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ABSTRACT

The use ot coupled dipoles In modelling 1ght scattering by orfented and
randomly dispersed chiral particles Is examined in this paper. The chivallty
cnnslidered here is form chirality which results from macroscople structum gl
mircor asvimetry In the particle. For a chiral particle deseribed by
spherical dipoles, 1t I8 shown that larpe magnitude terms that contribute the
the chival matrix elements of an orfented particle do not contribate at W10 i,
the orfentat fon averape.  Thix resalt wlil be used In futuwre work to obtan o
more cffleient method of evaluating Tipht seattering by randoml v disperned

chiral particles,



The coupled dipole method1 is known to be a good approximate technique
for evaluating light scattering by arbitrarily shaped particles. 1In this
method, an arbitrary particle is subdivided into units where each unit is
small compared with the wavelength of light. Each unit is then assumed to
behave like a spherical dipolar oscillator with its polarizability specified
by its dimension and the bulk dielectric constant of the particle. The fields
at the dipoles are determined by the incident field and interactions among all
the dipoles in the collection. These resultant fields are obtained by
solving, self-consistently, a set of linear, coupled equations and retardation
effects are taken fully into account. The scattered fleld at the detector ls
then evaluated by summing the fields scattered by the dipolar oscillators.

For a set of N optically inactive dipoles. the fleld gi at an oscillator

{ 1s determined by the incident fleld (E%¢ E'Lf) as well as by the scattered

fields from the other dipolar oscillators, i.e.,
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k is the wavenumber of the radiation, l'lJ {s the distance and n|i the unit
vector from j to 1. The explicit time dependence of the flelds s omitted and

only elastic lght scattering Is considered. Retardation effrcts are
completely accounted for in this model.  The electric dipole mouent s plven

by QJ - aJiJ. where El fs the ticld at th scattering center and a, is, in

J

general, a complex polarizabllity tensor. 1If the dipolar units are taken to
be spherical, the polarizabllity of each unlt (a) is a senlar.
The scattered tield at the detector (Ed) I[s the sum of the wmplitudes of
the far tleld contributions from the N ospherleal dipoles, oo,
. N
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where rl fux the distance and nl the unit dMrection ot the detoctor from the
[§ «

)
orfpgin.  The amplitude seattering matvix elements” of the partlele can he

ohtalned by determining El tor two arthoponal polarteations of the fneldem
{



light. The incident light propagates in the positive z direction and the xz
plane is chosen to be the scattering plane; the amplitude scattering matrix

elements can be obtained from

s, = CE , S. = C iE" cosf - E" sin 4],
1 y 2 X z

- - y - y i L) - x
S3 Cc [Ex cosf Ez sind], Sb (o Ey (3)
where, C = -lkr , and 6 is the scattering angle. The scattered field
ik(r-z)
e

components of Ed along the x, y and z axes are specified by E and the

superscript refers to the incident light which is linearly polarized in the x
or v directions.
The elements of the 4 X 4 scattering mntrlx? arc obtained by linear

combinatlions of products of the amplitude scattering matrix clements. The

products
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contain only the 2?2 x ? off-block-dlagonal matrix elements which are sensitive
to chirality and will be refcrred to as chiral matrix elements. For a

collection of randomly oriented particles, these products become 7513(--2531)

ne g g v . ?
28, (=285,,), 785,,(=-28,,) and 28, (=25 ).
We write equation (1) in the form
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where E? Is the Incldent fleld at dipole | ( = Eo rl“'xi ). E: {s the {feld at
] due to Interactions (to all orders) with only the jlh dipole, E;k fe¢ the

field at | due to Interactions involving both the jth and k”l dipoles and the
other ficlds in the series are similarly defined, The pummations are over the
total number of aipeles, 1.e., N, In this series, the fleld at a pliven dipol
I determined by the incldent fleld and the flelds due to many contor
Interacrtlons with the other dipoles which are used to describe the particle
Fquatfon (9 1s a tinlte serles in whiech the last term s a summat fon over the

tield at | due to Interactions with the remalning (N 1) dipoles.  Au the



interactions are retained to all orders, equation (5) is simply equation (1)
with the interaction fields specified in terms of the dipolar centers

involved.

The scattered field at the detector can also be written in terms of a

*
series over many center terms and the product (S2 - Sl)(S3 -

written as
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and so on.

For a collection of randomly oriented particles,

the orientation averapes

* * * *

of the products (S S S. S,) and (S5, + (S, - S are required.  These
h p et (2 ])(13 1‘) ¢ 2 al)(Sj {‘) q '

averages arc rero qaniess the particlie {s chiral. The orfentation averapes ave

obtained by numevically summing the magnitudes of the products over a largpe

number of orfentations until converpence fs reached or, equivalently, by using

an analvtic averaping method

The orfentation averape of (8 5 \(Sq

3 w1

*
5, can also be ohtained tyom
4

the sum of the ovientation averapes of the fleld products In the serfes plven

tn equation o). That s,

Inteprals over all space of cach of

the field prodactsy
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equation (6). Some of these field products become jidentically zero when
integrated over all space. This is found to be the case for those products
which derive from dipolar centers which do not form a chiral structure.

The first term in the series in equation (6), EiEib, is derived from

fields involving at most three dipolar centers. For a given orientation of
the structure described by the three dipoles, its mirror image in the
scattering plane exists if all possible orientations of the particle are
allowed, i.e., the particle can be rotated to another orientation such that
the three dipoles now form the mirror image of the original three dipole
structure. This iIs always possible when the subunits are not optically
active. The y coordinates of the three dipoles change sign while the x and z
coordinates are unchanged in the mirror image in the scattering plane (xz).

iknd

The term e’ ‘E{ s unchanged on reflecrion in the scattering plane because

0,4 lies in this plane; E1 is then the same for the original and reflected

structures. The field E;a is also unchanged on reflection in the scattering

plane because E;i, E;: and E;; are unaffected on changing the sign of the y
axis. However, E;b changes sign on reflection because E;z, E;z and Ej; change
sign with reflection of 1,j,k in the xz plane. The product EiEJb then has

k
opposite signs for a pair of mirror symmetric structures and goes to zero when
it 1s averaged over all space because the mirror symmetric pair exists in the

orientation average.

ig and EiaEkh involve twe. three or four dipolar centers.

e

The terms involving two or three dipolar centers will again average to zero

The products E'E

beceuse the mirror images of the structures in the scattering plane exist in
the orientation average. The products involving four dipolar centers will
also average to zero if the four dipole:s do not form a chiral structure.
However, {f the four dipoles do form a chiral arrangement, the mirror fmape of
the structure {s not present in the orientation average and the fleld procuc!s

will be non-zero whea averaged over all space.  For the same reasons, all

other fleld products in the serfes described In equation (6) wiil also averape
to zero unless the dipolar centers invalved In the products torm a chiral
* *
structurce, The same result {s true for (S? 4 Sl)(SQ - Sh? hesauke the same
n Ja
avmnetry conslderations hold and the only difference s that ' and the F

*
terms are different linear combinations from those In (S? - S.)\81 Sh)'



The large difference In the magnitudes of the 2 x 2 off-block-diagonal
matrix elements for oriented and orilentationally averaged chiral structures is
now evident. Many of the field products which contribute to the matrix
elements of the oriented structure, do not contribute at all in the
orientation average. In particular, the leading term Iin the series given in
equation (6) is of large magnitude and expected to be a major component of the
2 x 2 off-block-diagonal matrix elements of oriented particles and this term
goes to zero in the orientation average.

In order to illustrate this difference in oriented and orientationally
averaged scattering, we describe a model calculation for a simple chiral
structure. Four spherical dipoles which form a chiral structure are chosen as
a model and the dipoles form one third of a turn of a helix with a radius of
100 nm and a pitch of 200 nm. The (x,y,z) coordinates of the four dipoles in
the oriented structure are (100, 0, 0), (86.6, 50, 16.67), (50, 86.56, 33.33)
and (0, 100, 50) and the polarizability of each dipole is 3 x 103 nm3. The
incident light has a wavelength of 600 nm and is propagating along the
positive z direction.

The fields corresponding to interactions among specific dipolar centers
were evaluated by obtalining the self-consistently coupled fields for each
group of dipules. Thus, the field vt dipole 1 due to j was obtained by
evaluating the final fleld at i in the 'particle’ described by 1 and j and
subtracting the incident fleld at 1 (i.e., E:). In a similar manner, the

fleld at { due to all Interactions with j and k was obtained by finding the
final field at i fror the self-consistent solution for interactions with } and
k and subtrvacting the incident field at 1 and the fields at 1 due to two
center Irnteractions with j and two center interactions with k. The fields due
to four center interactions were obtained similarly.

Figures 1 and 2 show the angular distributions of the real and imaginary

* *
parts of (S2 1 Sl)(SJ - SA) for the oriented particle composed of four

spherical dipolar units. The solid lines are the total calculated values of
the chiral matrix elements while the dashed lines are two and three center
fleld products and the chaln-dashed lines are the four center field oroducts.
From the results, {t is evident that the two and three center field products
dominate ard that the four center terms are an extremely small component at
most angles of the anpular distributions for the orfented particle.

The cancellatlion of the field products that do not contribute to the

orfentatfon averapes of the chiral matrix elements {8 a rource of the slow



convergence that has been observed for these elements when calculated by
summing the magnitudes over a large number of orientations. The chiral matrix
elements when calculated this way are contained as small differences between
large magnitude field products. When the orientation averages of the chiral
matrix elements for a simple model were calculated using only the field
products that survive the averaging, convergence was rapidly achieved. If
this feature, i.e., retention of only the field precducts that contribute to
the average, can be efficiently incorporated into an crientation averaging
method for arbitrarily shaped chiral particles, it is probable that the
computational difficulties in calculating the chiral matrix elements will be

significantly improved.
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FIGURE CAPTIONS

Figure 1.

Angular distributions of two chiral matrix elements of a helical structure. A
third of a turn of a helix with a radius of 100 nm and a pitch of 200 nm is
modelled by four spherical dipoles each with a polarizability of 3 x 103 nm3.
The incident light is in the z direction and has a wavelength of 600 nm. The
xz plane is the scattering plane. (a) Solid line - angular distribution of

* *
the real part of (S2 - Sl)(S3 - 54) for the oriented particle. Dashed line -

two and three center field products. Chain-dashed line - four center
products. (b) Solid line - angular distribution of the imaginary part of (S2

* *
- Sl)(S3 - Sq) for the oriented particle. Dashed line - two and three center

field products. Chain-dashed line - four center field products.

Fipure 2.
Two chiral matrix elements for the helical particle described in the caption

for Figure 1. (a) Solid line - angular distribution of the real part of (S2 +
* *
Sl)(S3 - SQ) for the oriented particle. Dashed line - two and three center

field products. Chajn-dashed line - four center field products. (b)
* *
Solid line - angular distribution of the imaginary part of (S2 + Sl)(S3 - 8))

4
for the oriented particle. Dashed line - two and three center field products.
Chain-dashed line - four center field products.
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