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Chiral objects typically exhibit a different extinction for the two circular polarizations of light.
Researchers often detect the chirality of objects by measuring this extinction difference employing circular
dichroism spectroscopy. In this Letter, we present a new spectroscopy technique for detecting the chirality
of dipolar objects based on measuring the Stokes parameters at any nonforward angle. The chirality
measure we introduce effectively eliminates achiral background noise and is independent of both the
object’s concentration and the optical path length. Notably, when a solution contains both enantiomers of a
chiral object, our method can discern which enantiomer predominates. Furthermore, we demonstrate that
the technique is robust and verifiable in situ by measuring the Stokes vector at two different nonforward

angles of choice.

DOI: 10.1103/crdw-pxcs

Introduction—Chirality refers to the geometric property
of objects that cannot be superimposed onto their mirror
images. In nature, chirality is ubiquitous; numerous organic
molecules, such as glucose, and most biological amino
acids are chiral. In the pharmaceutical industry, chiral
specificity is crucial as opposite enantiomers, mirror pairs
of chiral molecules, can have vastly different effects on
biological systems depending on their handedness [1].
Enantiomer pairs share the same atomic composition and
are indistinguishable when measuring their scalar molecu-
lar properties. It is through interactions with other chiral
entities that their chirality can be revealed.

In nanophotonics, the electromagnetic helicity is the
most commonly used chiral entity to unveil the chirality of
objects [2]. Circular dichroism (CD) spectroscopy stands as
the most utilized technique to unveil molecular chirality
using helicity [3,4]. In a conventional CD setup, the
molecular solution is sequentially illuminated with fields
of opposite helicities, and the total transmitted power is
recorded for each case. The CD signal is then computed by
taking the difference between these two power measure-
ments in transmission, the forward direction of the light-
scattering system.

Despite its widespread commercial use, CD exhibits
drawbacks. For instance, if CD = 0 for a given frequency
of the incident electromagnetic field, it is indeterminate
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whether the molecular solution is chiral or not. This
ambiguity arises because CD provides only partial infor-
mation about the chirality of the molecule [3]. To overcome
this limitation and gain more insights into the chiral nature
of the molecular solution, researchers typically measure
optical rotation (OR), which quantifies the change of the
polarization direction when linearly polarized light prop-
agates through a chiral medium [3]. However, both CD and
OR are measured in the forward direction, which presents a
challenge: the presence of a large achiral background signal
that hinders the accuracy and reliability of measurements.
Moreover, CD and OR depend on molecular concentration
and optical path length, which makes their signature for a
given chiral object nonuniversal.

In this Letter, we introduce a novel spectroscopy
technique for detecting the chirality of dipolar objects,
modeled as spherical nanoparticles and nanohelices, based
on measuring the Stokes parameters at nonforward angles.

The chirality measure that we introduce is universal,
and in particular, avoids the achiral background and is
independent of the object’s concentration and the optical
path length. Additionally, when the solution presents both
enantiomers of a chiral object, our polarimetry-based method
can discern which enantiomer predominates in the solution.

Importantly, we demonstrate that our technique is robust,
and its accuracy can be experimentally verified in situ by
measuring the Stokes parameters at two different non-
forward angles of choice.

Our findings pave the way to characterize the chirality of
objects beyond CD and OR, the current state-of-the-art
chiroptical spectroscopy techniques.

The setting—The interaction between the electromag-
netic field and a small object, such as most chiral
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molecules, can be treated in the linear dipolar approximation.
This relates a 6 x 6 polarizability tensor with the incident
electric and magnetic fields {Ej,(r), ZH;,.(r)} € C? at the
position of the object, r = r,, with the induced electric and
magnetic dipolar moments, denoted as p(ry) and m(ry),
respectively,

<p(r0)/e) _ (aee C_’em ) < Einc(rO) ) (1)
Zm(l'o) Qe Omm ZHinc(rO)
Here, all a;; are 3 x 3 complex-valued tensors, and € and

= \/p/ € denote the electric permittivity and impedance of
the surrounding medium, respectively. Note that the electric
Qee, Magnetic a,,, and chiral &, n. polarizabilities have
dimensions of volume in our formulation. A harmonic time
dependence exp(—iwt) is assumed and suppressed from the
notation. The @, tensors are frequency dependent, as are
some other quantities, but we only write such depend-
ence later.

At this point, it is very often assumed that the rotationally
averaged response of a dipolar object can be approximated
by the response of an isotropic dipolar object [5-7]. It is
important to realize that such an approximation is typically
good if and only if such a response is evaluated in the
forward direction. At nonforward angles, this approxima-
tion generally does not hold. An exception to this rule is a
spherical nanoparticle, which is the system we next con-
sider. We should also mention that the spherical chiral
model, derived by Bohren in 1974 [8], is one of the most
used frameworks for studying chiral light-matter inter-
actions [9-24]. Given all these considerations, we express
Eq. (1) as

<p(l’0)/€> o ( aeei aemi > < Einc(rO) ) (2)
Zm(r()) _aemi ammi ZHinc (rO) ’

where I is the 3 x 3 identity matrix. For scalars, as is the
case, we have used that a,,, = —a,. because of reciprocity
[25]. Upon interaction with the incident field, dipoles
typically reradiate. The field scattered by an electric and

magnetic dipole can be written in the radiation (far-field)
zone as [26]

etr p(ro)
E,.(r) =S| (e 6 -
Sca( ) 4]1'}" [(er X € > X er

Here, €, is the radial unit vector, k is the radiation wave
number, and r = |r — ry| denotes the observation distance
to the center of the dipolar object.

Next, we introduce the Stokes vector and assume ry = 0
in the induced dipoles and in the incident field.

(&, x Zm(ry))|.

(3)
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FIG. 1. Chiral sphere sequentially illuminated by electromag-
netic fields of opposite helicities. Two chiral observables are
recorded: circular dichroism (CD) and Stokes chirality measure
(SCM) using a Stokes vector measurement at any nonforward
scattering angle, denoted in the figure by 6.

The Stokes vector measurement—The Stokes vector
S =[50, 51, 52, 53] describes the polarization state in the
far field [27]. The components of the Stokes vector, often
referred to as the Stokes parameters [28,29], can be
measured using conventional optical components such as
a photodetector and wave plates [30]. Following Crichton
and Marston’s notation [see Egs. (9a-d) of Ref. [28] ], the
Stokes parameters read as

= |Eq* + |E, %, = |Eo? = |E, . (4)

Sy = —ZER{EHE;}, §3 = ZS{EQEZ,} (5)

Here, s, is the total scattered intensity, s; is the degree of
linear polarization, s, is the degree of linear polarization at
45°, and s5 denotes the degree of circular polarization. Note
that € and ¢ denote the scattering and azimuth angles in
spherical coordinates, respectively. A sketch of the light-
scattering system is depicted in Fig. 1. In this regard, we use
the same angle conventions as in Ref. [28].

At this point, we have all the ingredients to calculate the
polarizabilities as a function of the Stokes parameters given
in Eqs. (4) and (5). We will assume that the solution is
subsequently illuminated by two incident plane waves that
differ only by their helicity. That is, by their circular
polarization handedness ¢ = +1:ZH;,.(r) = —icE;,.(r)
[2]. Expanding Eqgs. (4) and (5) using Egs. (2) and (3)
we can get an equation (see Supplemental Material Sec. S1

[31]) of the form Jg;, = Ug,,(kr,0)S°(kr, 0), where
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lrP sq(kr,0)
|2 _ s%(kr, 0
IZd 7 (kr.0) {(kr,0) )
Ny ()"} ’ 53 (kr,0)
S{re (o)} s3(kr,0)
Here, we have defined
76 = Qe — i(76‘56m7 ﬁg = Omm — i(;aem’ (7)

and N is the number of illuminated objects. We anticipate
that knowing N is not needed as it will cancel out in the
definition of our novel chirality measure. Equation (6) is
the first important results of this Letter. The quadrivector

oph» accounting for all quadratic combinations of the
helicity-dependent polarizabilities {y?,°}, can be cap-
tured from a measurement of the Stokes vector S?(kr, )
evaluated at a single scattering angle 0 in the far field. As
Eq. (6) shows, one only needs to apply a simple 4 x 4
matrix U, (kr,6) to the measurement of S(kr,0) to

obtain Jg,, . It is important to note that Jg,
on the amplitude of the incident field E,, which cancels out.
In addition, the optical distance from the center of the
sample to the observational point, denoted by kr, does not
modify J¢, as long as §°(kr, 0) is measured in the far field.
This is because S°(kr,0) o (kr)~2, canceling the (kr)?
dependence in Eq. (6).

We now discuss how to use Eq. (6) in the optical
laboratory.

By inspecting Eq. (S14) of Supplemental Material Sec.
S1 [31], we note that the @ can be freely chosen in the
interval 0 < 0 < &, where csc* @ # 0. This holds since Joon

does not depend on the choice of 0. Nevertheless, one must
avoid any propagation direction where the incident field
has a component. Otherwise, the total field measured in the
optical laboratory will be the sum of the scattered and
incident fields, thus invalidating Eq. (6). Moreover, it is
important to note that the angle ¢ does not play any role in
Eq. (6) since the system is symmetrical in azimuth. Thus, ¢
can be chosen freely in the optical laboratory.

Additionally and regarding the fidelity of our method,
we highlight that it is robust upon two measurements of the
Stokes vector at distinct observational points. That is, if we
apply Eq. (6) for two different angles €, and 6, and obtain
the same J7,,, then our method is reliable. Otherwise, it
indicates that the setting we assumed is not valid. Such a
practical consistency check is valuable in the optical
laboratory.

A novel chiroptical spectroscopy technique—We start
this section by considering the difference, D = J :;h = Jpn
and the sum, S = (J:;h + Js‘ph) /2, quadrivectors,

does not depend

43{ iy Pem }
23{ (e + Oym)* Xem
2R { (e — Aum)*Xern

S -
D_Jsph_ sph —

. (8)

|@eel + |em|®
_ J;)h + Js_ph _ |amm|2 + |aem|2
2 SR{aeea;knm} + |aem‘2

S{aeea:nm }

S )

We note that if any of the four components of D is different
from zero, the object is chiral, namely, || # 0. There is,
however, one exception to this rule: the first Kerker
condition @x = Qee = Ay [32-34] combined with the
phase constrain J{agal,} = 0. In this unconventional
case, additional observables may be required to determine
the presence of chirality at a fixed frequency @ of the
incident field. Moreover, if a., = 0, then we recover the
Stokes vector method for achiral objects [35,36].

Importantly, this exceptional condition is not specific to
dipolar spherical objects but rather reflects a general feature
of scattering by chiral spherical objects, independent of
their optical size. If the object is dual-symmetric [2] and
satisfies the phase constraint, the scattering cross section
becomes independent of the helicity of the incident field.
Consequently, despite being chiral, the object responds
identically to left- and right-handed incident helicities at
nonforward angles and effectively behaves as an achiral
scatterer. A detailed discussion can be found in
Supplemental Material Sec. S2 [31]. We highlight that
this exceptional condition is not met by chiral molecules
because their magnetic polarizabilities are many orders of
magnitude below their electric polarizabilities.

Having noted these points, we now discuss the under-
lying physics for D # 0. If we know that the sample is a
solution containing the two versions of a given chiral
object, we can further detect which enantiomer is more
abundant in the solution. This is evidenced by the change in
sign of D depending on the specific enantiomer. Note that
for two enantiomers i and j of the same chiral object, we
have ai, = —aly.

Many different chirality measures can be derived from
D. We now present one of the most interesting ones. We
call our quantity the Stokes chirality measure (SCM),
defined as

D(4) —iD(1)/2
SCM 2[ S +802) ] (10)

Expanding Eq. (10) using Eqgs. (7)—(9), we get

s =4[l ) = Blenl]
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The SCM is unitless due to the division by S(1) + S(2),
which can be seen as the total “size squared” of the polar-
izability tensor. To be more explicit, if S(1) + S(2) = 0, then
the objectis transparent to any incident field [29]. In this vein,
we note that the imaginary part of the SCM can also be
obtained as 2(D(3) — D(2)/2)/(S(1) + S(2)). An average
of the two expressions should reduce the noise when the
SCM is obtained from laboratory measurements.

At this stage, we place our novel findings in the context of
current technologies. In particular, the SCM givenin Eq. (11)
can be determined from the hierarchical self-assembly of
chiral molecules on the surfaces of metal [37-42] and
dielectric achiral spherical nanoparticles [21,43,44]. This
is because the chiral molecules can impart their optical
activity to the achiral spherical nanoparticles, and this
chirality transfer is fully encoded in a.., dtem, tpm Of the
hybrid nanostructure. Such a chirality transfer technique is
increasingly employed, as the CD and OR are significantly
enhanced compared with those observed in the absence of
the achiral nanoparticles.

However, Eq. (6) may not be accurate in the case of bare
chiral molecules in solution, especially when these are
highly anisotropic. To address this limitation, we now
derive the Stokes vector method for chiral molecules using
one of the most employed frameworks for them: the chiral
helix model introduced by Jaggard [45]. To achieve this
goal, we take the rotationally averaged Stokes vector (S)
produced by N helices described by the polarizability
tensor given in [45][see Egs. (3) and (4)]. After some
algebra (see Supplemental Material Sec. S3 [31]), we arrive
at Jo.. = Ut (kr,0)S°(kr, 0), namely,

161 sg(kr.0)
2 o
ity | =500 |
S{Conc} s3(kr,0)
Here. we have defined
(7= Xee =10)em:  N° = Xmum — 10em:
where Yoo, —¥mm, and y. = —idy.y are the polarizabilities

given in Ref. [45]. Here, A corresponds to the right-handed
(left-handed) helix; that is, 4 specifies the enantiomeric
form of the chiral molecule. Equation (12) is a key result of
this Letter. The quadrivector Ji.;, can be obtained by
applying the matrix UZ,. (kr,0) [see Eq. (S40)] to the
measured S?(kr,0). Equations (6) and (12) are closely
analogous; they differ only in the connecting matrix, which
reflects the specific geometry of the chiral scatterer (chiral
sphere or helical molecule). Importantly, the mathematical
form of Ji ., and JG is identical. This means that all

chirality measures defined for chiral spherical nanoparticles
[for instance, Eqgs. (8)—(11)] can be directly obtained for

chiral helices by substituting ®.. = Yee> @em — Xem» and
Omm — Y¥mm- Lhis fact implies that the SCM remains a
well-defined chiral measure for chiral molecules modeled
as chiral helices.

We now compare the SCM given in Eq. (11) with
standard OR and CD spectroscopy measurements.

Results—A model of the dipolar chiro-optical response is
needed for computing examples of the chirality measures.
We will use the quasistatic model for the dipolar resonance
of a chiral object from [[6], Eq. (20)], which assumes that
the electric and magnetic dipolar moments originate from
the same current distribution. Under such assumptions, the
frequency-dependent polarizability of each resonance can
be written as

(aeeuu) aem<w>>:A<w>< ! F)

—Qem (w) Xmm (w) _isres V Tres Tres

(13)

where

ArCS
l _ 0] 2 _ ine;m
Dres Wies

Here, o, is the resonance frequency, y,., determines the
linewidth, 7, >0, and s, = {—1,+1} determines the
handedness of the resonance. Opposite enantiomers will
feature opposite signs of s.,. When 7., = 0, the resonance
is purely electric and there is no chiral response. Now, the
CD of an isolated resonance at @ = w, is [7] [Eq. (12)]

Alw) =

4\ /Tres
CD(wres) = —Sres 1+ ;:S s (14)

where the sign has been flipped for a more convenient
comparison with the typical expression of CD in a trans-
mission measurement. Equation (14) helps in selecting
relevant values of 7. For example, for chiral molecules the
largest values of CD in electronic, vibrational, and rota-
tional CD spectroscopy are of the order 107!, 1073, and
1073, respectively, and the typical values are at least an
order of magnitude lower in each case [46—48]. We will
consider systems with multiple resonances, and add the
polarizabilities of each resonance to obtain the total polar-
izability tensor of the object.

The following expressions are often used for the CD and
OR in the forward direction {see, e.g., [[49], Egs. (1.2.5),
(1.2.3)1},

e—k(a))L?\‘{nJr(w)} _ e—k(a))LS{n_(w)}

CD@) = 2 st wr 1 oty ()

OR(w) = k(w)LR{n(w) — n_(w)}, (16)
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FIG. 2. Stokes chirality measure (SCM), circular dichroism (CD), and optical rotation (OR), calculated with Egs. (11), (15), and (16),
respectively. The CD of each isolated resonance computed with Eq. (14) is shown as purple stem bars. The frequency axis is normalized
to 500 THz. All the quantities are dimensionless. (a) Single CD resonance at w/w,, = 1 with s, = 1. (b) Two CD resonances at
@/ = 0.7 with s =1 and @w/w, = 0.9 with s =—1. In all cases, we consider 7, = le-6, A, =2.2727e-34, and

7res/wres =0.1.

where L is the optical path of the illuminating beam inside
the sample, k(w) =w/c, and ny(w) are the effective
refractive indexes for the two helicities of the incident
field. Such refractive indexes can be computed using
homogenization techniques as {see e.g. [[50], Eq. (6.127)]}

120) = Ve @) 0] % K(o),
() = 1+ 5 p-aulo),
@) = 1+ 5t 0),
() = 5 ten(0).

where V, is the volume that they occupy. We have assumed
for simplicity, but without loss of generality, that the objects
are in vacuum. We also assume L = 0.01 m, abeam spot size
of area 1 mm?, with which V;,, = 10~ m?, and a concen-
tration of objects of 1 mg/ml. The value of N depends then
on the molecular mass, and we use N = 2 x 10'°.

The A, in Eq. (13) remain to be fixed. For a system with
a single resonance, A, does not affect the SCM because it
cancels out. Its value is, however, needed for computing
CD and OR. We have chosen A, = 2.2727 x 1073 with
the following reasoning. For a system with a single
resonance, such value makes the result of Eq. (14) equal
to the result of Eq. (15) at o, = (27)500 x 10'2, for the
relevant values of 7. Incidentally, the imaginary part of
SCM(w,s) coincides as well, as can be seen in Fig. 2(a). We
then keep A,., = 2.2727 x 1073 for all the resonances in
the calculations presented in Fig. 2 [51].

Figure 2 shows that the SCM provides a signature of
chirality that is different from the typical CD and OR
signatures. The case of a single resonance in Fig. 2(a) is the
extreme illustration of this point. The frequency-indepen-
dent behavior of the SCM is, however, a consequence of the
model that we use for the polarizability of a chiral
resonance, and we do not expect this to be a general
property for the SCM of isolated resonances. Figure 2(b)
shows the results for the case of two resonances. In this
case, while still different, the real and imaginary parts of the
SCM are closer to the OR and the CD, respectively.
Unsigned measures of chirality, obtained as the absolute
values of SCM, and OR + iCD, respectively, are shown in
Fig. 2 as well. The unsigned measures enable the detection
of chirality. We see from the definitions of their real and
imaginary parts, in Egs. (11), (15), and (16), that their sign
flips with the sign of a.,(®). Therefore, such real and
imaginary parts are suitable for identifying enantiomers.

As we previously anticipated, there is an important
difference between SCM, and CD and OR: the value of
SCM is independent of the number of excited objects; it
only depends on the polarizabilities [Eq. (11)]. This is an
advantage over the CD and OR, which depend on the
concentration of the species in the solution and the path
length [Egs. (15) and (16)].

In a nutshell, the SCM provides a universal signature of
intrinsic chirality for a given chiral object. As such, the
SCM captures chiral efficiency rather than pinpointing the
spectral location of chiral resonance peaks. This important
distinction is shown in Fig. 2(b), where the SCM peak does
not coincide with either the CD or OR resonances, as could
be expected by comparing Eq. (11) with Egs. (15) and (16).

An important question arises regarding the actual
measurement of SCM, or more generally, the actual
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measurement of J°. The question is whether the amount of
photons that are scattered in nonforward directions is
sufficient for obtaining a signal. Recent experimental work
[51] provides us with a reference in this respect. Figure 4 in
[51] shows intensity measurements at a scattering angle of
90°. The small error bars indicate that the measurements
were reliable. Each point in such measurements was
obtained by averaging 10 images taken with an electron
multiplying CCD camera, and the concentration of sucrose
was 7.3 mol/L. The equivalent continuous wave power of
the illumination was on the order of 1 W. Let us assume that
the concentration of sucrose would be the one in human
blood, which is about 2000 times lower than in the
experiment. Assuming a 1 W continuous wave source,
we surmise that one would roughly need to average 20 000
pictures to achieve the same measurement reliability. With
electron multiplying CCD speeds of many hundreds of
pictures per second, such measurement would take on the
order of 1 min. Additionally, while a single scattering angle
was measured in [51], Eq. (6) would allow one to increase
the signal-to-noise ratio and/or reduce the measurement
time by combining simultaneous measurements at different
scattering angles of collection.

Conclusion—We introduce a spectroscopic technique for
detecting the presence and sign of the chirality of dipolar
objects, modeled as spherical nanoparticles and nanohe-
lices, based on measuring the Stokes parameters at non-
forward directions. Crucially, such measurements are
experimentally feasible for chiral molecules [51] and
achiral objects [52,53]. Our approach opens a new route
to probe chirality beyond the constraints of conventional
techniques such as CD and OR, potentially redefining the
spectroscopic toolbox for chiral light-matter interactions at
the nanoscale.
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