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ABSTRACT

An importantproperty of electranagnetic fieldswhich arises fromthe interaction between fields and
chiral molecules is called optical chirality. By enhancing tHigld property while maintainingconstant
input power, we are able to increase absorption of circularly polarizedblygtttiral molecules of a certain
handedness. This enlment is achieved through the ueé& achiral plasmonic nangarticles in
conjunction with the twisted metamaterials. Optical chirality enhancement (OCE) has an important
application in sensing enantiers of chiral moleculeddere we present @reliminary scheméo measure
enantiomeric excess in mixtures of chiral molecules using ©&@isted bytwisted metamaterialsThis
scheme does not require measuremeatfoéquencyshift in the circular dichr@m response.
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1- INTRODUCTION Near-field Far-field
Since Louis Pdi$ tha tantadcsaciddi scovery c c
can have two forms with opposite sensesatédtion;the near for
interaction betweerelectromagetic waves and chiral
molecules has interested many scientists and engineers , tps
Chiral objects lackhe mirror symmetry, inother words, ’ boer
one cannot map the object to its mirror image by simply FoseH
translating or rotating the object. The object and its mirror Chiral
image form an enantiomeric pair. In nature, chiral | cigent plane wave ERISIESS Output plane wave
molecules which have an active role in biology are often
homochiral, which means that one enantiomatweighs Plasmonic surface

the other one.However, in manufacturing artificial g 1 The setup for enhancing optical chirality. A circularly
bioactive molecules, because of the symrestiin the polarized plane wave illuminatesthe metamaterial structure
manufacturing process, often the final product is a mixtur@ith plasmonic inclusions. On the righthand side of the
of both enantiomersAlthough Enantiomers, made of the structure, there is a region dominated by neafield

exact same constituents, can have drastically differeafienomena where optical chirality is enhanced compared t
chemical properties. the optical chirality at the far-field region. The enantiomes

o o . . of chiral molecules should be placed in the nedfeld zone.
Distinguishing enantiomers is important because a pair

of such molecules have exactly the same chemical By drawing analogy from near field enhancement in
constituents but withthe opposite handedness. Theseplasmonic materials, one can conceive the idea of
chiral isomers can have significantly different effects an@nhancing the optical chirality on the surface of plasmonic
toxicity when entered the human body. This makes thgaterials[10]. This enhancement in the optical chirality
ability to separate enantiomer pairsrertely important can be used to greatly enhance the amtion between
for the pharmaceutical industries, since one handednessdifiral parts of the electromagnetic field and chiral
a molecule can be used to cure a certain illness, and thlecules/material§11]. Therefore, it can be used to
other handedness can have serious side effects. The miggfease our ability to measure/manipulate chiral
infamous of these molecules the drug thalidomide. structures using electromagnetic radiation. To gain
While one eantiomer cures morning sickness in pregnanhonzero net optical chiralityye need to break the mirror
women and has other beneficial effects, the othesymmetry of the structure. This can be done by
enantiomer causes malformation of limbs in the babiemtroducing twist in the structure. Although these twisted
born[2]. structures have been studied extensively for their
Therefore, manufacturing singémantiomer drugs is €nhanced optical activitjl 2] and their modal properties
an important part of the pharmaceutical industlyich  [13], here we investigate their nedield chirality
amounts to billions of dollarsf market value per ye8].  €nhancement properties.
In order to reduce casin the manufacturing process, itis  This paper is an extension to the work presented in
essential to have cheap, accurate and sensitiyg4]. In the nextsection,we briefly review the concept of
measurement methods to discriminate  betweepptical chirality. A discussion of the interaction between
enantiomers of a single molecule. A class of methods hagiral molecules andlectromagnetic fields is presented in
been developed to distinguish between chemicahe section Ill. Section IV is devoted to the discussion of
enantiomers through éir optical activity. As an example, the enhancement in the optical chirality, especially in the
circular dichroism spectroscopy is heavily used to detegfearfield of plasmonic nangarticles. A new
the chiral biomoleculegl]. The interaction between chiral measurement scheme is proposed and discussedionse
molecules and electromagnetic fields, which results iv and finally section VI provides some concluding
circular dichroism, is entirely dependenmt the optical remarks.

chirality of the field. 5 OPTICAL CHIRALITY
Chirality of electromagnetic fields fitical chirality) -

was first studied as a conserved quantity in-fgace Lipkin introduced a timesven pseudscalar quantity
propagation [5]. This concept was revisited recently called optical chirality af5]

because of its importance in the interaction betweealchi

molecules and electromagnetic fie[@$. Optical chirality e _ 1 ‘

is also important froma symmetry point of view [7], =5 E O&* 773*5 B 1)

where it fills the gap for a pseudacalar (a scalar with odd

symmetry under mirror symmetry) quantity with evenwhere €, and 3 are the freespace permittivity and
time reversal symmetry. &e the optical chiralitgffects  permeability, respectivelf andB are the time dependent
the amount of absorption of electromagnetic energy by @lectric and magnetic field vectors afdis the optical
single chiral molecule, ishowspromising potentials for chirality as a function of time and space variables. This

manipulating chiral molecules and alsbfferentiating  time-dependent quantity can be expressed in the-time
between enantiomers ofiiral moleculeq8], [9]. harmonic case, as
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- & L
€= m(E 89, @ Chiral !
where€ *fime dependence Bssumed and suppressed in molecules
the formulation. The above equation is derived in a ; : ——Gold nano-rods
sourcefree region. The tilde above field quantites —___ , 1 L—
represents the tirigarmonic nature of these vectors. TTmm—Aaa = J

Originally, no physical meaning was attached to the Twist  / ,4 /
above quantity. Hoewer, itis shown that it satisfies a angle / /fi —
conservation law in the following forfg]. // Unit-cell

/”

£+i P %(1 &b E )4 (3) Fig. 2 Two gold nancrods are placed on top of each other
o m 2 The upper one is rotated using a twist angel. The whol

structure is repeated in a two dimensional array. The chiral

wherej is the current density as a function of time, #vel ~ molecules are placed on the top layer, wherthe optical
flux of chirality F is defined as chirality is enhanced and therefore the interaction betweer
chiral parts of the field and molecule is amplified

q -1 E{ DB 1 B 2 ), (4 chirality, we need to break the mirror symmetry of the
2 2 structures in the spatial domain.

As a simple examplef optical chirality one can show
at for a linearly polarized plane wes the optical
hirality is always zero and for righianded(RCP) and

left-handed (LCP) circularly polarizel plane waves the

andj is the current density as a function of tireguation
(3) is similar to other conservation laws such as Poyntin
theorem. If onecomparesequation(3) andthe Poynting
theorem,one finds thalC actsanalogouslyto the energy
density,q to the Poynting vector and the righand side  chirality is ° w g|E,[* /c,, whereE; is the electric field

of equation(3) to the sourcgerm. This justifies theclaim  amplitude anddifferent signs are for opposite handedness
that optical chiralityC can be thought of as the density (positive for the LCP vave§. Although circularly

and( as the flux of a second order quantity. ~ polarized waves exhibit the maximum possible optical
Thetime averagechirality flux in the timeharmonic  chjrality for plane waves, it is nevertheless possible to
casehasthe following form, obtain higher values fothe optical chirality with a

combination of propagating and evanescent waves. This is
=\ _ 1 _ A~ ~ ~ ~ due tothe fact thatC is a quadratic quantity in the fields
<q>_ZRegEj( b é) B( ’ ﬁ ©) and thereforethe optical chirality of two plane wave
simultaneously propagating through some part of space is
The @ove equation can be sinfgd with the free space not simply the sum over optical chirality of each plane
Maxwel | 6s equation. (B)mas, t hivive sparatelyinOofdér toCnfakehid poikt mdreclear,
consider two plane wave®ne propagating in thez+
direction with its electric field &) linearly polarized in
the x direction and its magnetic fieldBf) in the y
direction. Obviously the optical chirality of this plane
The @ove equation has been shown tochmsely related wave is 2ro. Now if we introduce another plane wave
to the spin and orbal angular momentums of light. This propagating in the-z direction with its electric field &)
flux termis partly responsible for the force exeri@a a in they and its magnetic fieldp) in the-x directions, the
chiral particle[9] by chiral electromagnetic fields. optical chirality of this second wave is also zero.
The symmetry properties of the abovementionetHowever, the superposition of these linearly polarized
quantities are also of intereSthile the energy density is plane waves will produce a circularly polarized wave with
even under parity symmetry, optical chiralityhas odd a nonzero optical chiralityn the following sectionswe
parity symmetry. In other word€ changes sign under a will be searching for a way to obtain fields with optical
point reflection.In this sense, optical chirality behaveschirality that surpasses the optical chirality of eiacly
according tdhe expectatios for a quantity corresponding polarized plane waves.
to chirality. From equation(4), it is clear thatd has an
even parity symmetpnand the righthand side of equatio 3 INTERACTION OF CHIRA L FIELDS WITH
(3) has an odd parity symmetryAnother important CHIRAL MEDIUM
symmetry operation is the time reversal symmetry. While The amount of loss in a chiral material is related to the
C has an evetime reversal symmetry, bot and the product of the imagiary part of material chirality (In®)
source terms have odd time reversal symmetfesm  and theoptical chirality (i.e. power loss due to chirality is
these symmetry considerations, it is olwedhat in order proportional to Im[k]m@ & ) [15], where s is the
to generate electromagnetic waves with -aero optical

<c~[>=%@7|mgeoizfﬁ +g7 H3H. (5)

chirality in Tellegends notat
material if one could increase theptical chirality while
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Fig. 3. The optical chirality of the fields for the structure of

Fig. 2 when there are no chiral molecles and the twist
angle is zero. The incident field is a RCP plane wav
illumination the structure from below. Average

enhancement factor for z=1nm is around 3. (a) Chirality on
different distances from the structure and (b) chirality at

z=5nm. The solid ine depicts the boundary between
positive and negative optical chirality. For LCP plane wave
the results are mirror image of above results with inverted
sign, as expected from mirror symmetry argument.

keeping the incident power coast, it would be possible

higher absorption of electromagnetic energy by molecules
with an appropriate chirality and lower absorption of
electromagnetic energy by the molecules with an opposite
handedness. In addition, it is anticipated that because of
this enhanced interactions, the optical forces exerted on
chiral molecules become stronger in the right
circumstances. One can use this enhancedabfitirces to
manipulate chiral molecules more effectively. However,
the forces exerted on chiral particles by optical fields

not addressed here and will be discussed in detail in a
future work.

Optical chirality enhancement (OCE) is obtained by
placing materials with a suitable shape and structure in the
transmission path of the electromagnetic wave. Interaction
between these structures and the wave will usually result
in a complicated electromagnetic field near the structure.
By properly designing thestructure and deploying
appropriate materiaglsone can obtain larger optical
chirality in the proximity of the structure. There are
different range of materials that can be used to obtain
optical chirality enhancement. However, since plasmonic
metals hag been shown to achieve ulttgh neasfield
enhancemenfl6], it is reasonable to expectghi OCE
near plasmonic particles well.

In order to study the amount 6fCE near the surface
of a plasmonic particle, we define tECE factor as the
ratio betwen theoptical chirality in the faffield of a
plasmonic surface and thaptical chirality in the near
vicinity of the surface. Explicitly, we use the following
formula for the chirality enhancement.

K :Cnear/Cfar (6)

when the structure is illuminated using a plareve. Far

field chirality is calculated where the fields can be
approximated well enough using a single plane wave at
the output side of the plasmonic surfaeed Cea IS
calculated in the nedield zone of the enhancing surface.
The setup for this caltation is shown irfFig 1.

The OCE factor as defined i(6) captures the amount

to increase the interaction between the chiral matter arsf increasesn the absorption of the wave energy due to

chiral electromagnetic field at a constant power level.

the interaction between thehiral parts of thdield and

Another way to demonstrate this effect is bymolecules compared to when the molecules are not
consideing the amount of energy absorbed by a singléocated ina chirality enhanced regiorObviously, this
particle. If we model the particle using its electric andenhancement factor depends on the location of the

magnetic dipole moments and define the mageéotric

moleculesand we expect that as we increase the distance

dipole polarizability @,,,) as the term connecting electric P&fween the molecules and tarface the amount othe

dipole moment to the magnetic field cathe magnetic
dipole moment to the electric fieldle. p=a,E +4,B

andm= a,E +#,B wherep andm are electric and

enhancing factor decrease¥he OCE factor usally

depends not only on the distance between the plasmonic
particle and the chiral molecule, but also on the relative
positioning between the chiral molecule and the plasmonic

magnetic dipole momentsit is possible to show that the particle.Since it is usually difficult to control the relative
amount of absorbed energy due to chirality is proportiongllacement of te molecules on the plasmonic particles, it

to Ima,,C [6].
By enhancing the optical chiralityn the vicinity of

is desirable to achieve high optical chirality irrespective of
the positioning of the molecule on the plasmonic particle.

chiral molecules, the interaction between electromagnetic
fields and the molecules is improved. This will result in

18
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materias, it isimpossibleto obtain an accurate description
of the enhancement using the analytical nhotleerefore,
we will study the optical chality and its enhancement by
numerical simulations of the structure.

Using commercially available fulave simulation
software (e.g. Ansys HFSSand previously reported
optical properties ofjold at terahertz frequenci¢$9], we
can calculate thepticd chirality for different structures.
It is worth mentioning that in all the simulationarried
out here, the material loss fgold is taken into account.
At 300THz, while its refractive index is0.229, the
extinction coefficientof gold has a value equdo 6.79
[19]. This significant amount of lossvhich is present in
all plasmonic materialsseducesthe OCEfactor of the
structure Therefore, selecting the right plasmonic material
for the desired frequency is essential.

As a first example,we have snulated atwo-layer
array of gold nanerods with the dimensions of
50nmx40nmx220nm at 300THEhe nanerods are placed
in a square lattice. Both lattice constants are 300riTa.
verticaldistance between the narads is 100nm center to
center. TheOCE factor for this structure at different
distances from th&op surfacds shown inFig. 3a) for a
zero twist angle. The incident wave ds righthanded
circularly polarized plane wave propagating in a normal
direction to the surface containing the rods. Tde side
of the rod is az = 0 and the first plane in the figure iszat
= 1nm. Obviously, this case possesses two symmetry
planes at x = 0 andy = 0. Although the excitation in this
case breaks the mirror symmetry (since it is circularly
polarized and itsmirror symmetry has an opposite
handedness), these symmetry planes are responsible for
the approximate mirror symmetry that is observed in the
optical chirality of the structure. In addition, it is clear
from the figure that at larger distances from thaasrods,

Fig. 4. The optical chirality of the fields for the structure of
Fig. 2 when there are no chiral molecules and the twis
angle is90 degreesThe incident field is a(a) RCP and (b)
LCP plane wave illumination the structure from below.
Optical chirality is much stronger in this case corpared to
the case shown in the FigB.

the enhancement in tlogtical chirality gradually dies out.
Therefore,one can conclude that tl@CE is essentially a
nearfield phenomenomrising from plasmonic resonances
of the nano particledt is important to note that although
the incident wave has a pure circular polarization, through
interaction with the naroods both positive and negative
optical chiralities are produced in the output side of the

4- ENHANCEMENT FACTOR structure.

METAMATERIALS . . .

. ) - ) Part (b) ofFig. 3 shows the field chirality at a 5nm
_ E_nhancement in theptical chirality can _be_ ach|eveq away from the top surface and highlights the boundary
in different ways. One can use an intrinsically chiralyenyeen positive and negative field chirality regions using
plasmonic particle (e.g. a gammadidily] or impose 5 pack line. If there were no rods presetfite field
extrinsic chirality on an array of intrinsically achira cpirajity will have a negative sign throughout the space.
particles [18] using properties of theglobal structure. However,because of the presence of the plasmoaiton
Here, we focus on the second method and will use achirglyc 4t some placethe field chirality changes sign and
gold nanerods in awistedarray to enhance the local field pecomes positive. If we excite the same structure with a
chirality. The structure of the resulted twistedpyane wave of opposite handedness, all the results would
metamaterial with chiral moletes placed on top of it is emain the same, but with an opposite sign. Therefore, this

shown in Fig. 2 Since we understand the nature Ofmyiror symmetric sucture enhances right afet-handed
propagating modes in a twisted metamatdfid], we can  fig|q chiralities in an equal amourih addition, it is clear

analytically calculate theptical chirality of the modes on .0 the figure that near the corners of the neous

the output side of the twisted metamaterial slab. Howeveypore we have sharp edges, the optical chirality reaches

since in these calculations we do not take into account tl?ﬁuch higher levels compared to the maresth parts of
nearfield phenomena associated with plasmoniGhe center of the rod.

I N TWISTED
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clear that theOCE is more pronounced for positive
chirality in this case. In other words, positiveanfield
chirality hasgreatervalues,and it occupies larger surface
area of the structure f®@CPincident wavesFor the other
handedness, while negative field chirality is more
prevalent, the absolute value of enhancement is not as
large. This asymmeir between the two circularly
polarized waves is a direct result of breaking the
symmetry of the structure. It is essential for discrimination
between chiral molecules with different chiralities to have
the abovementioned asymmetry in the response of the
structure.

5- ENANTIOMERIC EXCESS MEASUREMENT
SCHEME

A chiral molecular sensing scheme using a similar

twisted structure is proposed ifi1l]. The proposed
scheme is bageon the measurement of the frequency
response of the chiral molecules placed in the vicinity of a
twisted array of plasmonic naa@ds. By measuring the
circular dichroism of the structure when there is no chiral
molecule on top of the structure, we ohtaireference for
the next measurement step. After placing the chiral
molecules on top of the array, we measure the circular

(b)

Fig. 5. The optical chirality of the structure with a twist
angle of 60 degrees. Other parameters are similar to Fig
3. The incident fields is(a) RCP and (b) LCP plane wave.

Similar calculations are carried out for different twist
angles. From these calculations, one can conclude that
there are always regions of enhanced field chirality near
the nanerod with different signs for the enhament
factor. The optical chirality in the case of 90 degrees
rotation between the nasods is displayed iRig. 3 Parts
(&) and (b) of the figure are calculated usiight- and
left-handed circularly polarized incident plane waves. In
this casethe ogical chirality achieves much higher values
compared to the previous case. However, as can be seen
from the figure, agairwe see a symmetrical response to
right- and lefthanded polarizations. This is expected
because with 90 degrees rotations, we siillehthe mirror
symmetries in the structure.

An approximately maximal enhancement occurs at the
twist angle of 60 degrees as shownFig. 4 with an
averageOCE around 5Part (a) and (b) show chirality for
excitations withthe opposite handednesBhe darkblack
lines depict the boundary between positive and negative
optical chiralities in this plane. Note that in parts (a) and
(b), the colors correspond to different values of optical
chirality. In this structure,RCP incident wavesproduce

@

(b)

larger OCE facta's for both positive and negative values Fig. 6. The optical chirality on a plane Snmabove the top
of chirality. However, by examining a more detailed Surface of the structure of Fig.4 with (a) RCP and (b)

representation of chirality at= 5nm inFig. 5, it becomes

20

LCP incident plane wave.
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