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Chiral route to pulling optical forces and left-handed optical torques
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We analyze how chirality can generate pulling optical forces and left-handed torques by cross-coupling
linear-to-angular momenta between the light field and the chiral object. In the dipolar regime, we reveal that
such effects can emerge from a competition between nonchiral and chiral contributions to dissipative optical
forces and torques, a competition balanced by the strength of chirality of the object. We extend the analysis to
large chiral spheres where the interplay between chirality and multipolar resonances can give rise to a break of
symmetry that flips the signs of both optical forces and torques.
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I. INTRODUCTION

Recent work has revealed how specifically tailored light
fields can lead to surprising effects in optical transport, such as
the definition of long-range tractor beams and thereby optical
forces that can “pull” illuminated particles towards the source
of light [1-9]. Such anomalous pulling forces stem from a
strong forward scattering induced when a nonparaxial incident
field excites multipolar moments of a particle. These moments
then interfere to generate a recoil term driving a “backward”
effect that acts against the dipolar contribution to the force. At
the lowest order, where it writes as a product of electric and
magnetic dipoles, the recoil term is smaller than the dipolar
contribution by a factor (/A)%, where A is the illumination
wavelength and r the size of the particle. In this framework,
therefore, pulling forces could only be induced for dielectric
particles that are not too small.

Chiral light-matter interactions have recently received
attention, due to which new types of optical forces have
been described with potential applications in optical enan-
tioseparation [10—15]. In this context, it has recently been
recognized that the mixed electric-magnetic polarizability
intrinsic to a chiral object can contribute to the recoil effect
[16]. Within circularly polarized standing waves, transferring
angular momentum of light into linear momentum of the chiral
particle can even reverse the direction of motion of extended
specific chiral structures, depending on their extension [17].

In this article, we demonstrate that a backward scattering
force can be obtained in a strictly dipolar regime under single
plane-wave illumination considering a chiral Rayleigh parti-
cle. We hence reveal the universal character of pulling effects
in the context of chirality by releasing the two requirements
of large objects and nonparaxiality. Using the Lorentz law for
evaluating the optical force on a chiral dipole, we provide a
unified framework which describes, in a most direct way, the
linear and angular momentum transfers mediated by the chiral
polarizability. One important outcome of our work is to show
that these linear-to-angular crossed momentum transfers can
take the form both of optical pulling forces and of so-called
left-handed optical torques.
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Another appealing aspect of our dipolar approach is the
possibility of evaluating these momentum transfers explicitly.
We do so by exploiting a quasistatic model for the chiral
dipole. Pulling forces and left-handed torques emerge from
the competition between nonchiral and chiral contributions to
dissipative optical forces as perfectly revealed by a circularly
polarized plane wave. A quasistatic modeling of the chiral
response shows in a straightforward way how this competition
is balanced by the strength of the chiral response of the system
to the electromagnetic field. From this approach, chirality
appears to be a clear alternative to existing proposals in the
context of pulling and left-handed dynamics, just as chirality
is opening a new window on negative refraction [18,19].

These effects are obviously modified beyond the dipolar
regime. For larger objects, higher order multipolar moments
of the optical response of the particle will start to play a role.
Although crucial, the consequences of such high-order terms
have not been discussed yet. To do so, we develop in this article
a multipolar approach to evaluate optical forces and torques
exerted on large spherical objects. Our approach is based
on a generalization of the Mie theory to chiral scatterers in
order to account for their chiral scattering properties. We show
that the crossed momentum transfers discussed in the dipolar
regime are indeed strongly modified due to multipolar effects.
The interplay between multipoles progressively excited as the
radius of the chiral sphere increases and the chiral optical
forces and torques lead to a surprising break of symmetry that
causes flipping of the signs of the optical forces and torques.

II. LIGHT-MATTER MOMENTUM TRANSFERS FOR A
CHIRAL DIPOLE IN A CHIRAL FIELD

A. Linear and angular momentum densities
for a chiral harmonic field

In the absence of charge and current, the energy of a
harmonic electromagnetic field (Ey(r), Hy(r)) is characterized
by the time-averaged density W (r) and flow II(r),

Em Mm
W(r) = ZlIEoll* + —= I1Hol* = Wi + Wi,

1
II(r) = ERe[Eo x Hjl = Mo + I, (1)

where ¢,, is the (real) electric permittivity and w,, is the (real)
magnetic permeability of the medium. Its real refractive index

1S Ny = /€mMm/JEoto, Where gy is the vacuum electric
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permittivity and po the vacuum magnetic permeability. The
energy density is split into electric and magnetic parts, and
the Poynting vector II(r) is separated into orbital and spin
components. These components can be writtenin terms of
either electric or magnetic fields [20-24]:

Im[f} Vx® Im[g* Vx®
m= m[f{] i X @ _ m[gg] i X ®y ’ @)
2wy 2w, 20we, 2wen,
—_——— —— ————
ngoomp nyoony
where we have introduced the vector fields
fo(r) = (Eo - VIEj + Eo x (V x Ef) and go(r) =

(Ho - VIH5 +Hp x (V x Hf), as well as the electric
and magnetic ellipticities ®z(r) = —Im[Eq; x E{]/2 and
@4 (r) = —Im[Hy x Hj]/2. From the (E <> H) symmetry,
this separation can also be given in a dual-symmetric way as

My = o 416" _ o
2 4k?
oy +n” o
=—=—Vx|[g,® mPul, 4
> 12 len®e + un®ul, 4
with k = wn,, /c.
The chirality of a harmonic field is a conserved quantity,
also characterized by a density and a flow. These quantities are
time independent and written as

Im[enf + wmgol, (3

I

k2
K@) = —Im[E, - H}],
(r) 2o m[Eg 0l

" 5)
(I>(l') = E[Sm¢E + Mm‘bH]v

where the latter quantity appeared in the dual-symmetry spin
part of the Poynting vector.

While the energy flow coincides with the local density of
linear momentum of the electromagnetic field, the local density
of angular momentum is more difficult to discuss, essentially
because the necessity of an intrinsic component of the angular
momentum related to the spin of the photon prohibits the
total angular momentum density from being simply defined as
r x II(r) [25]. This can only be done with the orbital part of the
Poynting vector, which thus directly gives the time-averaged
density of orbital angular momentum as Ay =r x IIy. The
dual-symmetry approach in Ref. [26], defines gauge-invariant
spin Ag and orbital Ap angular momentum time-averaged
densities as

As = —®, (6)

w * *
Ao =~ 5Im > emEj(x x V)ET + i, Hy(r x V)H? |,
J

)

where E; and H; are the scalar components of the vector
fields Ey and Hy. One can check that the latter expression
for the orbital angular momentum fulfills Ap = r x II, with
the dual-symmetric orbital linear momentum given in Eq. (3).
Let us insist once again that the total angular momentum
A = Ap + Ay that arises from the definitions, (6) and (7),
does not necessarily verify A = r x II, as the spin part of the
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angular momentum has been introduced in a different way, via
magnetic and electric vector potentials [26].

B. Optical forces and torques on a chiral dipole

We summarize here a few results derived earlier in
Ref. [10]. The electric and magnetic dipolar moments P =
Re[po(r)e "] and M = Re[mg(r)e™"*"] of a chiral dipole
depend on both the incident electric and magnetic fields,

Po — o2 LX A EmMm % E() (8)
mg —U X Emtim Bitm H, )’

where the electric, magnetic, and mixed electric-magnetic
dipole polarizabilities &, B, x have the dimension of a volume.
For simplicity, we assume a bi-isotropic response such that
(o, B,x) are complex numbers. The time-averaged optical
force applied to such a chiral dipole by a general harmonic
field splits into additive nonchiral and chiral contributions.
Each contribution is separable into reactive and dissipative
components that, respectively, involve the real and imaginary
parts of the &, 8, or x polarizabilities [10]:

Fi% = Re[a]VWg + Re[B]V Wy, )

diss K k) K
Foj = Imla] =TIy + Im[f]—Tg", (10)

i 1
Fie =Re[x]EVK, (11)
diss 2k V1
F,” =Im[x]—(® - . (12)
» 2

The same nonchiral and chiral separation can be done on the
time-averaged optical torque applied to the dipole with

Na,ﬂ = Im[a]smq)E + Im[ﬁ]ﬂmq)Hv (13)

N, =Im[X]%H. (14)
w

There is a remarkable symmetry in these expressions
that directly stems from the fact that the chiral content of
the harmonic field acts on the dipole through the real and
imaginary parts of its chiral polarizability . This is further
emphasized upon noting that the dissipative components of
the force and the curl of the corresponding torque can lead to
simple closed relations,

-V xN, k*
Fglsﬁg + % = Im[a + IB];H, (15)
. V xN 2k
B+ = = Imix] @, (1o

that reinforce the connection between optical energy and
nonchiral forces, on the one hand, and between optical chirality
and chiral forces, on the other hand [10].

These relations clearly show how the mechanical actions
exerted by the optical field on the dipole are connected
to light-matter momentum transfers. The dissipative part of
the nonchiral force Fy% can be interpreted, according to
Eq. (10), as a transfer of orbital linear momentum of light
to linear momentum of the dipole. The torque N, g given in
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FIG. 1. (Color online) Schematic of the “direct” and “crossed”
momentum transfer interpretation of optical forces and torques
applied to a chiral dipole. The nonchiral component o, of the
dissipative force (the torque) couples the linear (angular) momentum
of the light to the linear (angular) momentum of the particle, while
the chiral component x of the dissipative force and of the torque
cross-couples linear to angular momenta in both directions.

Eq. (13) corresponds to a transfer of spin angular momentum
of light to angular momentum of the dipole. Involving the
polarizabilities (o, ), these linear-to-linear and angular-to-
angular momentum transfers are sketched in Fig. 1 (solid
horizontal arrows). In contrast, chiral dynamical effects cross-
couple linear and angular momenta between the field and the
dipole through the chiral mixed polarizability y. Indeed, the
linear momentum of light is coupled to the dipole angular
momentum at the level of the chiral torque N, given in
Eq. (14), when the chiral dissipative force Fgl(iss given in
Eq. (12) corresponding to the linear momentum of the dipole
has its optical source in the angular momentum of light. These
x-based crossed momentum transfers are depicted in Fig. 1
(dashed arrows).

As we now discuss in detail, pulling optical forces and
left-handed torques stem from a competition between these
two types (direct and crossed) of momentum transfers that
determines the balance between the nonchiral and the chiral
dynamical action of light on the dipole. This balance eventually
fixes the actual sign of the resulting optical forces and torques.

III. NEGATIVE OPTICAL FORCES IN
THE DIPOLAR REGIME

Such competing momentum transfers are most easily
discussed by considering a single right-handed circularly po-
larized plane wave (CPL), propagating in the z > O direction,

—1
Hy
ezkz 1

2 o)

1
E
E() = —0 elkz i, Ho =

V2o \o

where Hy = Eog~/€m/4m. Introducing the field intensity Iy =
EyHj, the Poynting vector IT = 1702 gives the optical linear
momentum, and the chirality flux & = %’"i the spin angular
momentum. Both are homogeneous and point in the z > 0
direction. As a consequence of the homogeneity, the spin
part of the Poynting vector vanishes and II = Il is valid for
any of the three spin-orbit decompositions defined in Egs. (2)
and (3) [23]. The optical angular momentum has an intrinsic

spin component Ag = 5—22 in the longitudinal direction and an

origin-dependent orbital component Ay = '—20( yX — x¥) in the

transverse plane.
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A. Dipolar chiral particle model

A spherical nanoparticle of radius R is characterized by its
macroscopic susceptibilities with electric permittivity ¢ and
magnetic permeability u that define the nanosphere refractive
index n. In order to account for the chiral character of
the object, a chirality parameter « is introduced. It can be
interpreted as the difference in the effective refractive index
for left- and right-handed circularly polarized waves (see Sec.
1 in the Appendix for details). When the spherical nanoparticle
is assumed to be small compared to spatial variations of the
field (rather than smaller than the wavelength), the dipolar
(o, B, x) polarizabilities can be derived from these macroscopic
susceptibilities of the bulk.

In the quasistatic limit (see the Appendix for details),
polarizabilities and susceptibilities are indeed connected, with

(gr - 1)(,“# +2) - K2

a =47 R , (17)
(& + 2y +2) — &2
= D +2) — K2
=R e T 42— (1%
_ 3 K
e e Y

where &, = ¢/¢,, and w, = /U, are the relative permittivity
and permeability, respectively. For k = 0, the usual forms of
the Clausius-Mossotti polarizabilities (o, 8) are recovered [27].

It is important to note that the chiral parameter x not only
is related to x, but also is involved in the purely electric
o and magnetic f polarizabilities. Unexpectedly, this leads
to the interesting fact that even so-called “nonchiral” optical
forces that do not depend on x can still depend on the chiral
properties of the illuminated object through the modification of
o and B induced by « # 0 in Egs. (17) and (18). Nevertheless,
this modification in o and B depends on «?, meaning that
two enantiomers characterized by 4« will experience the
same influence from the light field. From the separation
of contributions given above—Eqs. (9)—(12)—the notion of
nonchiral optical forces is to be understood with respect to
this identity of action between two enantiomers, rather than
with respect to the more stringent definition of a force field
defined in the strict k — 0 limit.

Also, the denominator in Eq. (19) prevents a one-to-one
relation between the real and the imaginary parts of x and «,
with Re[«] corresponding to the rotatory power and Im[«] the
circular dichroism of material composing the object. Indeed,
when, for instance, € or p has a nonzero imaginary part, the
real and imaginary parts of x are mixed to yield a complex .
Therefore matter that shows either rotatory power or circular
dichroism can lead to both dissipative and reactive chiral
forces.

B. Pulling force

The pulling effect corresponds to the displacement of the
illuminated particle in a direction opposite to the propagation
direction of the illumination beam [2,4,5]. Because it measures
the flux of the energy contained within the beam, the optical
linear momentum is the most natural way of defining the
propagation direction of a beam. In this section we show
that the influence of chirality with respect to optical forces
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opens a new route towards pulling forces where strong negative
force components are created by crossed transfers from optical
angular momenta to linear momenta of the particle.

With the chosen CPL configuration, the energy and chirality
densities W and K of the optical field are homogeneous.
Therefore, the optical force reduces to its dissipative nonchiral
and chiral components, (10) and (12),

C()IO
2
which add up to the total force exerted on the dipole. Each
component is associated with a specific momentum transfer.
The nonchiral component comes from the optical linear
momentum I, = II, mediated by the diagonal terms (¢, 8) of
the polarizability matrix given in Eq. (8). Being proportional
to the Poynting vector, this component yields a positive force
FJ% since Im[a 4 ] > 0 for passive materials. The chiral
component comes from the spin angular momentum Ag,
mediated by the chiral mixed polarizability x. In contrast
with the nonchiral component, there is no restriction on the
sign of F{™ since the sign of x is reversed for opposite
enantiomers. As a consequence, if the crossed momentum
transfer associated with y is strong enough, a negative chiral
force could overcome the positive nonchiral force and could
lead to a pulling total force, directed in the (z < 0) direction.
From Eq. (20), this can happen if and only if x has a negative
imaginary part large enough for Im[(« + 8)/2 + x]to become
negative. In this respect, it is interesting to note that Au-based
artificial systems have recently revealed an extraordinary
strong chiral signature—for instance, at the level of DNA-Au
nanoparticle hybrids [28] and chiral Au colloids [29]—that
leads to unusually high effective chiral polarizabilities [10].

When modeling the optical response of the particle from
a susceptibility point of view, we choose ¢/gy = —7.837 +
1.1551, ju = po, i.e., bulk gold at the wavelength 1 = 2Z¢ =
594 nm in vacuum. The chirality parameter ¥ becomes the
free parameter, which we take purely imaginary for simplicity,
in order to vary, via Egs. (17)—(19), the amplitude of Im[y]
with respect to Im[(« + 8)/2]. With the refractive index n =
Je/eo = 0.206 4 2.807:, the chirality parameter is bounded
by |k| < 2.807 in order to ensure that the particle is made from
a passive material. The surrounding medium is taken as water,
with &, /60 = (1.33)? and ., = 1ho.

Within the allowed « values, we plot the imaginary parts
of the three polarizabilities in Fig. 2. This provides the
opportunity to look at the balance between the forces given in
Eq. (20). As expected, because Im[o + 8] > 0, the nonchiral
force Fg};s will always be positive, pointing in the direction
of the Poynting vector. As discussed above, the nonchiral
force component actually depends on the value of the chirality
parameter. This dependency clearly shows up in Fig. 2, where
the even character of Im[« + ] reflects the appearance of x>
in expressions (17) and (18) of & and S. Then the chiral force
component F¢', which is given by Im[x], is an odd function
of k and can hence lead to positive as well as negative forces.

Finally, the total force, proportional in the CPL configura-
tion to Im[(« + B)/2 + x1, is plotted as the solid (blue) curve
in Fig. 2. Interestingly, for values of x within the allowed
range, the amplitude of the negative chiral force can become
high enough to overcome the positive nonchiral force. Indeed,

ol A iss %
Fdlss _ ﬁglm[a + ,B]L F;l( — Im[X]Z, (20)

a,f
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FIG. 2. (Color online) Imaginary parts of the polarizabilities,
normalized by 47 R3, as functions of the imaginary parameter «
characterizing the circular dichroic strength of the chiral matter
constituting the dipolar particle. The nonchiral component of the
optical force is given by Im[a + B]/2 [thin solid (blue) curve], which
is an even function of . The chiral component of the force is given by
Im[x] [thick-dashed (red) curve], which is an odd function of . The
total optical force is given by the sum of the two terms (thick solid
black curve). For Im[«] 2 0.54, the chiral component of the force is
strong enough to reverse the direction of the total force experienced
by the dipolar particle. Vertical gray areas bound the values for Im[«]
in relation to passivity.

for Im[x] 2 0.54 the total optical force becomes negative. As
a spectacular consequence, a particle made of a material with
such a chiral parameter will experience a pulling force when
illuminated by a simple CPL. Again, this effect is based on
crossed momentum transfers induced by chirality as sketched
in Fig. 1. Such crossed transfers can cancel and overcome
the usual momentum transfer for a particle that is sufficiently
chiral.

C. Left-handed torque

The second kind of negative mechanical effect is the
left-handed optical torque, where the electromagnetic field
exerts torque on a particle in a direction opposite to its
angular momentum [30,31]. In this section, we show that
cross-transfers from the optical linear momentum to the
particle angular momentum lead to situations where such
negative torques arise.

In the simple CPL configuration, we consider the optical
torque applied to the dipolar particle, whose nonchiral and
chiral components are

kI kI
Nos = >—Imle + 1z, N, = —Im[x]z. 1)
2(1) w

Just as discussed for the force components, we stress that
the nonchiral torque has a fixed sign with Im[a + 8] > O,
while the chiral torque is reversed when considering opposite
enantiomers. The total torque is determined by the value of
Im[( + B)/2 + x], which implies that the discussion above
of the dependence of the different polarizabilities of « plotted
in Fig. 2 also apply for the torque. As a consequence, the total
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optical torque can become negative for a sufficiently chiral
medium. This left-handed torque, heading in the direction
opposite to the field angular momentum, can be easily
interpreted in the context of momentum transfers presented
in Fig. 1: for a strongly chiral particle, the crossed transfers,
coming from the optical linear momentum IT can overcome
the usual transfer from the optical angular momentum A.

These two examples show that chiral optical forces and
torques derived in the dipolar regime are readily able to
overcome the usual direct momentum transfers, revealing the
potential of chirality to generate pulling optical forces and
left-handed optical torques. For clarity, we have chosen here a
simple optical field: a single propagative plane wave, circularly
polarized. But obviously, momentum transfers mediated by
chirality can be engineered with more complex fields, such
as a focused beam or a vortex beam carrying orbital angular
momentum.

It is interesting to emphasize that such negative dynamical
phenomena have been obtained in the strict dipolar regime,
which does not include self-interaction mechanical effects
such as those generated by the scattered field. When the
scattering is included in the calculation, one must also consider
beyond-dipolar terms in the optical response of the particle, as
they can be of the same order as self-interaction contributions.
We thus consider below the multipolar expansion of the
scattering by a chiral sphere and derive chiral forces and
torques accounting for both the field scattered by the particle
and the higher-order multipoles in the optical response of the
particle.

IV. MULTIPOLAR EFFECTS ON CHIRAL
OPTICAL FORCES

It is interesting to extend the discussion of the interplay
of chirality with optical forces beyond the dipolar case by
considering optical forces applied to chiral spheres of arbitrary
sizes. This can be done by expanding the known multipolar
calculations of optical forces (see [32] and references therein)
to the case of materials with chiral properties. This expansion
gives rise to a particularly rich landscape of results, where
chirality becomes intertwined with multipolar effects.

We focus on two simple situations where direct (linear-
to-linear and angular-to-angular) momentum transfers, rep-
resented as horizontal lines in Fig. 1, are canceled. In such
situations, optical forces and torques are only determined from
the remaining crossed momentum transfers. We show here
that such transfers can be strongly modified due to multipolar
resonances and that this modification causes sign flips for
the optical force and torque when the size of the sphere
increases. This break of symmetry is a rather surprising effect
of the interplay between chirality and multipolar effects for
finite-size objects.

A. Multipolar calculation of the optical force and
torque on a chiral sphere

We first summarize the main results related to the scattering
of a chiral sphere, treated, for instance, in [33-36]. We give
here explicit expressions that are in agreement with our choice

of conventions. The coefficients Afm,Bgm of the scattered
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field in the basis of spherical modes can be obtained from
the coefficients Ay ,,, B¢, of the incident field (see [32]
for a derivation of the latter coefficients) with additional
nondiagonal terms:

AS
zzS,m _ ( ag lCe) y (Ae.m) 22)
B}, —ice by Bem
The three multipolar coefficients ag,by,c, are generalized Mie
coefficients for chiral media. For a sphere made of a material

with permittivity &, permeability p, and chiral parameter «, it
is useful to introduce the three dimensionless parameters

wn, R
X0 = s X1 =
c c

a)(n—i—/c)R, X = a)(n—/c)R. 23)
c

The generalization of the Mie coefficients for a chiral sphere
can thereby be nicely cast in a compact form,

R, + R
4 = —Ko R
S+ 5
P+ P
b= Ko T2 (24)
01+ 0>
T, —T
¢t = —Ko—,
01+ 0>
where we define
Ko = Ye(xo) _ Jot1/2(x0)
E(x0)  Hy\ p(x0)
py = DG =D G0 )
J ) ) )
nD{"(x;) — DY (xo)
Q;= 1D ) — Dy ) jef(12)
J = ) 5 5
nDy"(x;) — Dy (x0)
g, = 1P0ED = Do)
Jj — ) s &S
D (x;) — nDY (x0)
PG e Lo/ G T
J = ) 5 5
D (x;) — nDY (x0)
- _ 1D @) = D) e
J — 9 9 b
1D (x;) — D (xo)
and
DPV(x) = ¥, (x) _ Xem1p(0) = Eegip(x)
‘ Ye(x) xJps12(x)
' +HY o (x)—eHY, (%)
fo)(x): &,(x) _ e - er12%) 25)
£o(x) XHy (%)

Of course, for a vanishing chirality parameter «, one has x; =
X2, ¢, = 0 and the usual Mie coefficients are recovered for a,
and b,.

The force and torque applied to the sphere can then
be calculated by generalizing the formula obtained in the
nonchiral case (see [32]). In the present expressions, we
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have replaced the explicit Mie coefficients with the obtained scattered fields given in Eq. (22):

F.4+1F, 1 ot C4+m+2)l+m+1
Ll A x2R2 Z Z {\/( )( )E(ﬁ + 2)[2Ag’mA?il,m+l - Ag,mA?-&-l,m-H - Af,nzAgil,m-&-l

nmlojc 470 (20 + 1)(2¢ +3)
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>0 me+ D[24], A, — A LA}, — AcwASy, + 2B, B, — BS B}, — BuwBh].  (29)

where n,,1o/c = &u|Eol> = tum|Ho|? has the dimension of a pressure. Note that the present expressions have a factor of 2

difference with respect to [32] due to the different definition of 1.

B. Sign flips of the torque

We first focus on the crossed momentum transfer from
the linear momentum of light to the angular momentum of
the particle, operated by the chirality-dependent part of the
torque. In order to study this transfer and how it is affected
by multipoles, we consider a single linearly polarized plane
wave, propagating along the z > 0 direction:

1 0
EO = Eoelkz 0 5 H() = I‘I()elkZ 1
0 0

In this optical configuration, the spin angular momentum of
light vanishes (A g = 0), while the orbital angular momentum
Ap = %(yf( — x¥) is in the transverse plane. It follows that
Ny = Ny, =0 so that N; is the only torque exerted on the
particle in the propagation direction, stemming from the
crossed momentum transfer we focus on.

The derivation of the torque in the dipolar regime given
in Eq. (14) predicts a term N, originating from the Poynting
vector II and whose direction depends on the sign of Im[x].
This implies an inversion of the direction of the torque under
the change of enantiomer. Beyond the dipolar regime, however,
higher multipoles lead to a more complex influence of chirality
on the optical torque.

This can be illustrated by considering a lossy dielectric
sphere made of a chiral material with an optical response
characterized by relative permittivity &/eo = (1.7 + 0.11)?,
relative permeability ©/po = 1, and a small imaginary chiral

(

parameter « = +0.001: that corresponds to 1% circular
dichroism for the bulk material. The evolution of the optical
torque N, exerted by the linearly polarized beam is shown in
Fig. 3 as a function of the sphere radius R for opposite values
of the chirality parameter x. As expected, the torque vanishes

X 10—23 n=1.7+0.1i ; u=1
3 :
—x=-0.001i
ol —x =0.001i
-=--xk=0

NZ/(nIO/c)
o
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
!

-2 g
-3 L I L
0 1000 2000 3000 4000
R (nm)

FIG. 3. (Color online) Optical torque along the propagation di-
rection exerted by a linearly polarized propagative plane wave, as a
function of the sphere radius. The sphere is made of a dissipative di-
electric, with \/e/gg = n = 1.7 + 0.1z, and characterized by a purely
imaginary chirality parameter k = £0.001:. Numerical calculations
include multipoles up to £ = 60.
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for a nonchiral medium (x = 0) because, in this case, neither
optical linear nor angular momenta can be transferred to the
particle. For small particles, a scaling N. o< R*Im[«] appears,
as expected from the dipolar result, Eq. (14). For larger spheres,
the progressive contributions of higher multipoles to the total
torque modify the whole size evolution so strongly that they are
eventually responsible for a total sign flip of the torque. This
sign flip happens for R > 2 um, where the torque becomes
positive (negative) for negative (positive) values of Im[« ]. Note
that for such large radii, the numerical calculations have to
include spherical modes up to £ = 60 in order to get accurate
estimations.

C. Sign flips of the force

The complementary crossed momentum transfer can also be
considered, namely, the transfer from the angular momentum
of light to the linear momentum of the particle in the form of a
chiral optical force. In order to observe it, a configuration must
be chosen in which the linear momentum of the incident light
vanishes. This is, for instance, obtained for the configuration
of two incoherent counter-propagating CPLs with opposite
handedness:

1 1
Eo = Egcoskz| 1|, Hy= Hysinkz|: |,
0 0

which was extensively studied theoretically in the dipolar
regime [10,11] as well as experimentally [13] for its ability
to mechanically separate enantiomers. Indeed, while the
linear momenta of the two counter-propagating waves cancel
each other (IT = 0), the spin angular momenta add up to a
positive value A = é—‘;{i in the z direction. The optical force
is then due only to the sphere chirality, which couples the
angular momentum of light to the linear momentum of the
sphere.

In such a configuration, the force, pointing along the z
direction, can be evaluated. The results are shown in Fig. 4
as a function of the sphere radius, for opposite values of the
chirality parameter . We again check that the force vanishes
for a vanishing «. The small-sphere limit, where the force is
positive for k = 0.001z, recovers the dipolar prediction, where
the dipolar force given in Eq. (12) has a positive (negative)
z component for a positive (negative) imaginary part of x.
However, for a sphere of radius larger than 1.5 um, the two
curves cross each other and the force in the z direction becomes
negative (positive) for « = 0.001: (k = —0.001z). Here again,
we have a situation where an increased size of the sphere results
in a flip of the direction of the force applied to it.

V. CONCLUSION

We have shown how chirality leads to coupling of linear
and angular momenta between light and matter, in such a
way that negative dynamical effects can become predominant,
with the prediction of pulling light forces and left-handed
torques in the dipolar regime. Such effects are also predicted to
happen in the context of large spherical chiral objects, where
crossed momentum transfers are modified by the interplay
between chirality and multipolar resonances. This shows that,
beyond the dipolar limit, the actual size of the involved
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FIG. 4. (Color online) Optical force exerted by two counter-
propagating circularly polarized waves, as a function of the sphere
radius. The two beams are incoherent and have opposite handedness,
so that the z component of the total ellipticity is positive. The sphere
is made of a dissipative dielectric, with \/e/eg =n = 1.7+ 0.1z,
and characterized by a purely imaginary chirality parameter k =
40.001:z. The numerical calculation includes multipoles up to ¢ = 70.

chiral objects and the multipolar components of their optical
response are important parameters of the problem and even
determine the signs of optical forces and torques. At all scales,
therefore, our work clarifies the connections between chirality
and light-matter momentum transfers and it identifies new
mechanisms that can be exploited experimentally in order
to observe and exploit such surprising all-optical dynamic
phenomena.
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APPENDIX: DERIVATION OF THE DIPOLAR
POLARIZABILITIES FOR A SMALL CHIRAL SPHERE

1. Description of a chiral medium

We consider a bi-isotropic and causal medium with chiral
properties (‘“Pasteur medium”), which is defined by its electric
permittivity e(w), its magnetic permeability u(w), and a
chirality parameter x(w), which are all three scalar, dimen-
sionless, and frequency-dependent quantities. The constitutive
relations that connect the complex displacement field D" (r)
and the magnetic field By (r) to the electric field Ef'(r) and
magnetization field H"(r) for the total electromagnetic field

read
Dtol r Elot r
( gn( )) _ (_ 8/ lK/C) y ( (t)m( ))7 (A
By'(r) lk/c 1% Hy (r)
where the 3 x 3 identity operators have been removed for
clarity. When solving Maxwell equations in such a medium,
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one gets two kinds of waves, which are left- and right-handed ~ density My(r) = By'(r) — uoHy'(r) of the medium:
circularly polarized, associated with effective refractive in- ot

dices ny = n % «. The complex chirality parameter 2« is then (PO(I')) _ <5 — &0 k/c ) < <EO (r)) (A2)
a measure of the difference in the refractive index felt by My(r) —ik/c = o Hy'(r))

two CPLs with opposite handedness. The real part of « is thus

. . : . A . . This relation is used together with Eq. (8), which involves
associated with optical rotation, while its imaginary part drives

- . . the incident fields Ey,Hy only, in order to get the dipolar

circular dle.II'OlSIIl. . . . olarizabilities («, 8, x) from the bulk parameter (e, ut,«). The
The relations (A1) can be rewritten by defining the pol P P

. crelations can be rewritten by defining the polariza- only missing ingredient is the connection between incident

tion density Py(r) = D (r) — oE{'(r) and the magnetization and total fields.

J

2. Lipmann-Schwinger equations

Maxwell’s equations for electric and magnetic scattered fields, which are created by the sources Py and My in the particle,
can be solved using the Green’s dyadic function G and its curl [V x G] [37]. These two dyadic functions express the scattered
fields from the sources as

Ef*(r) =uow?® | G(r,r,w) - Po)d’r + 10 | [V x Gl(r,r,w) - My(r)d’r.
Ve Vp

Replacing the sources with Eq. (A2), this leads to the Lipmann-Schwinger relations between the incident and the total
electromagnetic fields:

E'(r) =Eo(r) + / [k5(e/e0 — DG(r,r ,w) + ko [V x G](r,r',0)] - E§'(r)d’r’

Vp

+ l/ |:k0 /?(M/Mo — DIV x GI(r,r,w) + k] /?KG(r,r’,a))} CHE'(r)dr, (A3)
Ve 0 0

HY'(r) =Hy(r) + / [k5 (/10 — DG(r,¥ ,w) + kok [V x GI(r.r,w)] - HY'()d’r
Vv

P

-1 / [ko /8—0(8/80 — D[V x GI(r,r',w) + k} /S—OKG(r,r’,a))] -EQ ()d’r, (A4)
Vp Mo o

where Vp is the volume of the particle.

3. Dipolar and quasistatic limit

In the dipolar limit, the electromagnetic fields are assumed to be homogeneous over the volume of the particle, which simplifies
the integrals in Egs. (A3) and (A4) as Ef'(r') >~ Ef*(rp) and H{'(r') >~ H{'(rp), where rp is the position of the particle. These
expressions can be further simplified in the quasistatic limit, where the integral of G reduces to its singularity —% and the
integral of [V x G] vanishes. This enables us to express the total fields from the incident ones in a compact ar;)d simple
expression:

(Eg’t(rp)) 3 i/ mo +2 —’\/%" ,(Eo(rp)> (AS5)

HY'(rp)) ~ (e/e0 + 2)(1/po + 2) — k2 ,\/gk e/eo+2 ] \Ho(rp)

Together with Eq. (A2), the above equations yield, from the incident fields, an expression of the polarization and magnetization
densities in the particle. As these densities are homogeneous, they can be multiplied by the volume Vp to get the electric and
magnetic dipolar momenta of the particle. Then, by identification with the definition, (8), of the dipolar polarizabilities, one gets
the generalization of the Clausius-Mossotti relations for a chiral particle:

— D, +2) — 2 »— D +2) — «?
pr +2) —« ﬂ=4nR3(M Ner +2) —« — R K

a = 4 R3 (r , X = 3 .
(81' + 2)(:“4 + 2) - K2 (8, + 2)(Mr + 2) - K2

(Sr + 2)(“1 + 2) - K2 ’
Here, the relative electric permittivity &, = &/¢y and magnetic permeability u, = /o are defined with respect to vacuum, but

the latter result can be generalized to a spherical particle immersed in a nondissipative medium with real parameters &, and w,,
by redefining the relative permittivity and permeability with respect to the surrounding medium.
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