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: We enhance the weak optical signals of small chiral molecules via circular differential Mie scattering
. (CDMS) of nanoparticles immersed in them. CDMS is the preferential Mie scattering of left- and right-
. handed circularly polarized light by nanoparticles whose sizes are about the same as the wavelength
. of light. Solving the Mie scattering theory for chiral media, we find that the CDMS signal of the
. particle is linearly proportional to the chirality parameter x of the molecules. This linear amplitude
. enhancement by CDMS of the particle holds, even for large particles, which have a retardation
. effect. We also demonstrate that the CDMS of a nanoparticle is sensitive to changes of molecular
concentration, and that the nanoparticle can be utilized as a chiroptical biosensor detecting the
© concentration of analyte. We expect that the enhancement of molecular chiroptical signals by CDMS
- will pave the way for novel chiroptical spectroscopy using nanostructures.

. Chirality, which is a property of objects that cannot be superimposed on their mirror images, is a com-
© mon feature of life’s building blocks such as actin, myosin, proteins, lipids, amino acids and sugars'.
. Measurement of molecular chiroptical effects, such as optical rotatory dispersion (ORD) and circular
. dichroism (CD), is used to obtain the stereochemical information of chiral molecules?. ORD is the opti-
- cal rotation of linearly polarized light and CD is the extinction difference between left and right polarized
. light passing through the same molecular sample. However, small molecules, being much smaller than
. the wavelength of light, have inherently weak chiroptical signals which are challenging to detect.
. Measurement of the chiroptical signals of small molecules is thus limited to samples in microgram quan-
© tities®. To overcome this drawback of chiroptical signals as indicators of stereochemical information, it
. has been noted that nanostructures®* can amplify the differential absorption by molecules of oppositely
. polarized circular light via the molecule-plasmon Coulomb interaction” and optical chirality enhance-
 ment®. However, these approaches are still in the Rayleigh regime, in that the molecules are still small
. compared with the wavelength \ of the absorbed or scattered light. In the Rayleigh scattering regime,
© area (R,)-normalized energy absorbed and scattered by molecules of radius R, is proportional to
R,/ X and (R,,,/\)* respectively, and the small molecular size fundamentally restricts absorbed energy
© to the molecular scale factor R,,,/X resulting in negligible scattered energy®'!.

: Our approach, in contrast, uses larger achiral nanoparticles to enhance molecular chiroptical signals
: through circular differential scattering which is in the Mie regime since the sizes of the nanoparticles are
. comparable to the wavelength of light. Generalizing the Mie scattering theory for chiral molecular media,
. we show that achiral nanoparticles embedded in chiral molecules exhibit circular differential scattering
. in which the intensities of the scattering of left- and right-handed circularly polarized incident light are
. different. This circular differential Mie scattering (CDMS) by nanoparticles acts as a carrier signal that
- can amplify the signals of chiral molecules. As nanoparticles in the Mie regime are large, their CDMS can
. significantly amplify the chiroptical signals of other molecules. We also demonstrate that the CDMS of
* plasmonic and high refractive index nanoparticles perform when used to sense molecular concentration
. changes. Furthermore, our work enables the real-time and local measurement of molecular dynamics,
. such as protein binding kinetics, in the vicinity of the nanoparticles using CDMS.
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Figure 1. Schematic drawing of CDMS. Nanoparticles with refractive index n, = ¢, and radius R are
embedded in the surrounding chiral molecule medium with refractive index n=¢? and chirality parameter
. Nanoparticles embedded in the chiral molecule medium display CDMS according to the polarization of
the incident waves.

Results
Chiral Mie scattering theory. Media composed of chiral molecules are described by the constitutive
relation’?
D = ¢E + ixH, (1)
B = uH — ixkE, (2)

where ¢, 1, and Kk are the electric permittivity, magnetic permeability, and chirality parameters of the
chiral molecule medium, respectively. The chirality parameter & of the chiral molecule medium repre-
sents the chiroptical signals of the chiral molecules. Electromagnetic fields propagating through chiral
media display circular birefringence'?; left- and right-handed circularly polarized light experience differ-
ent speeds through the medium according to wavevectors k; , = (n £ )k, with the conventional
refractive index of the medium » and vacuum wavevector k, = 27/ A. The subscript L (R) corresponds
to a plus (minus) sign in left-handed (right-handed) circular polarization with wavevectors k; (kg).

We study the CDMS of nanoparticles embedded in a chiral molecule medium through solving the
problem of full-wave Mie scattering in chiral media. Figure 1 is a schematic of the CDMS process. Here,
we assume that the chirality parameter & of chiral media is purely real because most chiral molecules do
not absorb in the visible spectral region. To solve the Mie problem for chiral media, we break down the
incident, scattered, and internal fields of spherical particles in terms of the circular basis set
(Q; (k;), Qg (kg)) according to the wavevector k; p°. Scattered fields E, are decomposed into

The circular bases for the scattered fields E, are given by

c_ S 1 (Qa + Qe (MY (k) + NS (k)
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(5)
with scattering coeflicients an( and 7’1(1,2)’ vector spherical harmonics M and N°, and polarization
amplitudes of the incident field Q; ;. For left- and right-handed circularly polarized incident light, the
sets of polarization amplitudes are (Q;, Q)= (1, 0) and (Q;, Q)= (0, 1), respectively. The boundary
conditions of the total electromagnetic fields at the surface of the sphere determine the expansion coef-
ficients of the scattered and internal fields (see Supplementary information for a full derivation of the
chiral Mie scattering theory). We also calculate the rates of extinction of the incident light energy.
Incident light energy is scattered or absorbed by a particle, and the scattering or absorption cross sections
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are the rates of those processes normalized by incident light intensity. The extinction, scattering and
absorption cross sections of an achiral sphere embedded in a chiral molecule medium are given by

00 Q? RealV Q2 Req?
Cou = —4my_ (20 + 1) 15— —r
=1 Qr +Qr kg QL+ Qr ki (6)
2 2 2 2
o Qe Y Qi |l 2
Csm - 47r2(2n + 1) 2 2 2 + 2 2 2 2 2 )
n=1 QL+ Qr| ki kg QL+ Qr| ki kg (7)
Cahs = Cext - Cscm (8)

with resonance order n=1, 2, ---.

Circular differential Rayleigh scattering of nanoparticles. Before covering the circular differen-
tial scattering of nanoparticles in the Mie regime, we first consider small nanoparticles in the Rayleigh
regime. The complex mathematical forms of Eqs (6-8) may hinder understanding the physics of circular
differential scattering. In the Rayleigh scattering regime (nk,R<1), the polynomial expansion of the
scattering coefficients ozn“’z) and fy,fhz) can provide more physically revealing expressions. For dipole
order n=1, the polynomial expansion of the scattering and absorption cross sections, Eqs (7 and 8),

about kR to the lowest order give

CL,R/RZ _

sca

/ 2 "2
g —€) +¢€
8r (& )2 L (1 + 2k,)n'k¢RY,
3 (51' + 2e) + 61”2 9)

CL,R/RZ — 4r &'e

abs

- 5 — (3 £ 2k,)nkyR,
(ef +2¢)" + ¢ (10)

where the relative chirality parameter of the surrounding medium is x, = x/n, and the particle radius
is R. The complex permittivity of the particle is represented by &, = ¢, + ig,”. The superscript L (R) in
the cross sections C,, 4, corresponds to plus (minus) signs in Eqs (9 and 10). The circular differential
scattering and absorption cross sections of the nanoparticle are written as

21 (ef —e) + ¢

AC,,/R* = (CL, — CR/R* = w,n'ky R,
sca/ ( sca sca)/ 3 (51/ N 25)2 N 51”2 T 0 (11)
ge
2 L R 2 1
Acubs/R = (Cabs - Cabs)/R = lém ; > ) K?rnkoR-
(&1 +2¢) + ¢ (12)

We can identify a few key trends of the circular differential Rayleigh scattering and absorption of a
particle embedded in a chiral molecule medium. As for conventional Rayleigh scattering, circular differ-
ential Rayleigh scattering and absorption cross sections of a particle, Eqs (11 and 12), are respectively
proportional to (R/A\)* and R/, Circular differential Rayleigh scattering also displays localized surface
plasmon resonance (LSPR) of electric dipole order when the dispersive dielectric function ¢, (\) of the
particle meets the LSPR condition &, (\) = — 2¢. Importantly, circular differential scattering and absorp-
tion is linearly proportional to the chirality parameter & of the surrounding medium. This gives rise to
linear amplitude enhancement of the molecular chiroptical signals by circular differential scattering in
the Rayleigh scattering regime.

Circular differential Mie scattering of nanoparticles. Equipped with conclusions from the
quasi-static expressions, we now study the properties of circular differential scattering of large nanopar-
ticles in the Mie scattering regime. By full-wave chiral Mie calculation, we will confirm whether large
nanoparticles can modulate chirality parameter « of the surrounding medium in the Mie regime as they
do in the Rayleigh regime. Figure 1 shows spectra of the extinction cross section C,,,, scattering cross
section C,,, and absorption cross section C,, and the corresponding circular differential cross sections
AC,,, AC,,, and AC,, of gold nanoparticles with different radii. The optical constant of gold is taken
from tabulated literature data'. The refractive index #n and chirality parameter k of the surrounding
chiral molecule medium are respectively 1.5 and 0.01 which are typical values for chiral liquids in the
visible spectral region'#!>. We note that refractive index and chirality parameter of the surrounding
medium can be dispersive. Chiral liquids such as limonene and carvone are weakly dispersive so that
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Figure 2. (a—c) Extinction (black), scattering (blue), and absorption cross section per particle area (red)
of gold nanoparticles with radii R= 25, 50, and 75nm embedded in chiral molecule medium of refractive
index n= 1.5 and chirality parameter £=0.01. (d-f) Corresponding circular differential extinction (black),
scattering (blue), and absorption cross section per particle area (red) of the same gold nanoparticles.

our assumption of negligible imaginary parts of #n and k are still valid'® (see Supplementary Information
for the calculation of CDMS in the weakly dispersive chiral medium). The most important feature of
Fig. 2 is that the order of the circular differential scattering cross section AC,, is readily measurable by
conventional spectroscopy techniques'®.

In Fig. 2a,d, the small nanoparticle of R=25nm belongs to the Rayleigh scattering regime, and thus
its scattering characteristics follow Eqs (9-12). In contrast, in Fig. 2b—f the larger nanoparticles scatter-
ing characteristics follow the Mie regime. In Fig. 2b,e (R=50nm) and Fig. 2¢,f (R=75nm), the peak
of dipolar LSPR shifts to red as the gold nanoparticles become larger. Interestingly, in Fig. 2e,f, dipo-
lar LSPRs in circular differential cross section also exhibit a red shift, but their signs are reversed and
become negative. Also, the scattering cross sections of larger nanoparticles surpass absorption cross sec-
tions, as shown in Fig. 2b,e (R=50nm) and Fig. 2¢,f (R=75nm). In summary, we find the distinguishing
characteristics of CDMS to be the negative dips of the circular differential scattering cross section and
the dominance of scattering, both of which are absent in Rayleigh scattering.

Linear amplitude enhancement of chiroptical signals by CDMS. Scattering by nanoparticles
enhances the amplitude of the molecular chiroptical signal. As shown in Eq. (11), the chirality parameter
x of background molecules is directly multiplied according to the scattering lineshape of nanoparticles
in the Rayleigh regime. Even for larger particles, the amplitude enhancement of the chiroptical signal
K by CDMS was found to be linear. As shown in Fig. 3a, the AC,, of gold nanoparticles of R=50nm,
embedded in molecules of refractive index n= 1.5 and varying K, increases with the chirality parameter
K of the surrounding medium, without significant spectral shift of the plasmon resonances. It is also
notable that in Fig. 3a the AC,, spectra of the chirality parameter £ =0.02 and 0.03 are exactly double
and triple, respectively, the AC,, spectrum of x=0.01. To take a closer look at this linear amplitude
modulation of the surrounding medium chirality parameter « on the Mie scattering, in Fig. 3b we plot-
ted the maximum differential scattering cross sections AC,, of three gold nanoparticles of different radii
(R=25nm, 50nm, and 70nm). Figure 3b confirms that the circular differential scattering cross sections
AC,, of large gold nanoparticles are linearly proportional to the chirality parameter « in the range to
£ =0.1. The chirality parameter & is inherently weak for chiral molecules in nature. This inherent weak-
ness of kK results in the linear x-dependence in CDMS because k-independent term drops out in AC
and the higher-order terms are negligible. The linear k-dependence is also independent of the size of
particle, and thus this holds even for large nanoparticles including the retardation effect.

Chiral molecule sensing by the amplitude enhancement on CDMS. In Fig. 4a, we study the
spectral change of the circular differential scattering cross section according to the concentration of
chiral molecules near gold nanoparticles of R=50nm. We assume that the permittivity, refractive index,
and chirality parameter of the chiral molecule medium are written as ¢ = ¢, + Na, n = /¢, and
K= NG, respectively, with €, = the permittivity of aqueous solvent=1.32=1.69, N= number density of
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Figure 3. (a) Circular differential scattering cross section per particle area of gold nanoparticles with radius
R=50nm embedded in chiral molecule medium of refractive index n=1.5 and chirality parameter £=0.01
(black), 0.02 (red), and 0.03 (blue). (b) Change in maximum circular differential scattering cross section per
particle area of a gold nanoparticles with radii R= 25, 50, and 75nm embedded in chiral molecule medium
of refractive index n=1.5 and varying chirality parameter  from 0 to 0.1.

molecule, o= electric polarizability of the molecule, and G=mixed electric-magnetic polarizability of
the molecule. We estimate the magnitude of polarizabilities to be Nav=0.56 and G=0.018;, and this
estimation of polarizabilities provides reasonable parameters of n=1.5 and £=0.01 for typical chiral
liquid samples. In Fig. 4, we increase the number density of the molecule N in order to study the resulting
change in spectral CDMS. Figure 4a shows that the magnitude of the circular differential scattering cross
section AC,, increases with the red shift of the LSPR position, as the number density of molecule N is
increased up to six times. Note that this change corresponds to a change in the refractive index and
chirality parameter from n=1.5 and k= 0.01 to n=2.25 and k= 0.06. Figure 4b, is a plot of change in
resonant wavelength in circular differential scattering cross section against change in the number density
of molecule N. Figure 4d shows that resonant wavelengths of gold nanoparticles tend to increase linearly
with the refractive index of the medium. Sensitivities S = 9\ ,,,/9n of gold nanoparticles with radius
R=25nm, 50nm, and 70nm are respectively 119 nm/RIU, 242nm/RIU and 411 nm/RIU, where RIU
denotes the refractive index unit. Note that typical sensitivity of conventional plasmonic biosensors for
non-chiral molecules are the order of 10°nm/RIU, and sensitivities of gold nanoparticles in Fig. 4d are
comparable to the conventional plasmonic biosensors'”. The sensitivity of the spectral change of circular
differential scattering in Fig. 4d indicates that real time CD measurement can be realistically applied to
the study of the kinetics of molecules near nanostructures'®*.

To understand the effect of changes in refractive index #n and chirality parameter x of the surround-
ing medium to spectral changes shown in Fig. 4a,d, we separately vary refractive index n and chirality
parameter k of the surrounding medium. In Fig. 4b,e, we vary refractive index n with fixed chirality
parameter £ =0.01. Resonance dips of the circular differential scattering cross section AC,, shifts to
red wavelengths in Fig. 4b. In Fig. 4c,f, we vary chirality parameter x with fixed refractive index n= 1.5.
We find resonance dips of AC,,, do not move, but their magnitudes become larger negative values by
increasing chirality parameter  in Fig. 4c. Figure 4f shows resonance wavelengths of gold nanoparticles
with various radii do not shifted by chirality parameter . From Fig. 4b-f, we conclude that shifts of
resonance wavelength is originated from changes in refractive index n, while changes in magnitude of
AC,, come from changes in chirality parameter k.

CDMS of dielectric nanoparticles. CDMS is not limited to plasmonic nanostructures. In fact,
recent research into dielectric nanoparticles and metamaterials have demonstrated that the scattering
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Figure 4. Change in lineshapes of circular differential scattering cross section per particle area of a gold
nanoparticle with radius R=50nm corresponding to (a) simultaneous change in n and k, (b) change in
n with fixed K=0.01, and (c) change in x with fixed n=1.5. Sensitivities of gold nanoparticles with radii
R=25, 50, and 75nm corresponding to (d) simultaneous changes in n and «, (e) change in n with fixed
£=0.01, and (f) change in k with fixed n=1.5.

of high-index dielectric nanostructures are also measurable?*-2%. Figure 5 plots the circular differential
scattering of a silicon nanoparticle of refractive index ng=4 and radius R=75nm embedded in chiral
molecule medium of refractive index #= 1.5 and chirality parameter = 0.01. Figure 5a plots the spec-
trum of the total cross section of the silicon nanoparticle. In Fig. 5a, the silicon nanoparticle has multiple
resonances such as a magnetic dipole (MD), electric dipole (ED), magnetic quadrupole (MQ), electric
quadrupole (EQ), and magnetic octupole (MO) according to the hierarchy of resonance in high-index
dielectric nanoparticles®. The differential scattering cross section AC,, in Fig. 5b inherits multiple elec-
tric and magnetic resonances of the scattering cross section C,,,. In Fig. 5b, the electric resonances (ED
and EQ) show negative signals in differential scattering cross section, the same as for gold nanoparticles,
while the magnetic resonances (MD, MQ, and MO) show positive ones. Compared to plasmonic nan-
oparticles of the same size (R=75nm) in Fig. 2¢,f, the silicon nanoparticles exhibit a differential cross
section up to approximately 10 times larger due to the lossless nature of dielectric materials. In addition
to the magnitude of AC,,, higher order resonances with smaller linewidths such as quadrupoles and
octupoles are also accessible in the dielectric nanoparticles.

Discussion

Our theory of CDMS resolves the mismatch between the experimental results and theoretical predic-
tions of chiral field generation. According to recent reports, experimental CD measurements are much
stronger than theoretical expectations of chiral field generation®'%%. In the theory of chiral field gen-
eration in ref. 8, absorption of a chiral molecule is given by A* = w (o”|E]* + 2G"Im[E* - B])/2,
where " and G” are the imaginary parts of the electric polarizability and the isotropic mixed
electric-magnetic dipole polarizability, respectively. The differential absorption of the molecule is
AA = 2wG"Im[E* - B] = —4G"C/¢, with the optical chirality C = — e, wIm[E* - B]/2. From this
differential absorption AA, many researchers have attempted to enhance the optical chirality C using
nanostructures® 422933 However, the enhancement of optical chirality using nanostructures sug-
gested theoretically is significantly smaller than the enhancements obtained experimentally. The main
reason for this mismatch comes from the size of the molecule. Area (Rj,ol)—normalized differential
absorption AA of the molecule is proportional to R,/ \ because the isotropic mixed electric-magnetic
dipole polarizability G” is proportional to molecular volume R /. This is consistent with Rayleigh
scattering. In contrast, CDMS cross sections of nanoparticles are proportional to (R,,,/A)* as in Eq.
(11). Consequently, the amplified CD signals of large nanoparticles observed in experiments may prin-
cipally originate from circular differential scattering. This argument would explain the mismatch
between the experimentally obtained and theoretically predicted results.
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Figure 5. (a) Scattering cross section of a silicon nanoparticle per particle area with radius R="75nm
embedded in chiral molecule medium of refractive index n=1.5 and chirality parameter x£=0.01. The

solid line (black) is the total scattering cross sections, and dashed red, blue, and green lines respectively are
the dipolar, quadrupolar, and octupolar contributions to the total scattering cross section. MD (magnetic
dipole), ED (electric dipole), MQ (magnetic quadrupole), EQ (electric quadrupole), MO (magnetic octupole)
are denoted in the plot. (b) The corresponding circular differential scattering cross section per particle area
of the silicon nanoparticle.

We find that the CDMS cross sections of particles embedded in a chiral molecule medium, Egs (7 and
11) are proportional to resonance strength. That is, we can expect that the close-packing of plasmonic
nanoparticles can improve the circular differential scattering cross section because it increases the reso-
nance strength of the nanoparticles®. On the other hand, it has been recently discovered that gold nano-
rods immersed in structurally chiral cellulose nanocrystals displays strong polarization sensitive response
in experiments®?. We expect that CDMS of various shaped nonchiral nanoparticles, such as nanorods and
nanoplates, can be applied to chiroptical spectroscopy. In the future, we will extend our research into the
CDMS of closely packed nanoparticle systems and other shaped nonchiral nanoparticles.

References

1. Harris, A., Kamien, R. & Lubensky, T. Molecular chirality and chiral parameters. Rev. Mod. Phys. 71, 1745-1757 (1999).

2. Barron, L. D. Molecular Light Scattering and Optical Activity. (Cambridge University Press, 2004).

3. Hendry, E. et al. Ultrasensitive detection and characterization of biomolecules using superchiral fields. Nat. Nanotechnol. 5,
783-7 (2010).

4. Yoo, S., Cho, M. & Park, Q.-H. Globally enhanced chiral field generation by negative-index metamaterials. Phys. Rev. B 89,
161405(R) (2014).

5. Schiferling, M., Yin, X. & Giessen, H. Formation of chiral fields in a symmetric environment. Opt. Express 20, 26326 (2012).

6. Schiferling, M., Dregely, D., Hentschel, M. & Giessen, H. Tailoring Enhanced Optical Chirality: Design Principles for Chiral
Plasmonic Nanostructures. Phys. Rev. X 2, 031010 (2012).

7. Govorov, A. O., Fan, Z., Hernandez, P, Slocik, J. M. & Naik, R. R. Theory of circular dichroism of nanomaterials comprising
chiral molecules and nanocrystals: plasmon enhancement, dipole interactions, and dielectric effects. Nano Lett. 10, 1374-82
(2010).

8. Tang, Y. & Cohen, A. E. Optical Chirality and Its Interaction with Matter. Phys. Rev. Lett. 104, 163901 (2010).

9. Bohren, C. F. & Huffman, D. R. Absorption and Scattering of Light by Small Particles. (Wiley-VCH, 2012).

10. Novotny, L. & Hecht, B. Principles of Nano-Optics. (Cambridge University Press, 2012).

11. Pauling, L. General Chemistry. (Dover Publications, 1998).

12. Lekner, J. Optical properties of isotropic chiral media. Pure Appl. Opt. J. Eur. Opt. Soc. Part A 5, 417-443 (1996).

13. Johnson, P. B. & Christy, R. W. Optical Constants of the Noble Metals. Phys. Rev. B 6, 4370-4379 (1972).

14. Hendry, E., Mikhaylovskiy, R. V, Barron, L. D., Kadodwala, M. & Davis, T. J. Chiral electromagnetic fields generated by arrays
of nanoslits. Nano Lett. 12, 3640-4 (2012).

15. Choi, J. S. & Cho, M. Limitations of a superchiral field. Phys. Rev. A 86, 063834 (2012).

SCIENTIFIC REPORTS | 5:14463 | DOI: 10.1038/srep14463 7



www.nature.com/scientificreports/

16. Ghosh, A. & Fischer, P. Chiral Molecules Split Light: Reflection and Refraction in a Chiral Liquid. Phys. Rev. Lett. 97, 173002
(2006).

17. Chung, T., Lee, S.-Y,, Song, E. Y., Chun, H. & Lee, B. Plasmonic nanostructures for nano-scale bio-sensing. Sensors (Basel). 11,
10907-29 (2011).

18. McFarland, A. D. & Van Duyne, R. P. Single Silver Nanoparticles as Real-Time Optical Sensors with Zeptomole Sensitivity. Nano
Lett. 3, 1057-1062 (2003).

19. Haes, A. J. & Van Duyne, R. P. A Nanoscale Optical Biosensor: Sensitivity and Selectivity of an Approach Based on the Localized
Surface Plasmon Resonance Spectroscopy of Triangular Silver Nanoparticles. . Am. Chem. Soc. 124, 10596-10604 (2002).

20. Kuznetsov, A. I, Miroshnichenko, A. E., Fu, Y. H., Zhang, J. & LuKyanchuk, B. Magnetic light. Sci. Rep. 2, 492 (2012).

21. Zhao, Q,, Zhou, J., Zhang, F. & Lippens, D. Mie resonance-based dielectric metamaterials. Mater. Today 12, 60-69 (2009).

22. Fu, Y. H,, Kuznetsov, A. I, Miroshnichenko, A. E.,, Yu, Y. E & LuK'yanchuk, B. Directional visible light scattering by silicon
nanoparticles. Nat. Commun. 4, 1527 (2013).

23. Staude, L. et al. Tailoring Directional Scattering through Magnetic and Electric Resonances in Subwavelength Silicon Nanodisks.
ACS Nano 7824-7832 (2013), doi: 10.1021/nn402736f.

24. Krasnok, A. E., Miroshnichenko, A. E., Belov, P. A. & Kivshar, Y. S. All-dielectric optical nanoantennas. Opt. Express 20,
20599-604 (2012).

25. Evlyukhin, A. B. et al. Demonstration of magnetic dipole resonances of dielectric nanospheres in the visible region. Nano Lett.
12, 3749-55 (2012).

26. Person, S. et al. Demonstration of zero optical backscattering from single nanoparticles. Nano Lett. 13, 1806-9 (2013).

27. Coles, M. M. & Andrews, D. L. Chirality and angular momentum in optical radiation. Phys. Rev. A 85, 063810 (2012).

28. Garcia-Etxarri, A. & Dionne, J. A. Surface-enhanced circular dichroism spectroscopy mediated by nonchiral nanoantennas. Phys.
Rev. B 87, 235409 (2013).

29. Davis, T. J. & Hendry, E. Superchiral electromagnetic fields created by surface plasmons in nonchiral metallic nanostructures.
Phys. Rev. B 87, 085405 (2013).

30. Sihvola, A. H., Viitanen, A. J., Lindell, I. V. & Tretyakov, S. A. Electromagnetic Waves in Chiral and Bi-Isotropic Media. (Artech
House, 1994).

31. Yoo, S. & Park, Q.-H. Effective permittivity for resonant plasmonic nanoparticle systems via dressed polarizability. Opt. Express
20, 16480 (2012).

32. Liu, Q.,, Campbell, M. G., Evans, J. S. & Smalyukh, I. I. Orientationally Ordered Colloidal Co-Dispersions of Gold Nanorods and
Cellulose Nanocrystals. Adv. Mater. 26, 7178-7184 (2014).

33. Yoo, S. & Park, Q.-H. Chiral Light-Matter Interaction in Optical Resonators. Phys. Rev. Lett. 114, 203003 (2015).

Acknowledgement
This work was supported by Samsung Science and Technology Foundation under Project Number
SSTE-BA1401-05.

Author Contributions
S.J.Y. conceived the concept of this work. S.J.Y. and Q.H.P. developed a theory of CDMS. S.J.Y. and Q.H.P.
wrote the manuscript. Q.H.P. supervised this work.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Yoo, S.J. and Park, Q.-H. Enhancement of Chiroptical Signals by Circular
Differential Mie Scattering of Nanoparticles. Sci. Rep. 5, 14463; doi: 10.1038/srep14463 (2015).

This work is licensed under a Creative Commons Attribution 4.0 International License. The

oam images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFIC REPORTS | 5:14463 | DOI: 10.1038/srep14463 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Enhancement of Chiroptical Signals by Circular Differential Mie Scattering of Nanoparticles

	Results

	Chiral Mie scattering theory. 
	Circular differential Rayleigh scattering of nanoparticles. 
	Circular differential Mie scattering of nanoparticles. 
	Linear amplitude enhancement of chiroptical signals by CDMS. 
	Chiral molecule sensing by the amplitude enhancement on CDMS. 
	CDMS of dielectric nanoparticles. 

	Discussion

	Acknowledgement

	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Schematic drawing of CDMS.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ (a–c) Extinction (black), scattering (blue), and absorption cross section per particle area (red) of gold nanoparticles with radii R = 25, 50, and 75 nm embedded in chiral molecule medium of refractive index n = 1.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ (a) Circular differential scattering cross section per particle area of gold nanoparticles with radius R = 50 nm embedded in chiral molecule medium of refractive index n = 1.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Change in lineshapes of circular differential scattering cross section per particle area of a gold nanoparticle with radius R = 50 nm corresponding to (a) simultaneous change in n and κ, (b) change in n with fixed κ= 0.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ (a) Scattering cross section of a silicon nanoparticle per particle area with radius R = 75 nm embedded in chiral molecule medium of refractive index n = 1.



 
    
       
          application/pdf
          
             
                Enhancement of Chiroptical Signals by Circular Differential Mie Scattering of Nanoparticles
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14463
            
         
          
             
                SeokJae Yoo
                Q-Han Park
            
         
          doi:10.1038/srep14463
          
             
                Nature Publishing Group
            
         
          
             
                © 2015 Nature Publishing Group
            
         
      
       
          
      
       
          © 2015 Macmillan Publishers Limited
          10.1038/srep14463
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep14463
            
         
      
       
          
          
          
             
                doi:10.1038/srep14463
            
         
          
             
                srep ,  (2015). doi:10.1038/srep14463
            
         
          
          
      
       
       
          True
      
   




