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ABSTRACT: Chiral metamaterials can have diverse technological applications, such as Vaz21 yaz3s
engineering strongly twisted local electromagnetic fields for sensitive detection of chiral ® -
molecules, negative indices of refraction, broadband circular polarization devices, and ‘jtﬁ ‘.) “)

many more. These are commonly achieved by arranging a group of noble-metal
nanoparticles in a chiral geometry, which, for example, can be a helix, whose chiroptical
response originates in the dynamic electromagnetic interactions between the localized

plasmon modes of the individual nanoparticles. A key question relevant to the o dun:_qn

chiroptical response of such materials is the role of plasmon interactions as the $ /n/ 8

constituent particles are brought closer, which is investigated in this paper through o ;,wfja o

theoretical and experimental studies. The results of our theoretical analysis, when the i 7o, o

particles are brought in close proximity are dramatic, showing a large red shift and  °*| o

enhancement of the spectral width and a near-exponential rise in the strength of the “ so0 o oo g
wavelength (nm)

chiroptical response. These predictions were further confirmed with experimental

studies of gold and silver nanoparticles arranged on a helical template, where the role of particle separation could be investigated
in a systematic manner. The “optical chirality” of the electromagnetic fields in the vicinity of the nanoparticles was estimated to
be orders of magnitude larger than what could be achieved in all other nanoplasmonic geometries considered so far, implying the
suitability of the experimental system for sensitive detection of chiral molecules.

B INTRODUCTION scale methods of fabricating 3-D arrays of NPs,'"'* whose sizes
and spacing could be engineered with high precision. Of great
current interest is that of a chiral arrangement of NPs'37€ that
has been shown to give rise to strong chiroptical response in
the visible, which for relatively small sizes of NPs (so that
scattering can be neglected) is manifested in the differential
absorption of circularly polarized light. These (chiral)

’

Strong light matter interactions in metallic nanoparticles (NPs),
especially those made of noble metals such as gold and silver, is
at the heart of much ongoing research in nanophotonics.
Individual NPs can support collective excitations (plasmons) of
the electron plasma at certain wavelengths, known as the
localized surface plasmon resonance (LSPR)," which forms the
basis of bright colors in colloidal solutions of Au and Ag and
provides a powerful platform for various sensing, imaging, and
therapeutic technologies.” It is interesting to note that the
optical properties of a collection of NPs can be significantly

11 . . .
metamaterials can have properties with diverse techno-
. o L . 19,20
logical applications, such as negative indices of refraction,

, o 2122
broadband circular polarization devices, and so on, and may

be used to engineer strongly twisted local electromagnetic fields

different from isolated particles, an effect that originates in the in the vicinity of th§3NP s, which may aid in sensitive detection
electromagnetic interactions between the localized plasmon of chiral molecules.™ The circular differential optical response
modes. This problem has been considered in one and two of such materials originates in the dynamic Coulomb
dimensions with periodic,*~” as well as with random,®~'® arrays interaction between the NPs arranged in a 3-D chiral geometry
of NPs, and it was found that as the particles are brought closer, and can be directly related to the retardation of the incident
the plasmon resonances show distinct broadening, along with wave across the NP complex.**** The standard semianalytical
significant red or blue shifts in their spectral positions, where

the sign of the shift depends on the direction of polarization Received: November 30, 2013

with respect to the interparticle axes. With recent advances in Revised:  February 11, 2014

nanotechnology, it has now been possible to develop wafer Published: February 11, 2014
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Figure 1. (A) Schematic of NPs arranged along a helix with different separations, corresponding to r/a = 2.1, 2.3, and 3.5. (B) Chiroptical
asymmetry factor as a function of wavelength for r/a = 2.1, 2.3, and 3.5, as obtained from numerical simulations (NS). The NPs were assumed to be
made of Au with radius 5 nm, and the surrounding medium was assumed to water (g, = 1.78). Also shown (solid lines) are the results of the
semianalytical (CDA) calculations. (C) Same as panel B, except the NPs are assumed to be of Ag.

approach to calculate the chiroptical properties, for example,
circular dichroism (CD) of such model systems, is applicable
for particle separations somewhat larger than their dimensions,
such that each NP can be approximated simply as an oscillating
electric dipole moment, induced by the combined electric fields
from the neighboring NPs and the incident electromagnetic
field.

The aim of this study is to investigate the effect of
interparticle separation on the chiroptical response, especially
in the regime where it may be insufficient to consider the NP
assembly as interacting dipoles (“coupled dipole approxima-
tion”), but instead it becomes necessary to consider higher
order multipolar contributions to the electromagnetic cougpling
between various NPs. As obtained from theoretical >~ and
experimental®”>® studies with model 1 and 2-D NP arrays, the
contributions from the higher order modes are non-negligible
when the center to center distances (r) are less than three times
the particle radius (a), that is, r < 34, a regime that describes the
NP interactions beyond the so-called couple dipole approx-
imation. As shown in the study presented here, dipole
approximation continues to be valid until around r/a = 2.3,
below which the multipolar contributions play an important
role. Most interestingly, the strength of the chiroptical response
increases in a near-exponential fashion as the particles are
brought in tighter confinement (even for r/a > 3), along with a
significant shift and broadening of the CD spectrum. These
predictions were confirmed with our experimental studies,
where we measured the chiroptical spectra of various sizes and
separations of NPs arranged in a helical geometry. The
experimental system, as we show later, had a variability in the
sizes and separations of the NPs, which resulted in a broader
spectral response than predicted, an effect that could be used
for fabricating chiral metamaterials with broadband response in
the visible. Finally, tighter confinement of the NPs was found to
increase the “chirality parameter” of the electromagnetic fields
around the NP complex, with a degree of enhancement much
larger than what has been predicted in any other
chiroplasmonic system so far, an effect that can be exploited
for developing a sensitive detection scheme for chiral molecules
using “twisted” electromagnetic fields.”**"
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B RESULTS AND DISCUSSION

To investigate the role of interparticle separation on the
chiroptical spectra, we considered a minimal model with four
identical spherical NPs arranged on a helix, which is the
minimum requirement to ensure the absence of any symmetry
plane. The NPs were assumed to be of radius 5 nm, made of
either gold (Au) or silver (Ag), arranged along a helix of pitch
25 nm and radius 18 nm (schematic shown in Figure 1A). The
real and imaginary parts of the dielectric constants of Au and
Ag were obtained from literature.>> The dielectric permittivity
(&n) of the medium surrounding the NPs was assumed to be
wavelength-independent and corresponded to either air (e, =
1) or water (&, = 1.78). We calculated the optical absorption of
the NP complex for left and right circularly polarized light, from
where we estimated the asymmetry factor (g) in the chiroptical
response, which was defined as the ratio of the differential
(AA) to the average absorption (A) coefficients. Circular
differential scattering has been neglected in this study, which is
justified due to the low scattering contributions from NPs of
such small sizes. The calculations were done with a numerical
simulation (NS) using either discrete dipole approximation
(DDSCAT)** or finite element calculation (COMSOL)**3*
and semianalytically as well using the coupled dipole
approximation (CDA).>® The results obtained by DDSCAT
were cross-checked with the finite element based numerical
(COMSOL) simulation (comparison shown in the Supporting
Information). The details of the numerical and semianalytical
calculations have been provided in the methods and Supporting
Information, respectively. The main variable in the model was
chosen to be the interparticle distance r, obtained by altering
the position of the NPs along the same helical geometry.
Typical chiroptical spectra for r/a = 3.5, 2.3, and 2.1 obtained
from the numerical simulations along with the CDA-based
calculations have been shown in Figure 1, where the asymmetry
factor (AA/A) of the NP complex is plotted as a function of
wavelength. We assumed the particles (Au in Figure 1B, Ag in
Figure 1C) to be embedded in water. The incident beam was
assumed to be directed along the helix axis for all simulations
and experiments presented here. The shape of the spectra
remained qualitatively similar when r/a was changed from 3.5
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Figure 2. (A) Peak value (log scale) of the anisotropy factor as a function of r/a for Au (radius S and 15 nm) and Ag (S nm), assumed to be in air.
Similar trends were observed for different medium (e.g., water) surrounding the NPs, which has not been shown here for clarity. Both numerical
(NS, symbols) and semianalytical (CDA, lines) calculations have been shown. (B) Wavelength corresponding to peak in the anisotropy factor,
denoted by 4, as a function of r/a for Ag and Au. The NPs were of radius 5 nm, embedded in either air or water. (C) fwhm spectral width (A1) as a
function of r/a for Au and Ag. The NPs were of radius 5 nm, embedded in either air or water.

to 2.3, with a well-understood>* dip-peak shape for Au and a
double peak-single dip shape for Ag. Interestingly, however, the
magnitude of the chiroptical signal increased manifold as the
particles were brought closer (smaller r/a), with a significant
red shift and increase in spectral width. The results of the
numerical simulations and the semianalytical calculations were
almost identical until about r/a = 2.3, below which there was a
considerable difference between the two methods. Although
there is no direct evidence, we believe this could be due to
enhanced multipolar contributions to the chiroplasmonic
interactions at very small separations.

To study the variation of the chiroptical spectra as a function
of interparticle separation, we studied three parameters,
corresponding to the maximum magnitude of AA/A, the
wavelength 4, corresponding to the maximum of AA/A, and
the spectral width A/ corresponding to the full width at half-
maximum of the spectra as a function of r/a. The results are
shown in Figure 2. Typical CD spectra also showed similar
behavior, and this has been included in the Supporting
Information. The increase in the anisotropy factor AA/A was
found to have a near-exponential dependence with r/a, as
shown in Figure 2A, where the magnitude of the maximum
value of the anisotropy factor, (AA/A),e, is plotted as a
function of r/a for Au and Ag NP complexes. It is interesting to
note that the value of (AA/A)Peak serves as a strong indicator of
the strength of the chiroptical signal, which increased when the
NP sizes were increased (as shown for Au) and when Ag NPs
were used. This is expected because larger dipole moments are
induced in bigger NPs," as observed for Au NPs of § and 15 nm
radii, and stronger plasmonic effects are expected in Ag due to
lower electromagnetic damping.! Correspondingly, A, and A4
also showed an increase (implying red shift and spectral
broadening) as r/a was reduced below 3, which is qualitatively
similar to the observations with absorption spectra of linear NP
arrays when the polarization of the incident beam is parallel to
the interparticle axis.*® The rise in A, and AZ was found to be
most dramatic below r/a &~ 2.3, where the results differed
significantly from CDA predictions.

To confirm the predicted rise in AA/A as well as the
predicted red shift and broadening of the chiroptical spectra for
tighter NP separations experimentally, we have used a recently
developed technique of fabricating chiral metamaterials, where
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metallic NPs were deposited at a grazing incidence to a
dielectric (here, SiO,) helical template.’” Although initially
nonspherical, the NPs can become spherical upon heating.>*>”
Upon continuation of the heating step, as shown in the SEM
images shown in Figure 3A, the separation between the NPs
can be controlled reasonably well, without significant variation
in the particle size. Analyzing the SEM images of the
nanostructured film (for Au) revealed that the average NP
sizes increased from 7.5 to 9.5 nm upon heating, while the
average r/a increased from 2.57 to 3.61. The corresponding
asymmetry factors for these structures are shown in Figure 3B,
where a clear increase in AA/A as well as spectral red shift and
broadening could be clearly observed. The results for the Ag
NP complex were found to be more dramatic, as shown in the
spectra shown in Figure 3C. The average NP size remained
constant for Ag to be 15 + 3 nm, while r/a varied from 2.4 to
3.1 for different annealing times.

While the experimental results were in definite qualitative
agreement with the theoretical predictions, the measured values
of 4, (~640 nm for Au and ~620 nm for Ag) and A1 (~115
nm for Au and ~185 nm for Ag) were observed to be
significantly higher than what was expected (see Figure 1B,C)
from the numerical calculations. In this context, it is important
to point out the differences between the experimental system
and the theoretical assumptions and to assess possible
outcomes of these differences. For example, the numerical
simulations as well as the semianalytical calculations were
performed with four NPs, while the number of particles in the
experimental system varied between 60 and 90. We argue this
should not affect the general conclusions because the quantity
of interest was chosen to be the ratio AA/A, where both A and
AA are expected to increase similarly as the number of NPs is
increased. Another difference was due to the inherent structure
of the nanostructured films, where the medium surrounding the
NPs was partially air (¢, = 1) and partially SiO, (e, = 1.5).
However, as seen from the theoretical results shown in Figure
2B,C, the manner in which the peak wavelength and the
spectral width varied with r/a was very similar, irrespective of
the dielectric permittivity of the surrounding medium. We have
performed a numerical simulation including the presence of the
dielectric template and did not find a large role of the SiO2
template, when the surrounding medium was assumed to be
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Figure 3. (A) SEM images of a chiroplasmonic metamaterial containing Ag (upper row) and Au NPs (lower row) decorating a helically
nanostructured thin film, made of SiO,. By controlling the duration of annealing of the film around 1000 °C, the separations between the NPs could
be varied in the range r/a from 2.1 to 4, without significant variation in the particle sizes (<20%). (B) Experimentally measured asymmetry factor as a
function of wavelength for Au NPs for different annealing times and temperatures. Corresponding r/a (and a) values were found to be 2.57 + 0.5
(74 + 1.6 nm), 3.1 + 0.9 (84 + 1.9 nm), and 3.61 = 0.9 (9.5 + 1.6 nm). (C) Same as panel B, except for Ag, where the r/a (and a) values were
found to be 2.44 + 0.42 (15.2 & 2 nm), 2.7 & 0.6 (14.6 + 2.7 nm), and 3.07 + 0.7 (15.1 & 2.8 nm) for different annealing times. (D) (Left panel)
Calculation of the effect of variation of size of the Au NPs embedded in water on the chiroptical spectra, for fixed r/a = 2.3, showing negligible effect
on 4, and AZ. (Right panel) Calculation of the effect of variation of r/a for Au NPs of radius S nm embedded in water, showing significant red shift
and spectral broadening. The dotted line shows a possible convolution of the spectra arising from a distribution of r/a, as would be expected in the
experimental system. (E) Effect of variation of the size of Ag NPs embedded in water on AA/A for fixed r/a = 2.3, showing small dependence of the
chiroptical spectra on size.

4994 dx.doi.org/10.1021/jp4117535 | J. Phys. Chem. C 2014, 118, 4991—4997



The Journal of Physical Chemistry C

water. The details of the calculations and the results have been
shown in the Supporting Information.

We believe the highly enhanced values of A4 and 4, of the
measured spectra were due to the variability in size and spacing
of the NPs in the experimental system. Of these, the role of size
variation was found to affect only the strength of the
interaction, that is, AA/A, and not 4, and A4, when r/a was
assumed to be constant. This is shown in Figure 3D (left panel)
and Figure 3E for three sizes of Au and Ag NPs, assuming r/a
to be 2.3 for all spectra. On the contrary, assuming a fixed
particle size but varying r/a resulted in large changes of the 4,
and A4, which is shown in the right panel of Figure 3D (for
Au). A possible convolution of r/a ranging from 2.03 to 2.5 is
shown schematically with a dotted line, resulting in a broad and
highly red-shifted spectrum, which can correspond to a realistic
experimental scenario, for example, in the results shown in
Figure 3B. A similar effect of r/a variation can explain the
differences between the numerical calculations (Figure 1C) and
experimental results (Figure 3C) for Ag. These observations
automatically suggest a possible design rule toward obtaining
broadband chiroptical devices, a system where contributions
from multiple r/a geometries could be combined to have large
enhancement of the spectral width.

One important application arising from chiral metamaterials
is the enhancement of chiroptical signals of biomolecules
located in the vicinity of such structures. The origin of this
enhancement lies in the structure of the electromagnetic fields,
Wthh is commonly quantified in terms of the parameter

“optical chirality”, defined as C(7)= —((ew)/2) Im[E*(r)-
B(r)] 3140y here E(r) and B(r) refer to the complex field
amplitudes and w is the frequency of the EM wave. It can be
shown that the circular differential rate of excitation of a chiral
molecule present at a position 7 is proportional to AC = (C*(7)
— C(7)/ICPL(7)1,* where + refers to left and right circular
polarization states of the incident wave, respectively, and C“"'7
refers to the optical chirality of the field in the absence of the
nanostructure. As we show here, the differential optical chirality
(AC) of the NP complex discussed in this paper can be very
large at small 7/a, in fact higher than what could be obtained
with any nanoplasmonic system developed so far. This study is
extremely relevant to the experimental system presented here,
as the nanostructured films described here are inherently
porous, which may allow the chiral molecules to easily diffuse in
a region of high differential optical chirality. The results of the
numerical calculations of AC for a particular geometry with r/a
= 2.1 are shown in Figure 4A, corresponding to different planar
slices perpendicular to the helical axis. It is interesting to note
that the magnitude of the differential optical chirality is highest
at the junction between the NPs (highly accessible in the
present experimental system) and falls off to zero very rapidly
away from it. The maximum possible magnitude of AC for a
particular helical geometry, given by AC,,,,, depended strongly
on r/a, as shown in Figure 4B. The highest AC,,,, obtained in
our study was almost 3000 (for r/a = 2.03), which is higher
than all other chiroplasmonic structures investigated so far,
including solid Au helices*' (AC,,., = 7), planar gammadions23
(ACpa ~ 20), plasmonic spit-ring resonators™ (AC,,, & 30),
and 3-D chiral plasmonic oligomers*® (AC,,x ~ 100). We will
test these theoretical predictions in the future to see if the
nanostructured film presented here can indeed be used for
improved enantiomeric sensing applications. Similar to previous
studies on 2-D chiral gammadions,” we expect a modification
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Figure 4. (A) Plot of AC, differential enhancement of optical chirality
(see the main text for definition and details), for various planes
perpendicular to the helix axis containing four Au NPs embedded in
water. We assumed a = S nm and r/a = 2.1 in these numerical
simulations. The positions of the slices are shown in the inset (red
lines). (B) Plot of AC,,,,, maximum possible magnitude of AC, around
the NP complex for different values of /a. The NPs are assumed to be
made of Au with radius S nm, and the surrounding medium was
assumed to be either air or water. Also shown are comparisons of
AC,,,, obtained with various other nanoplasmonic geometries.

of the chiroptical spectra of the substrates discussed in this
manuscript upon adsorption of the chiral molecules.

B CONCLUSIONS

In summary, we have investigated the chiroptical properties of
noble-metal NPs arranged in a helical geometry, in particular,
when the particles are in close separation. As the NPs are
brought closer, the asymmetry factor rises in an almost
exponential fashion, while the spectra become highly red-
shifted with significant enhancement of the spectral width. We
investigated these phenomena with a novel experimental
system of dielectric helical templates decorated by spherical
Au and Ag NPs and obtained a very large chiroptical signal
covering a large portion of the visible range of the
electromagnetic spectrum. The spectral width of the exper-
imental system was further enhanced due to the variability of
the size and spacing of the NPs, a principle that can be used to
develop chiral metamaterials with broadband response in the
visible. Furthermore, we investigated the suitability of this
system as an enantiomeric detector, by calculating the “optical
chirality” of the EM fields around the NP complex. The
theoretical analysis predicts an enhancement of the molecular
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chiroptical signal far more than what could be obtained with
presently available nanoplasmonic geometries, an effect that
increases dramatically at small particle separations.

B METHODS

Numerical Simulations: DDASCAT. In this study, discrete
dipole approximations (DDAs)>*> were one of the methods
used to simulate the chiroptical response of the helical
nanostructures decorated with metallic NPs with very small
gaps (r < 3a) between them. The target structure (metal NPs)
was discretized into a lattice of polarizable dipole volumes, and
this discretization was optimized with respect to the target size
and the maximum allowed error for an effective convergence.
The complex germittivity for gold was extracted from past
measurements.”> The polarizability of the dipoles is computed
from the permittivity using the lattice-dispersion relations.**
Here the helical structure of radius 18 nm and pitch 25 nm
consisted of four gold NPs, each consisting of 2176 dipoles (16
dipoles across the diameter of the sphere). The modeled
incident circularly polarized beam was propagating along the
axis of the helix. The NPs on a single helix were considered for
the near-field calculations as opposed to an entire lattice of
helices used in the experiments discussed later, because the
distance between the adjacent helices is relatively large
compared with the distance between neighboring NPs of the
same helix.

Numerical Simulations: FEM-Comsol. We used numer-
ical simulation software Comsol Multiphysics 4.3a,>° a finite
element method-based solver to cross-check the results
calculated with DDASCAT. In the present case, the model
geometry consisted of four metal NPs (Au or Ag) arranged in a
helical fashion. We used a spherical PML of thickness 200 nm
and order one surrounding the model geometry. The PML was
placed at half-wavelength away from the metal NPs so that it
was not within the near-field region of the metal NPs.** The
entire structure was divided into domains and subdomains, and
each domain was meshed using free tetrahedral meshing of
maximum size of six elements per wavelength outside the
metallic spheres and a maximum element size of 13.5 nm (for
Au) inside the spheres to obtain optimal convergence.** We
assumed the incident beam to be circularly polarized,
propagating parallel to the helix axis. The frequency-dependent
complex dielectric function of the metal NPs was taken from ref
32. We adopt iterative solver to solve the wave equation, such
as to calculate the absorption cross section. Sweep parameter
was used to scan the wavelength range from 400 to 850 nm.

Fabrication. The samples were fabricated®” based on a
physical vapor deposition technique known as glancing angle
deposition (GLAD).* First a dielectric helical template made
up of SiO, (~500 nm thickness) was fabricated using the
conventional GLAD technique where a rotating (0.0S to 0.1
rpm) glass substrate was kept at an extreme angle of 84° to the
incoming vapor source (0.1 to 0.2 nm/second). In the second
step, the substrate angle was reduced to around 5°, and a small
amount of metal (3 nm for Au and 6 nm for Ag) was
evaporated on the glass substrate at the rate of ~0.01 nm/
second, resulting in the formation of randomly oriented
isolated metal islands on the surface of the helices by self-
shadowing effect. These metal-decorated helices were annealed
at different temperatures (~400 °C for Ag and ~1000 °C for
Au) for different timings in a metal-annealing furnace under
Argon ambient, such as to improve particle sphericity as well as
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to control their spacing. The samples were allowed to cool to
room temperature before the optical measurements were taken.

Optical Characterization. The films containing metal-
decorated helices were optically characterized by measuring
their chiroptical response, namely, CD, using photoelastic
modulation technique coupled to standard phase-locked
detection scheme. Light of a particular wavelength emitting
from the monochromator (Horiba Yvon) was sent to a
photoelastic modulator (Hinds Instruments), which modulates
between left and right circularly polarized states at 42 kHz and
transmitted normally through the substrate and then onto the
photodetector (Thorlabs). The cable lengths and the load
resistance across the photodiode were kept sufficiently low to
ensure the temporal response of the detector to be faster than
150 kHz. The CD signal was measured though a lock-in
amplifier (Signal Recovery 7270) through standard phase-
locked detection techniques. The absorbance of the samples
used in the estimate of the anisotropy factor was measured
using an USB spectrometer (Ocean Optics).

B ASSOCIATED CONTENT

© Supporting Information

Details of the semianalytical calculations; effect of dielectric
template; comparison between the simulation results of FEM
and DDASCAT as mentioned in the text; and typical CD
spectrum corresponding to Figure 1B. This material is available
free of charge via the Internet at http://pubs.acs.org.
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