cross polarizabilities o,
and R that contain the curl of both the Poynting vector and
the flow of spin angular momentum and thus represent their
respective vortices surrounding the particle.

Likewise, the recoil torque, Eq. (24), is written as

K (4nk] 1
£ — _E{T[E_zmeﬁ% + W lotm |* Fn

1
+€_2|aem|2ym + /~‘L2|ame|2§ei|

167
4 lomp

[élm(a:aem) — puIm(a, ame)i| (S)

— ZERe(oz;k Aem) + ﬂRe(a;kname):| Im(E x B*)}, (34)

which, in addition to nonconservative terms with electric and
magnetic spins and with the energy flux, has conservative terms
if the particle is bi-isotropic, containing the reactive or stored
energy and its alternating flow [68], Im(E x B*), which tak-
ing into account the identity, kIm{E x B*} = (1/2)V|E|? —
Re{(E* - V)E, yields gradient-force-like terms, proportional
to V|E[?, which change sign if the particle chirality varies
from left handed to right handed.

Thus, in summary, we see that the helicity and the spin play
arole in the optical torque somewhat analogous to the energy
and the Poynting vector in the optical force.

In the particular case in which the particle is chiral, then
[16] &y = —otyne and (33)—(36) reduce to

1
L= — AR kB Vv — —V x Im(E x B*)
2kt € 2¢

+af [kouZV%” + %V  Im(E x B*)}

 ~

+

Auk> 8
“—[ o f—ﬂVx<s>+VRe(E.B*)]
2¢ c c

ITauk® 8
+“°""[ iy nMVx(S)—VRe(E.B*)]
2 c c
2nk
- Snﬁa,IMV(w) — LEoz,lfleV x F
€ C €
167k
=k ,/ga};e<8>}, (35)
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KB (4nk[ 1
LY = —E{T[e—ﬂaeﬂg‘\e + 1t |2 T

1
+ |ame|2(zym + Mzge>i|

16 1
_ ok |:—Im(oz:otme) + ,lLIm(Olanlme):| (S)
€

+ 2|:éRe(ot:ame) — ,uRe(a;amg)j|Im(E X B*)}, (36)

where (w) denotes the density of electromagnetic energy:
(w) = (we) + (Wn).

Itis interesting that if the particle, in addition to being chiral,
is dual [72-74], ¢ 'a, = oy, then (35) and (36) become

R 2wk 2
£="1% v+ |" g Ty
k| € € c c
1 k1 8k
—drcal V(w)— = SR Vx T ﬁa{je<5)},
€ C € C €
37
‘ 2k3 1 1
E(é) =———1nk —|O[e|2§ + |O‘me|2 _Lgm + sze
3¢ €? €?
— 87 E Im(er o) (S) } (38)
€

Thus, the reactive parts disappear. We obtain two kind of terms
in (37) and (38): those conservative in £’ linked to the gradient
of the helicity and energy and those nonconservative in £’ and
L") containing the flows of helicity and energy, as well as
their curls. Once again, this has a suggestive analogy with
the gradient, radiation pressure, and curl components of the
optical force [54].

VI. THE ORBITAL ANGULAR MOMENTUM

In the nonabsorbing dielectric medium of refractive index
n = ,/€u the field density of orbital angular momentum L and
ofits flow A;;, (i,j = 1,2,3), are defined in the dual-symmetric
formulation here employed, as [7]

L=-"S1[6.2A+B.2c], (39)
2p

YL =rxV, 40)

2
C
Aij = ﬂ[eiklejmnrk(Bna[Am — Snalcm)

+BjAl - chl], (ivjakalaman = 1’273)7 (41)

where €;4; is the antisymmetric Levi-Civita tensor. In (39) and
(41) A and C are the vector potentials introduced in Sec. II.

Under the premises established in Sec. II, L and A;; fulfill
the continuity equation [7]

L-{-V'Aij:—e///, (42)

where —.# represents the dissipation by transfer of orbital
angular momentum on interaction of the fields with matter.
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In addition to (7), the time harmonicity of the fields leads
to the time averages [7]

: 1
L=()= ﬁlm{eE*~$E+;B*~$B}, (43)

2

¢ * *
Aij = (A,‘j> = mlm{ejkl(B, gEk + E[gBk)

+BE; + BjE;}, (i,j=1273), (44)

where .# in (42) is replaced by its average,

(M) = %{Im[J* - ZE] — Re[J" - ZE]
— 0;Iml€ii€jmnxk (4 Kn)E, + ETK:1},  (45)

x;, being the kth-Cartesian component of the position vector r.

VII. CONSERVATION OF THE ORBITAL ANGULAR
MOMENTUM IN SCATTERING

Equation (42) expresses the conservation of orbital-angular-
momentum flow and, again, conveys a density of force
moment, or torque. We next find what this means. As before,
we integrate it on any volume surrounding the scattering
object. The divergence term is then transformed into a flow
across the volume surface ¥ that will eventually be taken as a
sphere of large radius r.

With reference to Fig. 1, let us first consider a monochro-
matic, elliptically polarized, plane-wave incident on an arbi-
trary body. The field at any point of the surrounding medium
is again represented as the sum of the incident and the
scattered field. Then the flow (or time-averaged flow) density
of orbital angular momentum may be written by means of A;;

decomposed as A;; = Al(-;) + Agj) + Aj;, where

2
A = ——Im{e;u(B” " LE] + E 2B ")

i dknu
+BEY + BT E"}, (46)
A= € Im{e;1 (B * LE) + E” ZB")
ij dknp J i k 1 k
+ B EY + BYEDY, 47)
2 . .
Aj; = Mlm{ejkl(B,(”*zE,ﬂ” +EVZBY*

+B LEY + EP 2+ B ") + BIEY
(@) * p(s) (8) * () (8) * ()
+sz *Eia + Bis *Ejl + Bjs *Eiz } (48)

From Eq. (42) the rate ® & at which the total orbital flow varies
on interaction of the wave field with the body is given as before
by the outward flux: —(n?/4mc?) f): erZA,-j - s through the
surface of any large sphere ¥ of radius r with center at some
point ry of the region occupied by the object. That is, according
to Eq. (42),

Dy =00 + Y + @y, (49)
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where @2, CDE;Z, and CD"ip are the X integrals of the
projections on s of —Al(.;), —Agj), and —Aj;,
Qo = (n*/4nc?) [y drdar® ().

From these equations we have that @2 = 0, so that (49)
becomes

respectively.

Dy =0 + Dy (50)

Operating with (46)—(48) and using the identity €jx€xm, =
8jm0in — 8ndim, the integrals of —Al(f;) -s and —A;j - S across
Y lead to

3 n’ 24 ()
@sz—m/Eer A”Sj

— __b dQr’Im[ee*(s) - Le(s)]
8k b}
__ erZIm[lb*(S) : .i”b(s)}
8k bl 1%
— 1 2 *
= ~Tenk Eer Im|:ee (s) - Ze(s)
+ %b*(s) . .Zb(s)] (51)

Using again Jones’ lemma, Eq. (20), we get

I’L2

r_ 2A7 o,
<I>$——47T62/2d9r Ajjsj

1 )
- _ (UL
= —Relee” - [Ze®)y

(1.,
__ Zpo.
= 4k2Re{Hb [.,iﬂb(s)]s_s[}. (52)

Equations (51) and (52) constitute the conservation law for
the orbital angular momentum of either the electric or the
magnetic field, as well as of the dual-symmetric one with both
e and b. Equation (50), together with (51) and (52), defines
the force moment, or torque, by transfer of this orbital angular
momentum from the incident field to the object, expressed in
terms of the flow of the tensor A;; across any closed surface
surrounding this body. It is very interesting that the rate at
which this incident orbital angular momentum CIDL? [Eq. (52)]
is extinguished by transference to the body is proportional
to a sort of cross-orbital angular momentum given by the
interaction of the incident field with the scattered field in the
forward direction s = s;.

Moreover, recalling that the incident field is a plane wave,
and since r = rs, one has for the incident electric orbital
angular momentum

Im[E"* . ZE?]
= Im{EY*ikr Z[s; - s]lED}

= Im{e*ikr[s x s;1e?} = [e?%kr(s x s;), (53)

with an analogous expression for the magnetic momentum.
Then the total incident orbital angular momentum enclosed in
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a sphere of large radius R is s given by

R 2 T
/ drr2/ d¢/ dfsinf
0 0 0

x Im[E?* . ZEV + BY*. BV =0,

as expected. Therefore, the extinction torque from this orbital
angular momentum [Eq. (52)] is zero if the incident wave is a
plane. (However, as we see next, in general, it is not zero for
any arbitrary field.)

On the other hand, the physical meaning of the flow of —A? ;
[Eq. (51)] corresponds to a force moment of the scattered field
on the particle. This is the consequence for this recoil torque
of the conservation of orbital angular momentum. However,
since the incident plane wave has no orbital momentum, this
recoil contribution has to come from a transfer of the incident
spin angular momentum into the scattered orbital angular
momentum. Hence, this effect constitutes the essence of the
spin-orbit interaction [7,8] as a consequence of the scattering
of the incident field by the object.

VIII. EFFECTS ON A MAGNETODIELECTRIC
BI-ISOTROPIC DIPOLAR PARTICLE: THE
ELECTROMAGNETIC TORQUE INVOLVED IN THE
CONSERVATION OF THE ORBITAL ANGULAR
MOMENTUM

A. Incident plane wave

Let us now address a magnetodielectric bi-isotropic dipolar
particle. Using Egs. (21)—(23), evaluating the angular integrals
of (51), and substituting the results in (50), we obtain the
extinction torque from the orbital-angular-momentum transfer
to this scattering body:

n
du

Likewise, we get the scattering, or recoil, torque from the
orbital angular momentum:

1 . .
Py = Re[g(p-s,-)Bm*—u(m-s»E@*] (54)

3 1
Yy = —glm{zp* X p+ pm* x m}. (55)

Equation (55) is identical to (24) for the scattering torque
from the spin. Both recoil torques sum to yield the resultant

J
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scattering torque, which coincides with that derived from the
conservation of the total angular momentum J through the
integration [y, rs x Tj;s;ds, [39].

On the other hand, Eqgs. (21) and the transversality of
the incident field show that @, given by (54) is zero, as
expected from the above discussion. However, Eq.(55) exhibits
the nonzero scattering contribution ®°, (recoil torque) to
® & [Eq. (50)], which, as mentioned before, expresses the
spin-orbit interaction involving the conversion and transfer of
the spin into orbital-angular-momentum torque by scattering
with the object.

B. Generalization to an arbitrary incident field

The above equations are generalized to an arbitrary illu-
minating wave field expressible by its angular spectrum (28),
which, introduced in (54), yields

, 1 e 1 . ) *
%"_@ ;Im{g(p'V)B u(m - V)E } (56)

This form is equal to half the contribution from the spatial
structure of the incident field to the extinction torque derived
above from the spin conservation, as seen by comparing (56)
with the second term of (30).

On the other hand, Eq. (55) for ®°, remains valid for an
arbitrary incident field. Thus, we obtain from (50) using (55)
and (56) the following torque involved in the conservation of
orbital angular momentum:

1 [e 1
by =—_[—Im{—(p-V)B" — u(m- V)E*
4k\ €
—Elm —p"Xp+pum* xmyg. (57)
€

IX. DECOMPOSITION OF THE ANGULAR MOMENTUM
TORQUE INTO CONSERVATIVE AND
NONCONSERVATIVE COMPONENTS

Using (21) and taking into account the vector identities
(32), we express the two components CD’x [Eq. (56)] and ®°,
[Eq. (55)] of the orbital conservation torque [Eq. (57)] of the
transversal fields, again dropping the superindex (i), as

1
?, = L{af [koﬁij — 5.V x Im(E x B*)] + af [kQMZV% + %V x Tm(E x B*)]
€ €

2k
oteI 4pk? . 8T . ,uot,ﬁl 4pk? 8T .
+ — (Jin_g.e)__VX(S)'i‘VRe(EB) + — —(ﬁm—ﬁe)——Vx(S)—VRe(EB)
2¢ c c 2 c
2nk k
— 8 (al Viwe) — !, V(wn)) — = E(afV x Z, —ak V x ) + = (o, + e, ) Im(E x B*)}, (58)
€ c € n
and
‘ k3 (4nk[ 1 1 16 1
q)i"zf = _E { % |:€_2|ae|210}; + M2|am|2g;m + €_2|aem|29m + M2|ame|2ye] + Z'u [Elm(a:aem) - /“le(a;:zame)i| (S)

1
— 2|:—Re(a:aem) + MRe(ar*name)i| }
€

(59)
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If the particle is chiral, o, = —e, (58) and (59) reduce to

1
P, = i{af [koﬁvjf — 5.V x Im(E x B*)}
€ €

ku
[, 2 1 : Auk® 87 \
+a, kouV%+EVxIm(EXB) +2 (%, ?)——V (S) + VRe(E - B")
€
I F4k? 8 2 k
%[”—(% g - Ty« 8) - VRe(E~B*)] - 8nﬁa,§wv< ) - TEEGR v i } (60)
2 c c c €
! k3 [ 4nk 1 16
q’iz = _g{ ’Z |:€ |Otg| Fe+ M2|am|2ym + |ame|2<6_2'g.m + /’Lzye>i| T['u|: Im(a ame) + /.LIIIl(O[ ame)i|( >
1
+2|:—Re(a:otme) - /LRe(a;;amE):|Im(E X B*)}. 61)
€
When the particle is dual (¢, /€ = ,uam) Egs. (60) and (61) become
k? 2 1 k1
o, = f{ |:—(Jm —7)- Ty« <s>] ol V(w) — =R v x f} (62)
k c € c €
2k 2 2f 1 2 M *
'y = ———nk _|ae| T+ el ™| = Fm + 1" — 87 —Im(or; ot )(S) |- (63)
3¢ €? €? €

Similar remarks as for the analogous decomposition of the torque from the spin, above, apply to these latter equations.

X. THE TOTAL ELECTROMAGNETIC TORQUE

From all the previous analysis we conclude that the fotal electromagnetic torque on the particle, (I'), stemming from the
conservation laws of both the spin and the orbital angular momenta, is given by the sum of £ [Eq. (17)] [cf. also (24) and (29)
or (30)] and ® & [Eq. (57)], which we express as

(T) = (I") + ('), (64)
where the electromagnetic extinction torque is
’ / ’ 3 1 (i)* (O
(I =L +d » =(Ty) + % ;(p -V)BY* — u(m - V)E
(To) 3 [e |1 (i (@
:—T +E ;Im{;pjalBj —/LMjaiEj , (65)

and the electromagnetic recoil or scattering torque reads

o1
(T8 =LY 4+ @, = —?Im{zp* X p+ pm* x m}. (66)

As mentioned above, we emphasize that this total torque is also obtained from the conservation of the total angular momentum
(J) [39]. The analysis given here, however, elucidates the contribution of both the spin and the orbital angular momenta through
their respective conservation laws and shows that both torques are added, like the angular momenta.

We notice that, making use of (21), one has [dropping the superindex (i) in all following equations, understanding that we
deal with incident fields]

et |?

<ro>+<r5>=[ ——(

2 * al k% 2 |a€m|2 *
3 + el Im(E* xE)+ | =— — — | u|la,|” + —— | [Im(B* x B)
€

2 3

en Y < —Im(ot)ctem) + /le(amame)>i|Re(E x B*)

me+o¢ 2k3
3

However, introducing (21) in the optical theorem that represents the conservation of energy [54],

o
2
[ —af 2kg
[ (lRe(a Cem) + uRe(amoeme))]lm(E x BY). (67)

4

ck w
W+ 3—’1['s—l|p|2 + ulm|*] = SImp - € +m - bjJ; (68)
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with W* standing for the rate of energy absorption by the particle, one has

w 2 3 €

R R 1

we OlI k3 (e P 2 051 k3 Uem 2
_ [_e _ _(' "L mameﬁ)]mﬁ + [—m - —(mamﬁ + %)]IBIZ

2 3

- 243
+ [M _ = (—Im(oz:aem) + MIm(ama:‘ne))}Im(E .B*)
€

2 3

[a,’ne +al 2K (1

2 3

It is interesting that for fields such that B = FE, (e.g,
the circularly polarized field scattered from a dual particle,
mentioned in Sec. IV), one has from (67) and (69) that

coc@ no@
Im(E® x E) =
2mce

(To) + (1) = o

Fo,  (70)

where we have defined the absorption cross section as 0@ =
8k /w|E[>)W@. This occurs, in particular, for an incident
circularly polarized plane wave and for some beams, as well
as for a pure electric, or a pure magnetic, dipolar particle
[in this latter case .%, should be replaced with .%,, in (70)].
In such situations we see in (70) that the component (I'g)
of the extinction torque (I'") [cf. (65)] is canceled by (I'*),
thus only remaining in the sum (70) that part of (I'*) which
contains 0@,

More generally, for any wave field, if the particle is
magnetodielectric, although not bi-isotropic (e, = Qe =
0), separating in (69) the electric and magnetic parts by
writing W* = W¢ + W and introducing the electric and
magnetic cross sections, ag(") = (8nk/a)|E|2)W§") and U,Ef‘) =
87k /w|B|*)WV'@_ one has on writing the optical theorem (69)
separately for the electric and the magnetic parts

(To) + (T) = ——6@ImE x E) + ——0@ImB x B)
8wk 8Tk

n

2mc (Ue(a)ye + Gr(na)ym)'

(71)

These equations are seen to be compatible with (33), (36),
(58), and (59).

Hence, in contrast with some previous work [26-32]
and in agreement with some experiments and calculations
[22-25,33,35,36], these equations show that this particle does
not experience a torque and spins due to the so-far-called
intrinsic torque: (') [which, as we have just seen, is canceled
by a part of the recoil torque on this kind of particles through
the optical theorem relating imaginary parts and moduli of the
permittivities, Eq. (69)], but because it absorbs the incident
energy and, as shown by (70) and (71), receives the spin .%,
and/or .%#,, through the remaining part of the recoil torque that
contains the absorption cross section. On the other hand, as we
see below, the orbiting of the particle is due to the beam shape
carried out in the torque by the second term of (65).

— <2Re(a:_fozem) + uRe(amafne)>}Re(E - B*).

(69)

(

In this regard, it is thus pertinent to remark that, in
contrast with previous torque theories that do not comply
with the optical theorem, the proportionality factors between
the optical torque and the electric and magnetic spin angular
momenta is given by the absorption cross sections, not by
the imaginary part of the corresponding electric and magnetic
polarizabilities. This is a consequence of the static starting
point and hence of the lack of consideration of the recoil
torque in such theories.

It is well known that the static regime applies for Rayleigh
particles (for which ka < 1, a being their linear dimension,
i.e., for example their radius if they are spheres) [54,57,70]. In
this quasistatic limit the optical torque obtained in this paper
reduces to the one from such theories.

If, for example, the dipolar particle is purely dielectric
(O = Oem = U = 0, 0¥ is just denoted as o@) Eq. (69),
which becomes —(2/3€)k®|a,|* = —a! + €09 /4rk, intro-
duced in the recoil torque (I'*) = (1/3€)|o, | Im[E* x E] [cf.
Eq. (67)], leads to cancellation of (I'y) by the corresponding
ozg term of (I'*). Hence, Egs. (64), (65), and (67) lead to a
torque on this particle:

ec@
T =
{0 8k

Im[E* x E] + ~- EIm{l(p : V)B*}. (72)
4k\ n €

We see at once that the first term of (72), which we extend to
the right side of (71), and that represents the spin torque that
we denote as (I, ), characterizes the rotation of the particle
on its axis due to the spin transfer by absorption of the incident
energy through o@.

In connection with the aforementioned static ap-
proximation, notice again that the above relation-
ship, —(2/3€)k?|a,|* = —al + €@ /4xk, becomes al =
€0@ /4 k only in the Rayleigh limit [54,57,70].

Concerning the orbital movement due to the field structure,
generally involved in the second term of (65), it is useful to
consider the vast kind of wave fields that posses a vortex [1—4].
Expressing E(r) and B(r), as well as the position vector r, in
cylindrical coordinates (R, ¢, z) and extracting the vortex phase
¢!'% . we write such incident fields as

E(r) = ¢E(r), B(r) = "’B(r), (73)
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with [ being the topological charge. So that from (73) and after Eq. (21), we express this term of (65) as

3 [e 1
— [—Im{—(p- V)B* — u(m - V)E*
4kV\ u €

€

3 1 I 1 O SR
= 2{(-0:5 — ua,ﬁ) |:Im(E -V)B* — ERe(E¢B*)i| + (gafm — W,jf) [Im(B -V)B* — ERe(B(Z)B*)}

+ <éael — ;wt,lne) |:Re(l:3 -V)B* + %Im(Eq;ﬁ*)] +(§a£m — Maf,,) |:Re(l§ -V)B* + %Im(l%fi*)} } (74)

For example, if the particle is purely dielectric and isotropic (only ¢, # 0), then the right side of (74) reduces to

3 el vipel = 2ok im@E . v)B* — LRe(E, B I Re(® - V)B* + LIm(E,B" 75
my—(p-V) —M%m(')—ie(¢)+% e(')+Em(¢), (75)

4V e

which accounts for the particle orbital movement, and ex-
pressing again o/ in terms of o® through the aforementioned
optical theorem, &/ = €0 @ /4mk + (2/3€)k>|at, |, shows that
there is an /-number torque component, proportional to
lo“ /R, making the particle orbit around the vortex axis via the
transfer of orbital angular momentum by absorption; there is
also another orbital component by transfer through the particle
scattering cross section involved in / loe |>/R [54,73]. Both
components are amenable to observation [2].

For fields with a well-defined incidence direction, like
optical beams, the term (3/4kn)a!Re(E - V)B* of (75), which
plays for the torque a role analogous to the (1/2)a/Im{(E -
V)E*} component of the orbital momentum in the optical force
[52,54], may make negative the resultant longitudinal torque
(i.e., opposite to the incident helicity). This is illustrated below
with incident Bessel and Gaussian beams.

(

There are more components of this extrinsic torque
[Eqg. (75)] in the transversal ¢ and R directions; but for the
purely dielectric particle the Z component of the two terms of
a R in (75) is zero for a variety of beams, like those discussed
in the following examples. More complex effects of this sort
remain to be studied in Eq. (74) when «,,, o, and «,,, are
nonzero.

XI. EXAMPLE 1: INCIDENT BESSEL BEAM

As afirst illustration we consider a transversal electric (TE)
Bessel beam [41,77] propagating along O Z in air, with a vortex
of topological charge /, whose electric and magnetic vectors
are

O € ile ik, _lx Ky , B ly _,Kx ,
E (r)_%e e Z[ FJI(KR)—H?JI(KR) EJI(KR) zTJ,(KR),O,

B0y = e o[ D g gy i K pikmy = pkry+ i K e, Kk
= — "% = i— - — i— ,— ,
2 Rz R Rz R K
(76)
k= (kkayskz)v K= (kkay10)7 k = |k| RE)
e=pnp=n=1, r=(xyz2, R=(xy0),
incident on a dielectric particle whose induced dipole moment is p = o, E®.
This beam is elliptically polarized. First, we note that the helicity of this field is
Ik, K ,
H = ezkj—'RJZ(KR)J, (KR). (77)
Then, according to (29) or (30),
L= i1111,13-19(."”‘ = (To) + ilm{(p - V)BO*) (78)
2% VT 2k ’
with
, 21K , k>,
(Fo) =a, p?Jl(KR)Jl(KR)(O,O,D = k—ae«%”(O,O,l), (719)
Z

which shows that this component of the torque follows the helicity. Also, Eq. (79) manifests a contribution of the vortex charge

[ to this part of the torque.
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On the other hand,

ek

1
L =20, = —Im{(p V)B*) = x

1 l 2 :
+af| 27 AR

where J/(KR) = dJ;,(KR)/d(KR).

Equation (80) exhibits an azimuthal dependence (y, — x) =

K , K2
_ZFJZ(KR)JI(KR)"_ F‘Il (KR)|(y, —x,0) —
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1
{ o, = — [KJ(KR)J/(KR) + KJZZ(KR) - —JI(KR)JZ (KR)](x,y,0)

IK3 ,
2 RJ,(KR)J,(KR)(O,OJ)“, (80)

Z

—R¢ of the « Iterms. (R and ¢ are the cylindrical coordinates in

the transversal plane of the beam.) Hence, although (I') is longitudinal, i.e., along O Z, the beam structure creates and modulates

a transversal azimuthal component of £'. Moreover, there is a radial torque (x,y) =
Im{(p - V)B®*} [cf. Eq. (57)] coming from the orbital-angular-momentum conservation

This is extensive to the torque part: ﬁ
law.

R# in the X terms due to the helicity gradient.

It is interesting to analyze the different parts in Eqgs. (78)—(80) from the point of view of the decompositions (33) and (58).

There are the conservative components:

1 e* kK 1

§a§V%ﬂ = h R aR[KJ(KR)J/(KR)+ KJ*(KR) — —J,(KR)J, (K R)](x,y,0), (81)
1 1 kY
7% VRe(E - BY) = 0. (82)

Equation (81) shows the aforementioned radial gradient torque whose sign oscillates with the distance R to the beam axis.

The nonconservative components,

c e

and
k 2

—ocelﬁm — —otIV x (S)
c kc

ek, (TP , I’K , K? ,
= S5 %) | ga MK R) = 22 K R)J/(KR) + 25 I (K R) | (v, = x,0) =

2k*

having used x2J/"(x) + x J/(x) + (x? — I?)J;(x) = 0.
Also,

k
ol 7, =

1
5{Fo) (83)

3

(K R)(0,0, 1)}, (84)

1
— —a!V x Im(E x B*) = 0. (85)

4k
On the other hand,

k IK
L5=d, = ——e2|ag|2—J,(KR)J/(KR)(O,O,1), (86)

which is contributed by the electric helicity flow term — L 421‘

Ll 2.7, of Egs. (36) and (59).

Using, as shown above, the optical theorem a! — (2/ 3€)k3 |0(e|2 = €0 /4rk and since K? + k? = k2, the resulting torque

becomes

(F'(r)) = l—Jl(KR)J, (KR)(©0,0,1) + ——

yErEhd 4k

3e%k,

RlK ” 2
of 25 (K I(K R/ (KR) + KJ(KR)

2

1 / T2 2 I"K / K2
—EJ;(KR)JI(KR)](x,y,O)+o:e FJ’ (KR) —2FJ1(KR)J,(KR)+FJ, (KR) |(y, —x,0)

3

K
— 2kZR JI(KR)J/(K R)0,0, 1)i| }

The spin torque (I',) [see Eq. (72)] that results from the sum
(To) + L + @°, [cf. Egs. (83) and (86)] is the first term
of (87) and, as said above, describes the particle spinning
following the incident helicity by transfer of spin angular
momentum through energy absorption. Equation (87) also
shows that, in particular if the wave were plane, this term

87)

(

would be the only contribution to the torque, there being no
orbiting of the particle, as expected. Otherwise, there is a radial
helicity-gradient term of «X and an azimuthal vortex term of
oze’ in (87) due to both the beam transversal structure and the
interaction of the transversal E and B with the longitudinal
B. The latter manifested through the particle scattering and
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7x10°

0 1x10° 2x10° 3x10° 4x10°

R (nm)

FIG. 2. (Color online) Doped Si sphere of radius 230 nm illumi-
nated at A = 1350 nm, where its electric polarizability dominates
by a TE Bessel beam; K = 0.9k, [ =2, of =1.095 x 107 nm’,
a! = 6.083 x 10°nm?, 0@ = 0.1. Red line, longitudinal component
of the time-averaged optical torque (I').; blue line, longitudinal
spin torque (I',) transferred by absorption (its magnitude appears
multiplied by 10*); dashed pink line, helicity 7 of the incident beam
(its magnitude appears multiplied by 10°). The three quantities have
circular symmetry with annular spatial distribution in the transversal
XY plane, and thus in this representation they are even functions if
the axis of the radial coordinate R is extended to the left of 0. The
torques and helicity are plotted in nm* and nm™', respectively, since
they are normalized to half the incident intensity density: 2.

absorption of the incident beam as seen from the optical
theorem and producing an orbiting of the particle around the
vortex axis O Z at maximum intensity points, which are stable
due to the gradient force.

Figure 2 shows three quantities in the transversal plane,
where they have an annular spatial distribution, for a Si sphere
(refractive index n, = 3.5), illuminated at a wavelength near
its dipolar resonance [57,78] and K = 0.9k. The particle
is assumed to have been slightly doped to confer it a low
absorption, so that its spin torque is observable through o@,
The optical torque (I'), is dominated by the last term of (87),
which is several orders of magnitude larger than the spin
torque (I, ). Also, while the latter follows the incident field
helicity, the former opposes it, thus giving rise to a longitudinal
z-negative optical torque on the particle, which consequently
orbits around the vortex axis in the opposite sense to its
spinning. Diminishing K results in a weaker torque, but does
not change its negative sign. It occurs similarly on varying
[, which only changes the oscillation points along R, slowly
diminishing their amplitudes as |/| grows.

It is also interesting in connection with the gradient torque
(81) and the corresponding behavior of the helicity in Fig. 2
that this optical torque transversal component is maximum and
zero at those points where # changes sign and is extreme,
respectively. These positions coincide with those where the
gradient force magnitude on the particle is maximum and
zero, respectively. Hence, while this latter force tends to place
the object at an equilibrium position of minimum energy, the
gradient torque tends to a zero transversal value, both in its
spinning and orbital movement [cf. Egs. (33) and (58) for the
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spin and angular gradient optical torques]. As anticipated in
Sec. V, this effect can be exploited as an additional degree of
freedom in what we may call rotational optical tweezers.

XII. EXAMPLE 2: INCIDENT GAUSSIAN BEAM
A. TE and TM Gaussian beam

We shall now consider a wave field commonly used in
several works and illustrations. This is a Gaussian beam in air,
both TE and TM, circularly polarized, with spot size 20 and a
vortex of topological charge /,

. . . 2
E(’)(r) =e(l, £ i,O)e’lq’e’kze*n%,

, 1 . 1 . :
BO(r) = ?V x ED(r) ~ ?az x ED(r) =2 x E?(r)
1 1

. . . R2
= FiEV(r) = e(Fi,1,0)e!? ek e ™07 (88)
k= (keoky k), K= (koky,0), k= [kl ==,
C
e=p=n=1, r=(u,y2, R=(x,y0),

illuminating a dielectric particle whose induced dipole mo-
ment is p = o, E®.

This is an interesting case because, as we see below,
although some aspects of the forces stemming from the above
paraxial expressions of the E and B vectors are easily obtained,
these fields are not divergenceless and, as we see next, are not
appropriate for any theory based on the free-space Maxwell
equations, V-E =V .B =0, like the torque formulation
developed here. Neither the total angular momentum density
nor its z flux across a transversal XY plane can be expressed
as the sum of the corresponding spin plus orbital densities and
fluxes, as expected from the remarks of Sec. II.

First, we note that the helicity of this field is

1, o
H = :I:Ee e 7. (89)

It is convenient to analyze the dynamics exerted by this beam
on a dielectric particle from the point of view of the mean
optical force, which is [48,51,52,54]
af , 4Tk
(F) = T’V|E| +a, TPO. (90)

We omit the superindex (i ), understanding that in all following
equations we are dealing with the incident field.
The gradient, pulling the particle to the beam axis, is

2 4 5, = N
V|E| = _26 e o (_-xv - y30)7 (_x9 - yso) = _Rrv
o
oD
the ith component of the orbital momentum Py being [52]
c c
Py = — Im{E¥3;E;} = (S) + —Im{(E* - V)E},
b= g IMEHE) = (8) + o Im{(E" - V)E)
i,j =123, (92)
with the mean energy flow

(S) = —e%e™ 5 (0,0,1) 93)
8
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and

2
9 —2R°

. 2 l
Im{(E* - V)E} = ¢%e 02< ;—ﬁ)(y,—x,())- %94)

Now observe that since for the paraxial TE and TM field (88),
V - E # 0, one has

Im{(E* - V)E} = Im{(V - E)E*} — 1V x Im{E* x E}. (95)

The existence of the nonzero first term in the right side of
(95) is a fact that should be recalled when expressing the
orbital momentum in terms of the electric spin (.%,) curl:
V x Im{E* x E} for fields that are not divergenceless.
Notice that the orbital momentum Py, described by (92)—
(94), contains the term :I:{%2 [cf. Eq. (94)], which is essential to
describing the spin curl component of the force [cf. Eq. (95)],

1 * 2 4 22
—V x Im{E* x E} = Fe"—e -2 (y, — x,0),
2 o?

. (96)
(ya —X,O) = —R¢,

which, together with

2
Im{(V - E)E*} = e%‘zfz(
R2

2 l
i —)(y, —x,0), (97)

yield the expression (94) when they both are introduced in
(95). In fact, the omission of the :I:Ui2 leads to the well-known
fundamental paradox of having a zero spin momentum [the
last term of Eq. (95)], while the spin angular momentum .%,
is not zero [79].

Equations (90) and (92)—(94), characterize the force due to
Py, pushing the particle along z with the radiation pressure
characterized by (S) and in the azimuthal direction due to
Im{(E* - V)E given by the divergence and spin curl terms of
(95). Also, from the above equations one has that the total
angular momentum J does not hold J = L 4+ %, where J =
r x (S) and L =r x Py. Neither their corresponding flows
across the transversal XY plane fulfill such decomposition.

One would write the torque R x o!(S), given by the
moment of the radiation pressure with respect to the beam
2,- %

2
axis, as azimuthal, —Xe“e - aé(b, whereas the torque

8

R x a—zl Im{(E* - V)E from the moment of the remaining orbital

2
part of the force would be longitudinal, —ezefzo%ae’ RA(+3% —
#)2 (notice this orbital Z component being proportional to
the vortex index [ and independent of R), to which the

moment of the spin contribution R x %’(V x Im{E* x E})

_28? R
is :I:ezize o2 ocj R?2. However, as we have already seen,

the torque by transfer of spin to the particle actually comes
from its absorption cross section. If there is no absorption (or
birefringence [22]), there is no spinning of the particle due to
the spin angular momentum.
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On the other hand, according to (29) or (30),

/o n (i)*
L el vl = gy 1200, 98)
— [ —Im{ - . — s
%\ c P 0 <&

withe =p=n=1,k=|k| =%, and
2
(Ty) = iae’eze*%(o,o,l) = ka!2#(0,0,1),  (99)

1 [e 1 .
— |=Im{—(p- V)BV*
T Mm{e(p ) }

e | p 2 [
= 3¢ o {ae (:i:; - F)(—X, -0
2
:‘:O{e i;_ﬁ (y,—x,O) .

x(ezuznzl,k=|k|=§). (100)
As expected, Egs. (98)—(100) show features similar to those
seen above for the Bessel beam concerning the influence of
the structure of the beam, in both the longitudinal and the
transversal components of these torque parts.
On the other hand, the recoil torques are

3

, k _w
L= @y = F—lac’e o7 (0,0.1), (101)

which are contributed by the electric helicity flow term,
—%%[Eiz ot |>Z., of Egs. (36) and (59).

When the resultant torque [Eq. (64)] (T'(r)) = L+ ®» =
L'+ L° + @'y, + @, exerted by this beam on the particle is
evaluated, one obtains

282 €
I(r)) = e’e o7 {£—0"(0,0,1
(T() = e [£—00.0.1)

+i R ii_L (—x, — y,0)
| % \Toz T R)TETY
2 1
+a! (j:; - F)(y, - x,0)1| } (102)

Once again, we obtain in the first term of (102) the spin torque,
with its = sign, along O Z, proportional to the absorption cross
section, accounting for the particle spinning. We also see in
(102) the helicity gradient radial term, as well as an azimuthal
part proportional to Im{(E* - V)E} according to Eq. (94).

However, no z component due to orbital angular momentum
transfer is exhibited by (102). This is a consequence of
obviating the fundamental conditions—V -E=0, V-B =
0—in the paraxial representation (88) of the Gaussian beam.
Of course, not all terms of the decompositions (33) and (58) are
valid for this beam. Hence, although some aspects of the force
exerted by a TE and TM beam, like that of (88), are easily
described with such representation of its E and B vectors,
other effects of the dynamics as discussed in Eq. (102) are not
adequately described.
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B. Gaussian beams satisfying the transversality condition

Paraxial expressions of vortex Gaussian beams that, being
0, ~ ik,, satisfy the transversality condition should have
E®D = (i/k,)V, -EY [52] and E} = (ED,ED). A first
example which we denote as PG1, has the annular spatial
field distribution in the XY plane:

i it l 2R

| Jp——
kz [R( FD o
RZ

% ell(ﬁelkzze_T

E?(r) = ek'R’ { 1,+i,—

(103)

Alternatively, a second instance, which we denote as PG2, is
similar to an hypergeometric Gaussian beam in the pupil plane:

EOr)=e|l, +i ii +L (y Fix) ekie
T\ k0 kL R2 ’
(104)

. 1 .
BO(r) = —ipV X E®,

(x,,0).

We choose [ = 1 and the upper signs in (103) for the PG1
beam. According to the first term of (72), the spin torque (I',,)
that it induces on the above dielectric dipolar particle is

(105)

r=(x,y,z),R=

(a)
(T}, = K2R = 2 {

2k | k02
(106)
Whereas, by the same token, the PG2 beam gives rise to
_w @
(T)y = Ze“e 2 s

2 I
x{(:&:kzaz kR2)( ny)—l—(OOl)} (107)

For brevity, we concentrate on these longitudinal z torques, as
this component was the source of the discrepancy encountered
with (88). They are

T S ko@® &2 R?
(I‘(r))z =e¢ 2R +6; o ? —1 (0,0,1)
(108)
for the PG1 beam and

w2 0@ 3 2R?
(T(r)), =e’e o {:i:4nk+k2 2(1;11 ) e’}(0,0,l)

(109)

for the PG2 beam.

Equations (108) and (109) contain the topological charge,
or orbital number, /, coming from the (S) component of
the orbital momentum Py [Eq. (92)], which describes the
trajectory of the particle around the vortex following the sign
of [. There is no contribution to this / term of (I'(r)), from
Im[(E* - V)E] since, for example for PG2, the latter yields

4eze72er’:(:|:4/02)(y,—x,O), whose momentum R x Im[(E* -
V)E] contributes to the (3/k?a%) factor of o in (109). Of
course, again the sign of the incident spin angular momentum is
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FIG. 3. (Color online) Doped Si sphere of radius 230nm illu-
minated at A = 1350 nm by either of the Gaussian beams PGl
[Eq. (103)] or PG2 [Eq. (104)] with LCP transversal components. ] =
1 for PG1, and [ = 2 for PG2. 0 = 2; um. a = 1.095 x 107 nm?,
a! = 6.083 x 105nm?>. Solid red line, 10ng1tud1na1 component of
(I"), due to PGI; solid blue line, longitudinal spin torque (I',)
from PG1 (its magnitude appears multiplied by 10%); dashed brown
line, longitudinal component of (I'), due to PG2 (its magnitude
appears multiplied by 14); dashed pink line, longitudinal spin torque
(I',) from PG2 (its magnitude appears multiplied by 10°). The four
quantities have circular symmetry with an annular spatial distribution
in the transversal XY plane, and thus in this representation they are
even functions if the axis of the radial coordinate R is extended to the
left of 0. They are plotted in nm* since they are normalized to half
the incident intensity density: 2.

followed by the spinning particle as it absorbs incident energy
through o@.

Figure 3 shows the annular spatial distribution of the spin
and longitudinal total torques on the Si sphere addressed above,
again illuminated at A = 1350 nm by either the beam PG1
(with I = 1) or PG2 (with [ = 2), choosing the upper sign in
(103) and (104). The longitudinal O Z torque is dominated by
the ozel term of Egs. (108) and (109), which is several orders of
magnitude larger than the spin torque (I', ). The latter clearly
displays the beam transversal Gaussian shape at whose peak
the particle is stably placed by the gradient force, while it orbits
around the vortex and spins on its axis. Increasing |/| enlarges
the strength of (T'),.

Itis remarkable that while the PG2 beam induces a resultant
z torque that follows its helicity like the spin torque, the
interaction of the transversal and longitudinal components of
the PG1 wave field induces a negative electromagnetic torque
on the particle, which consequently orbits around the vortex
axis in opposite sense to its spinning. This example, as well as
the one above concerning a TE Bessel beam, illustrates that,
in contrast with negative radiation pressure and tractor beams
[40—42], the production of negative torques is quite common
and exists beyond illumination with special oscillating spatial
profiles.

We should remark that in the examples here shown, the
torque is enhanced by illumination in the electric dipole
resonance region of this kind of high n, particles. By contrast,
we obtained torques one order of magnitude smaller on latex
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spheres (n, = 1.5) of the same size in the equivalent region
(A =700 nm).

XIII. CONCLUSIONS

We have studied the significance and consequences of the
conservation laws of the spin and orbital angular momenta for
the scattering of arbitrary wave fields, satisfying the transver-
sality condition with an object, which we have illustrated by
a magnetodielectric bi-isotropic dipolar particle in the wide
sense. We have shown that these laws describe the respective
contributions of these angular momenta to the different parts
of the torque exerted by the field on the particle, which is
seen to consist of an extinction and a scattering, or recoil,
component. The latter is shown to cancel the often-called
intrinsic torque, contained in the extinction component and
modeled in some previous works, without compatibility with
energy conservation, to account for the optical torque felt by
the body, and that as shown here plays no role in the resultant
optical torque, which is actually felt by the particle through its
absorption cross section. This latter quantity is what remains
from the recoil torque component after the above-mentioned
cancellation.

Each of these two laws describe a half of the recoil
torque acting on the object. The transfer of spin and orbital
angular momenta, on the other hand, arises while they are
extinguished from the incident field. This is described by the
torque extinction parts due to the interference of the incident
and scattered fields. If the incident wave is a plane, and thus it
has no orbital angular momentum, its transfer characterized
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by the recoil torque is a manifestation of the spin-orbit
interaction.

The role of the spatial structure of the incident field in the
torque has been established, showing that the contribution from
the spin angular momentum conservation is twice that from the
orbital-angular-momentum continuity law. While the spinning
of the particle through absorption of the incident energy always
follows the incident helicity, its orbiting may result opposite to
the incident spin, this giving rise to a resultant negative optical
torque on a single particle. I have illustrated this with Bessel
and Gaussian beams.

The electromagnetic torque admits a decomposition into
conservative and nonconservative components in which the
helicity and its flow play a role analogous to that of the energy
and the Poynting vector in the optical force. In particular,
the gradient torque has the potential to add a new variable to
optical tweezers setups.

In addition to contributing to an understanding of the physi-
cal mechanisms involved in the transfer of angular momentum
from the field to a body, ruled by these conservation laws,
and their several consequences, this study opens new avenues
of research both from the experimental and theoretical points
of view that, with the improvement of particle manipulation
techniques, adds new degrees of freedom in the analysis
and control of possible fundamental phenomena and their
applications.

ACKNOWLEDGMENTS

Work supported by the Ministerio de Economia y Compet-
itividad of Spain through Grants No. FIS2012-36113-C03-03
and No. FIS2014-55563-REDC.

[1] L. Allen, S. M. Barnett, and M. J. Padgett (editors), Optical
Angular Momentum (1I0P, Bristol, UK, 2003).

[2] D. L. Andrews and M. Babiker (editors), The Angular Momen-
tum of Light (Cambridge U. P., Cambridge, 2013).

[3] L. Allen, M. J. Padgett, and M. Babiker, The orbital angular
momentum of light, in Progress in Optics, edited by E. Wolf
(Elsevier, Amsterdam, 1999), Vol. 39.

[4] M. Yao and M. Padgett, Adv. Opt. Photon. 3, 161 (2011).

[5]1 M. Mansuripur, Opt. Express 13, 5315 (2005).

[6] S. M. Barnett, J. Opt. B: Quantum Semiclassical Opt. 4, S7
(2002).

[7] K. Y. Bliokh, J. Dressel, and F. Nori, New J. Phys. 16, 093037
(2014).

[8] K. Y. Bliokh and F. Nori, Phys. Rep. 5§92, 1 (2015).

[9] J. H. Crichton and P. L. Marston, Electron. J. Dif. Egs. Conf. 04,
37 (2000). http://ejde.math.swt.edu or http://ejde.math.unt.edu

[10] N. B. Simpson, K. Dholakia, L. Allen, and M. J. Padgett, Opt.
Lett. 22, 52 (1997).

[11] D. M. Lipkin, J. Math. Phys. 5, 696 (1964).

[12] C. N. Alexeyev, Y. A. Friedman, and A. N. Alexeyev, Ukr. J.
Phys. 46, 43 (2001).

[13] R. P. Cameron, S. M. Barnett, and A. M. Yao, New. J. Phys. 14,
053050 (2012).

[14] R. P. Cameron and S. M. Barnett, New J. Phys. 14, 123019
(2012).

[15] T. G. Philbin, Phys. Rev. A 87, 043843 (2013).

[16] Y. Tang and A. E. Cohen, Phys. Rev. Lett. 104, 163901 (2010).

[17] Y. Tang and A. E. Cohen, Science 332, 333 (2011).

[18] L. Marrucci, E. Karimi, S. Slussarenko, B. Piccirillo, E.
Santamato, E. Nagali, and F. Sciarrino, J. Opt. 13, 064001
(2011).

[19] J. P. Torres, G. Molina-Terriza, and L. Torner, Proc. SPIE 5958,
515810 (2005).

[20] I. Fernandez-Corbaton, X. Zambrana-Puyalto, and G. Molina-
Terriza, Phys. Rev. A 86, 042103 (2012).

[21] R. A. Beth, Phys. Rev. 50, 115 (1936).

[22] V. Garces-Chavez, D. McGloin, M. J. Padgett, W. Dultz, H.
Schmitzer, and K. Dholakia, Phys. Rev. Lett. 91, 093602 (2003).

[23] T. A. Nieminen, N. R. Heckenberg, and H. Rubinztein-Dunlop,
J. Mod. Opt. 48, 405 (2001).

[24] T. Asavei, V. L. Y. Loke, N. R. Heckenberg, and H. Rubinztein-
Dunlop, J. Quant. Spectrosc. Radiat. Transfer 110, 1472 (2009).

[25] M. E. J. Friese, T. A. Nieminen, N. R. Heckenberg, and
H. Rubinsztein-Dunlop, Opt. Lett. 23, 1 (1998).

[26] A. La Porta, and M. D. Wang, Phys. Rev. Lett. 92, 190801
(2004).

[27] A.Lehmuskero, P. Johansson, H. Rubinsztein-Dunlop, L. Tong,
and M. Kall, ACS Nano 9, 3453 (2015).

[28] P. C. Chaumet and C. Billaudeau, J. Appl. Phys. 101, 023106
(2007).

043843-17


http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/AOP.3.000161
http://dx.doi.org/10.1364/OPEX.13.005315
http://dx.doi.org/10.1364/OPEX.13.005315
http://dx.doi.org/10.1364/OPEX.13.005315
http://dx.doi.org/10.1364/OPEX.13.005315
http://dx.doi.org/10.1088/1464-4266/4/2/361
http://dx.doi.org/10.1088/1464-4266/4/2/361
http://dx.doi.org/10.1088/1464-4266/4/2/361
http://dx.doi.org/10.1088/1464-4266/4/2/361
http://dx.doi.org/10.1088/1367-2630/16/9/093037
http://dx.doi.org/10.1088/1367-2630/16/9/093037
http://dx.doi.org/10.1088/1367-2630/16/9/093037
http://dx.doi.org/10.1088/1367-2630/16/9/093037
http://dx.doi.org/10.1016/j.physrep.2015.06.003
http://dx.doi.org/10.1016/j.physrep.2015.06.003
http://dx.doi.org/10.1016/j.physrep.2015.06.003
http://dx.doi.org/10.1016/j.physrep.2015.06.003
http://ejde.math.swt.edu
http://ejde.math.unt.edu
http://dx.doi.org/10.1364/OL.22.000052
http://dx.doi.org/10.1364/OL.22.000052
http://dx.doi.org/10.1364/OL.22.000052
http://dx.doi.org/10.1364/OL.22.000052
http://dx.doi.org/10.1063/1.1704165
http://dx.doi.org/10.1063/1.1704165
http://dx.doi.org/10.1063/1.1704165
http://dx.doi.org/10.1063/1.1704165
http://dx.doi.org/10.1088/1367-2630/14/5/053050
http://dx.doi.org/10.1088/1367-2630/14/5/053050
http://dx.doi.org/10.1088/1367-2630/14/5/053050
http://dx.doi.org/10.1088/1367-2630/14/5/053050
http://dx.doi.org/10.1088/1367-2630/14/12/123019
http://dx.doi.org/10.1088/1367-2630/14/12/123019
http://dx.doi.org/10.1088/1367-2630/14/12/123019
http://dx.doi.org/10.1088/1367-2630/14/12/123019
http://dx.doi.org/10.1103/PhysRevA.87.043843
http://dx.doi.org/10.1103/PhysRevA.87.043843
http://dx.doi.org/10.1103/PhysRevA.87.043843
http://dx.doi.org/10.1103/PhysRevA.87.043843
http://dx.doi.org/10.1103/PhysRevLett.104.163901
http://dx.doi.org/10.1103/PhysRevLett.104.163901
http://dx.doi.org/10.1103/PhysRevLett.104.163901
http://dx.doi.org/10.1103/PhysRevLett.104.163901
http://dx.doi.org/10.1126/science.1202817
http://dx.doi.org/10.1126/science.1202817
http://dx.doi.org/10.1126/science.1202817
http://dx.doi.org/10.1126/science.1202817
http://dx.doi.org/10.1088/2040-8978/13/6/064001
http://dx.doi.org/10.1088/2040-8978/13/6/064001
http://dx.doi.org/10.1088/2040-8978/13/6/064001
http://dx.doi.org/10.1088/2040-8978/13/6/064001
http://dx.doi.org/10.1103/PhysRevA.86.042103
http://dx.doi.org/10.1103/PhysRevA.86.042103
http://dx.doi.org/10.1103/PhysRevA.86.042103
http://dx.doi.org/10.1103/PhysRevA.86.042103
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRev.50.115
http://dx.doi.org/10.1103/PhysRevLett.91.093602
http://dx.doi.org/10.1103/PhysRevLett.91.093602
http://dx.doi.org/10.1103/PhysRevLett.91.093602
http://dx.doi.org/10.1103/PhysRevLett.91.093602
http://dx.doi.org/10.1080/09500340108230922
http://dx.doi.org/10.1080/09500340108230922
http://dx.doi.org/10.1080/09500340108230922
http://dx.doi.org/10.1080/09500340108230922
http://dx.doi.org/10.1016/j.jqsrt.2009.03.013
http://dx.doi.org/10.1016/j.jqsrt.2009.03.013
http://dx.doi.org/10.1016/j.jqsrt.2009.03.013
http://dx.doi.org/10.1016/j.jqsrt.2009.03.013
http://dx.doi.org/10.1364/OL.23.000001
http://dx.doi.org/10.1364/OL.23.000001
http://dx.doi.org/10.1364/OL.23.000001
http://dx.doi.org/10.1364/OL.23.000001
http://dx.doi.org/10.1103/PhysRevLett.92.190801
http://dx.doi.org/10.1103/PhysRevLett.92.190801
http://dx.doi.org/10.1103/PhysRevLett.92.190801
http://dx.doi.org/10.1103/PhysRevLett.92.190801
http://dx.doi.org/10.1021/acsnano.5b00286
http://dx.doi.org/10.1021/acsnano.5b00286
http://dx.doi.org/10.1021/acsnano.5b00286
http://dx.doi.org/10.1021/acsnano.5b00286
http://dx.doi.org/10.1063/1.2409490
http://dx.doi.org/10.1063/1.2409490
http://dx.doi.org/10.1063/1.2409490
http://dx.doi.org/10.1063/1.2409490

MANUEL NIETO-VESPERINAS

[29] D. Haefner, S. Sukhov, and A. Dogariu, Phys. Rev. Lett. 103,
173602 (2009).

[30] A. Canaguier-Durand, A. Cuche, C. Genet, and T. W. Ebbesen,
Phys. Rev. A 88, 033831 (2013).

[31] A. Canaguier-Durand, J. A. Hutchison, C. Genet, and T. W.
Ebbesen, New J. Phys. 15, 123037 (2013).

[32] K. Y. Bliokh, A. Y. Bekshaev, and F. Nori, Nat. Commun. 5,
3300 (2014).

[33] P. L. Marston and J. H. Crichton, Phys. Rev. A 30, 2508 (1984).

[34] C. Schwartz and A. Dogariu, Opt. Express 18, 8425 (2006).

[35] J. Chen, J. Ng, K. Ding, K. H. Fung, Z. Lin, and C. T. Chan, Sci.
Rep. 4, 6386 (2014).

[36] D. Hakobyan and E. Brasselet, Nat. Photon. 8, 610 (2014).

[37] D. G. Grier, Nature (London) 424, 810 (2003).

[38] J. E. Curtis and D. G. Grier, Phys. Rev. Lett. 90, 133901 (2003).

[39] M. Nieto-Vesperinas, Opt. Lett. 40, 3021 (2015).

[40] J. Chen, J. Ng, Z. Lin, and C. T. Chan, Nat. Photonics 5, 531
(2011).

[41] A. Novitsky, C. W. Qiu, and H. Wang, Phys. Rev. Lett. 107,
203601 (2011).

[42] S. Sukhov and A. Dogariu, Phys. Rev. Lett. 107, 203602 (2011).

[43] A. Ashkin, Phys. Rev. Lett. 24, 156 (1970).

[44] A. Ashkin, J. M. Dziedzic, J. E. Bjorkholm, and S. Chu, Opt.
Lett. 11, 288 (1986); A. Ashkin, Proc. Natl. Acad. Sci. USA 94,
4853 (1997); Science 210, 1081 (1980).

[45] K. C. Neuman and S. M. Block, Rev. Sci. Instrum. 75, 2787
(2004).

[46] M. Dienerowitz, M. Mazilu, and K. Dholakia, J. Nanophotonics
2, 021875 (2008).

[47] P. C. Chaumet and M. Nieto-Vesperinas, Opt. Lett. 25, 1065
(2000).

[48] J. R. Arias-Gonzalez and M. Nieto-Vesperinas, J. Opt. Soc. Am.
A 20, 1201 (2003).

[49] R. Quidant and C. Girard, Laser Photon. Rev. 2, 47 (2008).

[50] M. L. Juan, R. Gordon, Y. Pang, F. Eftekhari, and R. Quidant,
Nat. Phys. 5, 915 (2009).

[51] S. Albaladejo, M. I. Marques, M. Laroche, and J. J. Sdenz, Phys.
Rev. Lett. 102, 113602 (2009).

[52] M. V. Berry, J. Opt. A 11, 094001 (2009).

[53] P. C. Chaumet and A. Rahmani, Opt. Express 17, 2224
(2009).

[54] M. Nieto-Vesperinas, J. J. Saenz, R. Gomez-Medina, and
L. Chantada, Opt. Express 18, 11428 (2010).

PHYSICAL REVIEW A 92, 043843 (2015)

[55] M. Nieto-Vesperinas, Phys Rev. A 92, 023813 (2015).

[56] J. A. Kong, Proc IEEE 60, 1036 (1972).

[57] A. Garcia-Etxarri, R. Gomez-Medina, L. S. Froufe-Perez, C.
Lopez, F. Scheffold, J. Aizpurua, M. Nieto-Vesperinas, and J. J.
Saenz, Opt. Express 19, 4815 (2011).

[58] S. B. Wang and C. T. Chan, Nat. Commun. 5, 3307 (2014).

[59] M. M. Coles and D. L. Andrews, Opt. Lett. 37, 3009 (2013).

[60] D. L. Andrews and M. M. Coles, Opt. Lett. 38, 869 (2012).

[61] D. L. Andrews, M. M. Coles, M. D. Williams, and D. S.
Bradshaw, Proc. SPIE 8813, 88130Y (2013).

[62] Y. Li, H. Liu, Z. Chen, J. Pu, and B. Yao, Opt. Rev. 18, 7 (2011).

[63] M. N. O’Sullivan, M. Mirhosseini, M. Malik, and R. W. Boyd,
Opt. Express 20, 24444 (2012).

[64] G. C. Sherman, Phys. Rev. Lett. 21, 761 (1968).

[65] M. Nieto-Vesperinas, Scattering and Diffraction in Physical
Optics, 2nd ed. (World Scientific, Singapore, 2006).

[66] L. Mandel and E. Wolf, Optical Coherence and Quantum Optics
(Cambridge University Press, Cambridge, UK, 1995).

[67] K. Y. Bliokh, A. Y. Bekshaev, and F. Nori, New J. Phys. 15,
033026 (2013).

[68] J. D. Jackson, Classical Electrodynamics, 3rd ed. (Wiley, New
York, 1998).

[69] D. S. Jones, Proc. Cambridge Philos. Soc. 48, 736 (1952).

[70] M. Born and E. Wolf, Principles of Optics, Tth ed. (Cambridge
University Press, Cambridge, UK, 1999).

[71] J. A. Schellman, Chem. Rev. 75, 323 (1975).

[72] M. Kerker, D. S. Wang, and C. L. Giles, J. Opt. Soc. Am. 73,
765 (1983).

[73] M. Nieto-Vesperinas, R. Gomez-Medina, and J. J. Saenz, J. Opt.
Soc. Am. A 28, 54 (2011).

[74] J. M. Geffrin, B. Garcia-Camara, R. Gomez-Medina, P. Albella,
L. S. Froufe-Perez, C. Eyraud, A. Litman, R. Vaillon, F.
Gonzalez, M. Nieto-Vesperinas, J. J. Saenz, and F. Moreno,
Nat. Commun. 3, 1171 (2012).

[75] M. Nieto-Vesperinas, P. C. Chaumet, and A. Rahmani, Philos.
Trans. R. Soc., A 362, 719 (2004).

[76] K. Y. Bliokh, Y. S. Kivshar, and F. Nori, Phys. Rev. Lett. 113,
033601 (2014).

[77]1 Y. Z. Yu and W. B. Dou, Prog. Electromagn. Res. Lett. 5, 57
(2008).

[78] A. B. Evlyukhin, C. Reinhardt, A. Seidel, B. S. Lukyanchuk,
and B. N. Chichkov, Phys. Rev. B 82, 045404 (2010).

[79] L. Allen and M. J. Padgett, Am. J. Phys. 70, 567 (2002).

043843-18


http://dx.doi.org/10.1103/PhysRevLett.103.173602
http://dx.doi.org/10.1103/PhysRevLett.103.173602
http://dx.doi.org/10.1103/PhysRevLett.103.173602
http://dx.doi.org/10.1103/PhysRevLett.103.173602
http://dx.doi.org/10.1103/PhysRevA.88.033831
http://dx.doi.org/10.1103/PhysRevA.88.033831
http://dx.doi.org/10.1103/PhysRevA.88.033831
http://dx.doi.org/10.1103/PhysRevA.88.033831
http://dx.doi.org/10.1088/1367-2630/15/12/123037
http://dx.doi.org/10.1088/1367-2630/15/12/123037
http://dx.doi.org/10.1088/1367-2630/15/12/123037
http://dx.doi.org/10.1088/1367-2630/15/12/123037
http://dx.doi.org/10.1038/ncomms4300
http://dx.doi.org/10.1038/ncomms4300
http://dx.doi.org/10.1038/ncomms4300
http://dx.doi.org/10.1038/ncomms4300
http://dx.doi.org/10.1103/PhysRevA.30.2508
http://dx.doi.org/10.1103/PhysRevA.30.2508
http://dx.doi.org/10.1103/PhysRevA.30.2508
http://dx.doi.org/10.1103/PhysRevA.30.2508
http://dx.doi.org/10.1038/srep06386
http://dx.doi.org/10.1038/srep06386
http://dx.doi.org/10.1038/srep06386
http://dx.doi.org/10.1038/srep06386
http://dx.doi.org/10.1038/nphoton.2014.142
http://dx.doi.org/10.1038/nphoton.2014.142
http://dx.doi.org/10.1038/nphoton.2014.142
http://dx.doi.org/10.1038/nphoton.2014.142
http://dx.doi.org/10.1038/nature01935
http://dx.doi.org/10.1038/nature01935
http://dx.doi.org/10.1038/nature01935
http://dx.doi.org/10.1038/nature01935
http://dx.doi.org/10.1103/PhysRevLett.90.133901
http://dx.doi.org/10.1103/PhysRevLett.90.133901
http://dx.doi.org/10.1103/PhysRevLett.90.133901
http://dx.doi.org/10.1103/PhysRevLett.90.133901
http://dx.doi.org/10.1364/OL.40.003021
http://dx.doi.org/10.1364/OL.40.003021
http://dx.doi.org/10.1364/OL.40.003021
http://dx.doi.org/10.1364/OL.40.003021
http://dx.doi.org/10.1038/nphoton.2011.153
http://dx.doi.org/10.1038/nphoton.2011.153
http://dx.doi.org/10.1038/nphoton.2011.153
http://dx.doi.org/10.1038/nphoton.2011.153
http://dx.doi.org/10.1103/PhysRevLett.107.203601
http://dx.doi.org/10.1103/PhysRevLett.107.203601
http://dx.doi.org/10.1103/PhysRevLett.107.203601
http://dx.doi.org/10.1103/PhysRevLett.107.203601
http://dx.doi.org/10.1103/PhysRevLett.107.203602
http://dx.doi.org/10.1103/PhysRevLett.107.203602
http://dx.doi.org/10.1103/PhysRevLett.107.203602
http://dx.doi.org/10.1103/PhysRevLett.107.203602
http://dx.doi.org/10.1103/PhysRevLett.24.156
http://dx.doi.org/10.1103/PhysRevLett.24.156
http://dx.doi.org/10.1103/PhysRevLett.24.156
http://dx.doi.org/10.1103/PhysRevLett.24.156
http://dx.doi.org/10.1364/OL.11.000288
http://dx.doi.org/10.1364/OL.11.000288
http://dx.doi.org/10.1364/OL.11.000288
http://dx.doi.org/10.1364/OL.11.000288
http://dx.doi.org/10.1073/pnas.94.10.4853
http://dx.doi.org/10.1073/pnas.94.10.4853
http://dx.doi.org/10.1073/pnas.94.10.4853
http://dx.doi.org/10.1073/pnas.94.10.4853
http://dx.doi.org/10.1126/science.210.4474.1081
http://dx.doi.org/10.1126/science.210.4474.1081
http://dx.doi.org/10.1126/science.210.4474.1081
http://dx.doi.org/10.1126/science.210.4474.1081
http://dx.doi.org/10.1063/1.1785844
http://dx.doi.org/10.1063/1.1785844
http://dx.doi.org/10.1063/1.1785844
http://dx.doi.org/10.1063/1.1785844
http://dx.doi.org/10.1117/1.2992045
http://dx.doi.org/10.1117/1.2992045
http://dx.doi.org/10.1117/1.2992045
http://dx.doi.org/10.1117/1.2992045
http://dx.doi.org/10.1364/OL.25.001065
http://dx.doi.org/10.1364/OL.25.001065
http://dx.doi.org/10.1364/OL.25.001065
http://dx.doi.org/10.1364/OL.25.001065
http://dx.doi.org/10.1364/JOSAA.20.001201
http://dx.doi.org/10.1364/JOSAA.20.001201
http://dx.doi.org/10.1364/JOSAA.20.001201
http://dx.doi.org/10.1364/JOSAA.20.001201
http://dx.doi.org/10.1002/lpor.200710038
http://dx.doi.org/10.1002/lpor.200710038
http://dx.doi.org/10.1002/lpor.200710038
http://dx.doi.org/10.1002/lpor.200710038
http://dx.doi.org/10.1038/nphys1422
http://dx.doi.org/10.1038/nphys1422
http://dx.doi.org/10.1038/nphys1422
http://dx.doi.org/10.1038/nphys1422
http://dx.doi.org/10.1103/PhysRevLett.102.113602
http://dx.doi.org/10.1103/PhysRevLett.102.113602
http://dx.doi.org/10.1103/PhysRevLett.102.113602
http://dx.doi.org/10.1103/PhysRevLett.102.113602
http://dx.doi.org/10.1088/1464-4258/11/9/094001
http://dx.doi.org/10.1088/1464-4258/11/9/094001
http://dx.doi.org/10.1088/1464-4258/11/9/094001
http://dx.doi.org/10.1088/1464-4258/11/9/094001
http://dx.doi.org/10.1364/OE.17.002224
http://dx.doi.org/10.1364/OE.17.002224
http://dx.doi.org/10.1364/OE.17.002224
http://dx.doi.org/10.1364/OE.17.002224
http://dx.doi.org/10.1364/OE.18.011428
http://dx.doi.org/10.1364/OE.18.011428
http://dx.doi.org/10.1364/OE.18.011428
http://dx.doi.org/10.1364/OE.18.011428
http://dx.doi.org/10.1103/PhysRevA.92.023813
http://dx.doi.org/10.1103/PhysRevA.92.023813
http://dx.doi.org/10.1103/PhysRevA.92.023813
http://dx.doi.org/10.1103/PhysRevA.92.023813
http://dx.doi.org/10.1109/PROC.1972.8851
http://dx.doi.org/10.1109/PROC.1972.8851
http://dx.doi.org/10.1109/PROC.1972.8851
http://dx.doi.org/10.1109/PROC.1972.8851
http://dx.doi.org/10.1364/OE.19.004815
http://dx.doi.org/10.1364/OE.19.004815
http://dx.doi.org/10.1364/OE.19.004815
http://dx.doi.org/10.1364/OE.19.004815
http://dx.doi.org/10.1038/ncomms4307
http://dx.doi.org/10.1038/ncomms4307
http://dx.doi.org/10.1038/ncomms4307
http://dx.doi.org/10.1038/ncomms4307
http://dx.doi.org/10.1117/12.2025141
http://dx.doi.org/10.1117/12.2025141
http://dx.doi.org/10.1117/12.2025141
http://dx.doi.org/10.1117/12.2025141
http://dx.doi.org/10.1007/s10043-011-0033-z
http://dx.doi.org/10.1007/s10043-011-0033-z
http://dx.doi.org/10.1007/s10043-011-0033-z
http://dx.doi.org/10.1007/s10043-011-0033-z
http://dx.doi.org/10.1364/OE.20.024444
http://dx.doi.org/10.1364/OE.20.024444
http://dx.doi.org/10.1364/OE.20.024444
http://dx.doi.org/10.1364/OE.20.024444
http://dx.doi.org/10.1103/PhysRevLett.21.761
http://dx.doi.org/10.1103/PhysRevLett.21.761
http://dx.doi.org/10.1103/PhysRevLett.21.761
http://dx.doi.org/10.1103/PhysRevLett.21.761
http://dx.doi.org/10.1088/1367-2630/15/3/033026
http://dx.doi.org/10.1088/1367-2630/15/3/033026
http://dx.doi.org/10.1088/1367-2630/15/3/033026
http://dx.doi.org/10.1088/1367-2630/15/3/033026
http://dx.doi.org/10.1021/cr60295a004
http://dx.doi.org/10.1021/cr60295a004
http://dx.doi.org/10.1021/cr60295a004
http://dx.doi.org/10.1021/cr60295a004
http://dx.doi.org/10.1364/JOSA.73.000765
http://dx.doi.org/10.1364/JOSA.73.000765
http://dx.doi.org/10.1364/JOSA.73.000765
http://dx.doi.org/10.1364/JOSA.73.000765
http://dx.doi.org/10.1364/JOSAA.28.000054
http://dx.doi.org/10.1364/JOSAA.28.000054
http://dx.doi.org/10.1364/JOSAA.28.000054
http://dx.doi.org/10.1364/JOSAA.28.000054
http://dx.doi.org/10.1038/ncomms2167
http://dx.doi.org/10.1038/ncomms2167
http://dx.doi.org/10.1038/ncomms2167
http://dx.doi.org/10.1038/ncomms2167
http://dx.doi.org/10.1098/rsta.2004.2001
http://dx.doi.org/10.1098/rsta.2004.2001
http://dx.doi.org/10.1098/rsta.2004.2001
http://dx.doi.org/10.1098/rsta.2004.2001
http://dx.doi.org/10.1103/PhysRevLett.113.033601
http://dx.doi.org/10.1103/PhysRevLett.113.033601
http://dx.doi.org/10.1103/PhysRevLett.113.033601
http://dx.doi.org/10.1103/PhysRevLett.113.033601
http://dx.doi.org/10.2528/PIERL08110906
http://dx.doi.org/10.2528/PIERL08110906
http://dx.doi.org/10.2528/PIERL08110906
http://dx.doi.org/10.2528/PIERL08110906
http://dx.doi.org/10.1103/PhysRevB.82.045404
http://dx.doi.org/10.1103/PhysRevB.82.045404
http://dx.doi.org/10.1103/PhysRevB.82.045404
http://dx.doi.org/10.1103/PhysRevB.82.045404
http://dx.doi.org/10.1119/1.1456075
http://dx.doi.org/10.1119/1.1456075
http://dx.doi.org/10.1119/1.1456075
http://dx.doi.org/10.1119/1.1456075



