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Using chiral nano-meta-particles
to control chiral molecule radiation

V V Klimov, D V Guzatov

1. Introduction

Currently, owing to the development of nanotechnologies,
new areas of optics have made their appearance — nanooptics
and nanoplasmonics, whose subjects are the highly nontrivial
properties of optical fields on the nanoscale and their
practical applications [1, 2]. Among the most important
advantages in this area is the capability of exerting effective
control over the radiation of ordinary atoms and molecules
with the help of nanoparticles [surface enhanced Raman
scattering (SERS), surface enhanced fluorescence (SEF)] [3—
6]. Interesting effects have also been discovered in the
investigation of the influence of chiral nanoparticles or
nanoparticles of metamaterials with a negative refractive
index on the radiation of ordinary molecules [7, §].

More complex optically active (chiral) molecules are of
greater interest because they form the basis of life. This brings
up the natural question: Is it possible to efficiently and
arbitrarily control the radiation of chiral molecules and use
this for various biomedical applications (for instance, for
separating racemic mixtures)? We show in our paper that this
control is possible if advantage is taken of nanoparticles made
of metamaterials (see, for instance, Refs [9, 10]).

2. Chirality and optical activity

Chirality is the property of a system not to coincide with its
mirror image under arbitrary rotations and translations [11].
It follows from this definition that, first, chirality is a
geometric property of objects and, second, this property
may be inherent only in spatial, i.e. three-dimensional,
objects. The most important chiral objects are aminoacids
and sugars which can exist, in principle, in the form of right or
left enantiomers. However, of the utmost significance is the
fact that the right enantiomers of aminoacids and the left
enantiomers of sugars are not encountered in living nature. It
is precisely this asymmetry that makes extremely important
the optical investigations of these and kindred phenomena.
The possibility of these investigations relies on the circum-
stance that chiral molecules quite often possess the property
of optical activity, i.e. react to light with different polariza-
tions in different ways. In particular, when linearly polarized
light is incident on optically active molecules, its plane of
polarization changes (rotates) and the degree of this rotation
is defined by the factor

Mief — Mrighe  molecular size 1
.

1
Mieft + Mright wavelength ’ (1)
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where nier; and nyigne are the refractive indices for the left- and
right-polarized waves.

The absorption of waves with different circular polariza-
tion is also different, and the degree of this difference is
defined by the factor

Ajere — Arighe  molecular size

Apete + Aright wavelength

L, (2)

where Ajep and Aygn are the absorption coefficients for the
left- and right-polarized waves. Since the molecular size is
usually small in comparison with optical wavelengths, the
optical activity effects are quite weak. Despite this smallness,
the effects of rotation of the polarization plane and circular
dichroism enjoy wide application in the exploration of
different conformations of biomolecules.

By applying the methods of nanooptics and nano-
plasmonics, it is possible to significantly (by 4-6 orders of
magnitude!) enhance these extremely weak effects by using
nanostructured chiral metamaterials [12] or even the clusters
of nonchiral nanoparticles [13].

Our aim is to learn to control precisely the emission of light
by chiral molecules (and not the absorption of light) with the
help of chiral nano-meta-particles (see below what this is).

3. Chiral molecules

To solve the problem of controling the light emission by chiral
molecules requires, first of all, recognizing the difference
between ‘ordinary’ and ‘optically active’ (chiral) molecules.
Ordinary molecules are characterized only by the electric
dipole moment, and their light-matter interaction Hamilto-
nian is of the form

Hiy = —dE, (3)

where d is the dipole transition moment between the ground
and excited states, and E is the electric field strength at the
point of location of the molecule. This Hamiltonian does not
permit describing the effects of optical activity in principle.

Chiral (optically active) molecules possess both electric
and magnetic transition moments [14, 15]. In this case, when a
spiral is considered as the model of a chiral molecule, for right
molecules, in which the electric and magnetic transition
moments are parallel, the Hamiltonian for their interaction
with an electromagnetic field takes the form

Hi = —dE — mH, (4)

while for left molecules, for which the electric and magnetic
transition moments are antiparallel, the Hamiltonian for their
interaction with an electromagnetic field is given by

Hiy = —dE + mH . (5)

In expressions (4) and (5), d and m are the dipole transition
moments between the ground and excited states in the right
molecule, and E and H are the strengths of the electromag-
netic field at the point of its location.

4. Chiral nano-meta-particles

Controling the radiation of chiral molecules calls for the
efficient ‘mixing’ of electric and magnetic fields, chiral nano-
meta-particles being ideally suited for this purpose. In the
simplest case, we may consider for such a particle a plasmon
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Figure 1. Chiral plasmon resonance in a spherical particle with kga = 0.1:
(a) y =0, and (b) y =0.1.

chiral nanoparticle, i.e., a layered nanoparticle (a nanodimen-
sion: a dimension shorter than the wavelength) whose core
comprises gold, and the shell consists of natural sugar. In the
general case, the constitutive equations of the substance of a
chiral nano-meta-particle have the form [16]

D=¢E+nrotE), B=uH+nrotH), (6)

where D, E and B, H are the induction and strength of electric
and magnetic fields, respectively, ¢, u are the permittivity and
permeability of the material of the chiral medium, and # is the
chirality dimensional parameter. The chirality dimensionless
parameter is conveniently introduced by the expression
%= on/c.

One can see from formulas (6) that, as in the case of
optically active molecules [see expressions (4) and (5)],
entangling of electric and magnetic phenomena occurs, and
such nanoparticles would be expected to efficiently interact
with chiral molecules. We note that the constitutive equations
correspond to so-called chiral (bi-isotropic) media [17], to
state it in more formal terms.

Even a small chirality of a nanoparticle leads to a
significant change in its resonance optical properties.
Figure 1 shows the dependence of the resonance properties
of a chiral plasmon spherical nanoparticle on the permittivity
and the permeability. Figure la corresponds to the case of a
zero-chirality nano-meta-particle. As is evident from this
figure, an ordinary plasmon resonance occurs at ¢~ —2,
which is hardly dependent on the permeability of the
nanoparticle. The situation becomes significantly different
when the nanoparticle has an arbitrarily small admixture of
chirality (Fig. 1b) because the interaction of electric and
magnetic oscillations results in a significant change in the
resonance structure, i.e., a chiral plasmon resonance appears.
It is precisely the chiral plasmon resonance that makes it
possible to exert efficient selective control over the radiation
of chiral molecules.

5. Quantum theory of the radiation of a chiral molecule
near a chiral nano-meta-sphere
As discussed in the Introduction, the rate of spontaneous
emission depends significantly on the nanoenvironment, and
in this section we shall consistently describe the quantum
theory of spontaneous emission by a chiral molecule residing
near a chiral nanoparticle [18].

Fermi’s golden rule [19] is fully applicable in the chiral
case, and the spontanecous relaxation probability can be
described by the well-known expression

2n L 2
I = 72 |(initial |Hin| final)|” p(w), (7

final

dy my
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Figure 2. Geometry of electromagnetic field quantization in the presence
of a chiral sphere.

where p(w) is the density of final states, Hiy =
7(&E(ro)) - (lﬁﬂ(ro)) is the interaction Hamiltonian
between the electromagnetic field and the chiral molecule,
d =ef and m = —ike/(2mc) (f x V) are the electric and
magnetic dipole moment operators, and finally

B(r) iz ase(s,r) —ale*(s,r) ’

S 7
N ash(s,r) + afh*(s,r
fi - 37 e b o)

are the quantized electromagnetic field operators (index s
numbers the modes).

By and large, the quantization of the electromagnetic field
reduces to finding the eigenmodes e(s, r), h(s, r) of the system,
and these modes are termed photons. In our case, unfortu-
nately, the ordinary notions of photons (TE and TM modes)
are inapplicable and the entire quantization procedure is to be
constructed anew. To do this, we assume that our system, a
molecule and a nanoparticle, is placed in an infinitely large
spherical resonator with an ideally conducting wall (Fig. 2).
After this, the photon mode inside the sphere may be sought
in the form of an expansion in terms of vector spherical
harmonics [20]:

€mn (l') = Ai];ﬂ’l (Nwilr;n + wahn) + All}m(NwiEn - M‘I’n]jn) ) (8)

with combinations of TE and TM harmonics entering into
this expression, and indices L and R pertaining to left- and
right-polarized plane waves in free space with respective wave
numbers

k= Koy Koy
1— /e’ 1+ gy /fen

The photon mode outside the particle is sought in the form of
a combination of diverging and converging spherical TE and

TM waves [20]:
e(r) = CONgD CQ)NQ% + D<1)M§("1121 + DM

mn mn mn mn mn mn *

©)
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By imposing the continuity boundary conditions for the
tangential field strength components and applying normal-
ization to one photon throughout the space, it is possible to
derive explicit expressions for all coefficients entering into
expressions (8) and (9) [18]. The resultant dispersion equation
has two solutions which correspond to two types of photons.
These photon types will be referred to as A and B. For y = 0,
the A type photons reduce to TM photons, and the B type
photons reduce to TE photons. The final state density for
photons of any type, p(w) = A/(nhc), is independent, in
accordance with the Courant theorem [21], of the presence
of finite-sized particles.

By using the derived expressions and writing the mole-
cular transition matrix elements as dy = (e|d|g) and
—img = (e|m|g), the spontaneous emission rate (7) for an
arbitrary chiral molecule near an arbitrary bi-isotropic sphere
may be represented as the sum of decay rates to A- and B-type
photons. For instance, for the decay rate to A type photons
we have

ve =va T+t 940, (10)
where
X 2n+1
Al 0
Yoo T H7 2
s 27&1&% 1_|_|0n|2
x [(do — idoy) (W oro) + TALY (ko)
— O, (doy + idoy) (W, (koro) + L2V (koro) )
+ On(moy — imay) (5 (Koro) + L 0NV (Koro))
2
= (moy + imo) (b (koro) + TR (koro) [ (11)
ko < 2n+1
A1 _ ko
Veg 20ir2 ; 1+ |0,
X [0u(doy — idor) (Y (Koro) + LI (ko)
— (dox + idoy) (W (koro) + TR (koro) )
+ (””Oy — imoy) (%(ko"o) + T;?C,SU(/CO”O))
, 2
— O(moy + imoy) (Y (koro) + LY (kor)) |, (12)
X (2n+ Dn(n+1)
Ve hkoro ; 140,
‘dm W (koro) + T (koro) )
2
+ Onm()z (l//n(kOVO) + Ln Q,, (k()l’())) ) (13)

and TA, L2, and O, are some coefficients which are expressed
in terms of the Bessel functions and which depend only on the
properties of the sphere [18]. Similar expressions are obtained
for the rate of decay to B photons [18].

6. Analysis of results and illustrations

Expressions (11)—(13) virtually exhaust the problem of
spontaneous radiation by an arbitrary molecule residing
near a chiral sphere of arbitrary composition and size.
Unfortunately, these expressions are cumbersome, which
hinders their understanding and interpretation. In the most
interesting case of a nanosphere, expressions (11)—(13) may be
simplified. However, instead of the formal derivation of

asymptotics, below we consider the spontaneous emission
by chiral molecules, which are located near a chiral nano-
meta-particle, in the framework of a quasistatic (and
quasiclassical) approximation [22]. As will be clear, this
more physical approach agrees nicely with the exact solution
(11)—(13) and permits a complete understanding of the
physics of the processes.

The near fields produced by the molecule, which is
described by oscillating electric and magnetic dipole
moments with amplitudes dy and —img, have the well-known
form

3r(rdy) — r2dy i(3r(rmg) — r?my)

EOZT, Hy = - P )

(14)

where r is the radius vector emanating from the sphere center
to the point of observation. In expressions (14) and further,
the factor of monochromatic time dependence is omitted.
The near fields (14) induce dipole moments in the
nanoparticle:
8d = ageEo(ro) + axuHo(ro), (15)

om = appEo(ro) + ayHo(ro) ,

where the electromagnetic polarizabilities of the chiral sphere
are of the form

3 (6= D)(u+2) + 2epy

HET D+ 2) e
3yepd
3
UEH = 16
B ) 0+ 2) — dany? (19
OHH = OCEE(S - ,u) , OHE = —OEH -

If it is additionally assumed that the molecule-nanoparticle
distance is small in comparison with the wavelength, and the
radiation intensity of the particle +molecule system is
described by the expression

I o |do + 8d[* + |- img + dm|*, (17)
in which the interference between the radiations of the electric
and magnetic dipoles does not take place owing to the
smallness of phase incursion. Substituting expressions (15)
into expression (17) yields
i EH 2

E (3n(ndg) — do) — —=2 (3n(nmy) —
g o

o |do + mO)

~ 2
+ ‘mo + W# (3n(ndy) — do) +— (3n(nmg) —my)| . (18)

o ’0

When the orientation of the molecules is not fixed, as is often
the case in practice, we must perform averaging over it to
obtain

4k |do|? 2 ,
Lee = 03|h0‘ {1+r—6\0‘EE—150€EH|2+|5|2
0

2 .
+r_6 oty + 5O<HH|2} , (19)

0

where my = &d.
The results of calculations in the framework of quantum
electrodynamics (QED) and in the quasistatic approximation



October 2012

Conferences and symposia

1057

2500
r/ry \
2000

mgy = +0. ld()

1500

1000

500

-1.5 -1.0 —0.5

e’

Figure 3. Comparison of the results of calculating the spontaneous
emission rate for a chiral molecule in the framework of QED and in the
quasistatic approximation. The molecule is located near the surface of a
chiral spherical nanoparticle with ¢ =¢’ +10.1, u = —1.6, y = 0.2, and
koa = 0.1. The molecule is radially oriented.

(19) are compared in Fig. 3. One can see from the figure that
the results of this simple theory are in perfect agreement with
the exact QED calculation [see expressions (11)—(13)] for
nanoparticles. The simplicity of interpreting this theory
permits determining the explicit conditions whereat the
radiation of a chiral molecule of one chirality or other will
be suppressed. Realizing this requires that
(1) the system have a chiral plasmon resonance

(e+2)(u+2) —4deuy* =0 (20)
(this permits enhancing the magnetic fields);

(ii) the electric moment induced in the nanoparticle be
equal to zero:

d()OCEE*iI’n()OCEHZO. (21)
whence, follows the discrimination condition
2d, 2
,u*—>—70, *_,_$7 (22)
do + 2mgy mg + 2dyy

i.e., the chiral molecule radiation will be suppressed for these
1 and e. At the same time, the radiation from a molecule of

opposite chirality (my — —mg) located near the nanoparticle
with parameters (22) will not be suppressed!

To illustrate this effect, Fig. 4 shows the rate of
spontaneous emission by the left-hand chiral molecule and
its ratio to the rate of spontaneous emission by the right-hand
chiral molecule. One can see from this figure that the
radiation by the right-hand molecule is almost suppressed,
when condition (22) is fulfilled (in this case, when ¢ ~ —0.4
and u ~ —2, which corresponds to a metamaterial with a
negative refractive index [23]), while the radiation by the left-
hand molecule is enhanced by the chiral plasmon resonance.
As a result, the decay rate for the left-hand molecule is more
than 10 times higher than the decay rate for the right-hand
molecule. We emphasize that such chiral metamaterials with a
negative refractive index are quite realistic [24].

When it is required to suppress the radiation of the left-
hand molecules and enhance the radiation of the right-hand
ones, in accordance with condition (22) the nanoparticle
metamaterial must have a positive permittivity and a
negative permeability. Suchlike metamaterials are also quite
possible [9, 10].

7. Applications of the effects discovered

Once we have theoretically shown that it is possible to
suppress the radiation of some enantiomers and enhance the
radiation of other ones by selecting the parameters of a chiral
nanoparticle, many prospects open up for the application of
this effect.

First of all, the effect discovered may be employed in the
scanning microscope investigation of samples in which one
type of enantiomers prevails, and so there is no way to
discover and add up by ordinary methods the small amount
of the enantiomer of opposite chirality. However, when a
particle (Fig. 5), whose material is selected in conformity with
conditions (22) so as to suppress the radiation of the bulk of
unwanted molecules, is placed on the tip of a scanning
microscope, only the sought-after molecules will come into
the field of view of the microscope (the quest for extra-
terrestrial life, bioterrorist attacks, etc.).

Of even greater importance is the application of the
theoretical findings to the purely optical separation of
racemic mixtures of biomolecules (Fig. 6). Such mixtures
emerge, inter alia, in the chemical synthesis of medicines.
However, only one specific enantiomer is required to achieve
the correct action. The chemical separation methods in use

I'L/Tr

Figure 4. Rate I'L /I’y of spontaneous emission by a left-hand molecule (a) and its ratio I'L/I'r to the rate of spontaneous emission by a right-hand
molecule (b). The molecules are located near a chiral nano-meta-particle with kga = 0.1, y = 0.2, £ = mg,/dp. = 0.1, and ¢” = 0.1.
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Figure 6. Separation of racemic mixtures of biomolecules.
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today are complicated and expensive, and the development of
a purely optical method for the separation of enantiomers is,
therefore, quite appealing. The findings made above permit,
at least in principle, doing this. The schematic of operation of
a purely optical facility for enantiomer separation is illu-
strated in Fig. 6. In one way or another, the synthesized
molecules are excited in a chamber, whose surface is covered
by nanoparticles corresponding to condition (22). The
enantiomers of one type (say, the ‘right’ ones) rapidly change
to the ground state, while the enantiomers of the other type
(the ‘left’ ones) remain in the excited state. By applying an
ionizing radiation pulse, it is possible to remove the ionized
molecules by an electric field, with the result that only the
desired enantiomers will remain in the reaction chamber. It is
significant that this synthesis technique is not attended by
contamination from by-product chemicals required in the
separation by chemical methods.

8. Conclusion
Thus, the problem of describing the spontaneous emission by
chiral molecules located near a chiral sphere of arbitrary

composition was analytically solved in the framework of
QED, as well as in the quasistatic approximation.

As shown above, when a chiral particle has a negative
refractive index or a negative permeability, the radiation of
nearby right and left molecules may be significantly different.
We emphasize that these results are general and are not
restricted to the case of only one nanoparticle. It has already
been found that the clusters of chiral nano-meta-particles
show even greater promise for controling the radiation
emitted by enantiomers [25].

These findings open the way to a purely optical separation
of drug enantiomers.
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