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ABSTRACT: We report the observation of a circular differential
two-photon photoluminescence (TPPL) response from a three-
dimensional chiral metamaterial, comprising a system of achiral
(spherical) metal nanoparticles arranged on a chiral (helical)
dielectric template. The enhanced dipolar response of the
individual particles arising from their strong electromagnetic
coupling resulted in strong photoluminescence under peak
illumination intensities as low as 2 × 103 W/cm2. The TPPL
signal was of approximately equal magnitude but of opposite sign,
which depended on both the circular polarization state of the
incident beam and the handedness of the helical geometry. The strong chiro-optical effect observed in these experiments may be
relevant to technologies related to nonlinear plasmonics, in particular imaging applications where control over the polarization
state of the imaged photons may be desirable.
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Upon illumination with light of appropriate wavelength,
metal nanoparticles (NPs) in close proximity can interact

strongly with each other via electrostatic coupling of the
localized plasmons.1 Engineering such interactions can provide
good control over the properties of electromagnetic waves in
both near and far field, resulting in a wide variety of attractive
applications pertaining to sensing,2,3 energy conversion,4,5

imaging,6−8 and many more. A particularly well-known example
is the presence of a strongly enhanced electromagnetic (EM)
field at the junction of closely spaced NPs, which has allowed
ultrasensitive detection of various molecular species through
surface-enhanced processes such as SERS9−11 and SEF,12,13

enhanced photocatalysis,14,5 and very recently development of
photodetectors15 with unprecedented responsivity, when
combined with atomically thin membranes such as graphene.
The plasmonic interactions are relevant to collections of NPs as
well, where interesting spectral and polarization signatures can
be observed and engineered in one-,16,17, two-,18 and, very
recently, three-dimensional arrays of plasmonic NPs.19 The
geometry of the assembly plays an important role in shaping
the optical and crucially the polarization response of the NP
assembly. One example particularly relevant to the experiments
presented here is the response of a collection of metal NPs
arranged in a helical fashion. Under illumination, the EM field
at the position of an individual NP has contributions from both
the incident and scattered fields from the other NPs, and
therefore the overall photoresponse depends on the geometry
(chiral symmetry) of both the assembly and the polarization
state of the incident beam. This results in a large circular
dichroism (CD) where the absorption and scattering of the two

circularly polarized states of light by the assembly are different,
with equal magnitudes but with opposite signs that depend on
the handedness of the helical (chiral) geometry. The magnitude
of these effects is significantly larger than most naturally
occurring chiral structures, such as proteins and DNA, possibly
due to enhanced light−matter interactions typical in plasmonic
materials. Such chiral metamaterials are of immense current
interest due to their potential applicability in realizing negative
index materials,20 broadband circular polarizers,21 sensors for
chiral biomolecule detection,22 and many other novel photonic
devices.
The response of plasmonic materials to polarized light and

their dependence on the system symmetry are not only limited
to linear one-photon processes but valid for nonlinear optical
processes as well.23 Of current interest is second-harmonic
generation (SHG), or the generation of a photon with twice the
energy of the incident, a process that is possible only in
noncentrosymmetric systems, and therefore is a powerful tool
to probe material symmetries and surface properties. Plasmoni-
cally enhanced SHG24,25 allows such investigations with lower
excitation thresholds and could play an important role in the
generation and modulation of second-harmonic photons. Apart
from SHG, there are other nonlinear processes enhanced by
plasmonic NPs, among which two-photon-induced photo-
luminescence (TPPL) is particularly relevant to this study. In
TPPL,23,26 two photons simultaneously take part in exciting
electrons to higher energy levels followed by radiative decay or
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photoluminescence, where photons of different energies are
generated. Historically, photoluminescent generation from
material systems has been mostly limited to organic dyes and
molecules until its discovery in noble metals by Mooradian.27

Two decades later a systematic study of local field enhancement
of photoluminescence in roughened noble metal surfaces was
reported by Boyd et al.28 Since then, a plethora of work has
been done on single- as well as two-photon-induced photo-
luminescence of various noble metal nanoparticle systems such
as nanospheres,29−31 nanorods,32−36 nanoshells,37 nano-
wires,38,39 and bowtie antennas.40 A key application of
photoluminescent metallic NPs over their organic molecule
counterparts is lower photobleaching, which could be beneficial
in imaging biological cells.36,41,42

While SHG has been observed and studied in detail by
various chiroplasmonic systems, for example, in curved gold
metal nanowires,43 twisted cross gold nanodimers,44 and
plasmonic ratchet wheels,45 in comparison, the origin of
TPPL in plasmonic systems of broken chiral symmetry is still
unclear. We propose that strong plasmonic interactions
between NPs arranged in a helical geometry can give rise to
large circular differential TPPL and confirm the same
experimentally. Consider circularly polarized photons of energy
ℏω incident on a helical assembly of metal NPs. In
principle,46,47 it is possible that the chiral assembly would
absorb the circularly polarized light differentially through linear
one-photon processes, but in the experimental system
described here the one-photon CD at optical frequencies
around ℏω(800 nm) was found to be negligible. On the other
hand, the luminescent photons with energies slightly lower than
2ℏω could be strongly enhanced via plasmonic interactions,
which caused the TPPL to depend on the symmetry of the NP
assembly. This gave rise to circular differential TPPL, which
was approximately equal to and of opposite sign of the two
enantiomers of the helical arrangement. In this context, it must

be mentioned that circular differential photoluminescence has
previously been observed in chiral (helical) inorganic nano-
structured films,48 a system without any plasmonic component.

■ RESULTS AND DISCUSSIONS

The experimental system consisted of silver (Ag) NPs
decorated on a helical template made of a dielectric material
(SiO2). The SEM images for the two enantiomers of the helical
film are shown in Figure 1A, where the white dots correspond
to the silver nanoislands. The method of fabrication has been
reported before,47 and the procedures adopted to prepare the
samples reported here are discussed in the Methods section. In
short, we used glancing angle deposition (GLAD)49 to fabricate
left- and right-handed helically nanostructured thin films on a
glass substrate. Subsequently, the substrate was rotated to
deposit small islands of silver on the silica helices, resulting in a
helical arrangement of silver nanoislands where the geometry of
the helix could be controlled. A key advantage of this technique
is the possibility of having a (one-photon) chiro-optical
response in the visible regime, due to the small size of the
metal NPs, as opposed to chiral nanostructures made of
metallic materials. Also, this technique allowed high flexibility in
tuning the spectral positions of the chiro-optical response,
through simple annealing50 or varying the underlying
dielectric51 material of the helix. In Figure 1B, we show the
measured circular dichroism, defined as the difference in
absorption for normally incident left (AL) and right (AR)
circularly polarized (CP) light, given by CD46,43 = AL − AR ≈
2(IL − IR)/(IL + IR). The approximate form of CD can be
obtained for small differences between AL and AR, which can be
represented as the ratio of two measurable quantities, given by
the difference between intensities of the transmitted light for
the two CP components (IL − IR) to the average transmitted
intensity (= (IL + IR)/2). While the CD response of just the
dielectric silica helices was very weak and cannot be measured

Figure 1. (A) SEM images of silver (seen as white dots) deposited on left- and right-handed helically nanostructured films made of silica. (B)
Corresponding measured one-photon circular dichroism (OP-CD) spectra for the left- and right-handed films. (C) Absorption spectra of the left-
handed sample showing resonance below 400 nm.
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with our measurement setup, the CD spectra of the silver-
decorated helices show a bisignated52 response around the
absorbance peak (400 nm, Figure 1C). Due to limitations in
our experimental measurement setup, the CD band below 400
nm cannot be measured and the band at 550 nm as seen from
Figure 1B shows almost equal and opposite sign for the two-
handed samples. For wavelengths greater than 840 nm the CD
response reduces to indeterminable values.
A schematic of the experimental design to investigate the

nonlinear chiro-optical properties of the helically nano-
structured films is shown in Figure 2A, and the optical path

through various components of the experimental setup is
shown in Figure 2B. Further details are given in the Methods
section. Typically the wavelength of the fundamental beam
(shown in red) incident normally on the sample varied between
800 and 1000 nm, and the average power was between 25 and
100 mW focused to a spot size of 5 × 10−4 mm2 on the sample.
The polarization of the incident beam was modulated between
the two circularly polarized states at 50 kHz. A short-pass filter
(consisting of saturated copper sulfate solution) only allowed
wavelengths shorter than 600 nm to pass through (shown in
green), which was either detected by a PMT or analyzed
spectrally (not shown in Figure 2B). The main aim of the
experiment was to measure the difference in the two-photon
photoluminescence for the circularly polarized states of the
incident beam. This difference was quantified through TPPL-
CD53,54 (two-photon-induced photoluminescence circular
dichroism), which is defined as the ratio of two measurable
quantities, the difference of photoluminescent intensity for two
circularly polarized states with an incident beam, IL

TPIPL −

IR
TPIPL to the average transmitted photoluminescence intensity

(= (IL
TPPL + IR

TPPL)/ 2), such that TPPL-CD = 2(IL
TPPL −

IR
TPPL)/(IL

TPPL + IR
TPPL).

Before measuring the TPPL-CD, it was necessary to check if
there were photons generated due to nonlinear processes and
to characterize it further. For an incident beam of wavelength
800 nm, we imaged the sample through the short-pass filter
(inset of Figure 3A) and could clearly see a green color,
implying a nonlinear luminescence signal. For further character-
ization, we analyzed the PL spectrum, and the results are shown
in Figure 3A. The nonlinear PL spectrum showed a small
difference for two excitation wavelengths of 800 and 1000 nm.
More importantly, we could not see any signature of second-
harmonic generation, which would have appeared at 400 and
500 nm for the two incident photon energies, respectively. It is
likely that the low strength of the SHG signal was partially due
to the small size of the silver NPs. The comparatively larger PL
signal was possibly due to plasmonic enhancement28,35,55 of the
particle dipole moments from their electromagnetic coupling,
where the radiative decay rate for transitions around 500 nm
was enhanced due to this enhanced dipolar response of the
individual particles.
The PL signal measured on the PMT showed a slow decay,

especially for higher laser powers, signifying bleaching
processes. To characterize this further, we measured the PL
response as a function of time for different powers of the
linearly polarized incident beam (wavelength 800 nm). The
bleaching was significant for laser powers greater than 100 mW,
where the signal decreased by almost a factor of 2 over a
duration of 10 s. Accordingly, in all the measurements of
TPIPL-CD we kept the incident powers less than 100 mW. The
inset of Figure 3B shows the log−log plot of the measured PL
signal as a function of incident laser power at three different
instants of data acquisition (marked as a, b, c). A slope of 2
verifies that the measured PL signal was indeed a two-photon-
induced phenomenon.
In Figure 4, we show the measured TPPL-CD for a range of

wavelengths between 800 and 900 nm for left- and right-
handed samples. The incident laser power was fixed at 25 mW
to ensure low bleaching. The TPPL-CD was of similar
magnitude but opposite signs for the two samples, as would
be expected in a chiro-optical effect. The strength of the CD
signal remained independent of the power of the incident beam
(not shown). The samples showed a spot-to-spot variation of
about 35% in the TPPL-CD, as measured over six different
spots at a fixed wavelength of 800 nm and power 100 of mW.
This is slightly larger than the variation in one-photon CD,
which typically had a spot-to-spot variation of 15% and is
probably due to added variability arising due to bleaching
effects. To elaborate on the physical mechanism of the
observed TPPL-CD response, it is possible that the
luminescence signals from individual NPs were enhanced due
to plasmonic, here dipole−dipole, interactions from NPs in
close proximity. The dipolar interactions are expected to be
sensitive to the geometrical arrangement of the NPs as reported
in recent one-photon studies46,47,56 of helically arranged NPs
under circularly polarized illumination, as well as the phases of
the individual dipoles, resulting in a dependence of the TPPL
signal on the circular polarization state of the incident beam.
Note the magnitude of the TPPL-CD obtained in our
experiments is expected to depend strongly on the incoherent
contributions to the decay processes. To compare the strength
of the effect with that of existing systems, the highest TPPL-CD

Figure 2. (A) Schematic of the experiment: An intense beam of
photons of energy ℏω (shown in red) modulated between the two
circular polarized states was incident normally on the sample
consisting of dielectric helices coated with metal NPs. A short-pass
filter allowed energies higher than ℏω (shown in green) to go through,
which was detected by a photodetector or analyzed by a spectrometer.
(B) Schematic of the experimental setup for measuring two-photon
photoluminescence circular dichroism (TPPL-CD): M (mirror at
45°), BM-X (beam expander), HWP (half-wave plate), P (polarizer),
PEM (photoelastic modulator), L1-L2 (focusing lens), S (sample), IR
filter (copper sulfate solution), PMT (photomultiplier tube).
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values are obtained with systems containing chiral supra-
molecules. Examples include enantiopure chiral polyfluorene
thin films where a TPPL-CD value (anisotropy) as high as
0.034 was observed around 405 nm.57 Similarly large two-
photon circular dichroism has also been reported in azo
compounds,58 hexahelicene derivatives,59 (R)- and (S)-bi(2-
naphthol),60 etc. In addition to these chiral supramolecular
systems, a TPPL-CD response of around 0.04 was also reported
for Gd3+ in a single uniaxial crystal of Na3[Gd(C4H4O5)3]·
2NaClO4·6H2O.

61 In contrast to all the systems mentioned
above, the luminescent sources reported here (silver NPs) are
essentially achiral, and the large circular differential signal arises
purely due to plasmonic interactions between the resonantly
enhanced plasmonic dipoles.

■ CONCLUSIONS
In summary, we have demonstrated the two-photon-induced
chiro-optical photoluminescent response from a three-dimen-
sional chiral metamaterial consisting of achiral silver nano-
particles decorated on a dielectric chiral (helical) template
made up of SiO2. The measured TPPL-CD shows opposite and
approximately equal behavior for left- and right-handed films,
and as far as we know, this is the first demonstration of TPPL-
CD in a plasmonic system. The experimental system presented

here has been considered for biomedical applications in recent
times, where similar helical62 nanostructures have been
rendered magnetic63,64 and thereafter propelled noninvasively
in biofluids.65 Accordingly it is natural to wonder whether the
large TPPL observed here can be useful in imaging these
nanostructures (often referred to as nanoswimmers in the
literature) under in vivo conditions. The observed TPPL-CD
provides an interesting possibility in imaging applications,
where the signal intensity can depend on polarization of the
incident fundamental beam and perhaps on the presence of
chiral molecular species in close vicinity.

■ METHODS

Sample Fabrication. We used a physical vapor deposition
based technique known as glancing angle deposition49 to
fabricate the samples. First a dielectric helical template made up
of SiO2 (∼300 nm height) was fabricated using a conventional
GLAD setup where the incoming vapor source (0.1−0.2 nm/s)
was allowed to be incident at an extreme angle of 84° to a
rotating (0.05−0.1 rpm) glass substrate. This process is then
followed by a small amount (∼5 nm) of metal (Ag) deposition
(∼0.01 nm/s) on the same glass substrate, which is now kept at
an angle of 5° with respect to the vapor source. This results in
the formation of small isolated metal islands on the surface of
the dielectric helices due to a self-shadowing effect. The
pressure of the chamber was kept below 5 × 10−6 mbar during
the evaporation.

Optical Characterization. The optical characterization of
the metal-decorated helices was performed by measuring both
their linear (circular dichroism) as well as nonlinear (two-
photon-induced photoluminescence-CD) chiro-optical activity.

One-Photon Circular Dichroism. The one-photon CD
measurement of the samples was performed in a system
comprising a lamp and a monochromator (Horiba Yvon),
photoelastic modulator (Hinds Instruments), and a Si photo-
diode (Thorlabs). Light of a particular wavelength emitted from
the monochromator was sent through the photoelastic
modulator, resulting in a modulation between left and right
circularly polarized states at 50 kHz. This beam (diameter ∼5
mm2) was transmitted normally through the substrate and then
focused on to the photodetector. 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

Figure 3. (A) Photoluminescence (PL) spectra of a sample acquired by a fiber-based (Ocean Optics) spectrometer at two different excitation
wavelengths. The spectra were acquired at a laser power of 150 mW. Inset shows the image of the PL signal captured by a CCD camera at 800 nm
excitation wavelength. (B) Measured power (PTPL) of the two-photon PL signal for three different laser powers at 800 nm excitation to investigate
the extent of bleaching at high laser power. Inset shows a log−log plot of the measured PL signal as a function of incident laser power at three
different instants of data acquisition (marked as a, b, c). A slope value of 2 verifies that the measured PL signal was indeed due to a two-photon
process.

Figure 4. Measured TPPL-CD spectra as a function of incident laser
wavelength for the left and right samples at a fixed incident power of
25 mW.
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than 150 kHz. The CD signal was measured using a lock-in
amplifier (Signal Recovery 7270) through standard phase-
locked detection techniques.
Two-Photon-Induced Photoluminescence Circular Dichro-

ism. TPPL-CD measurements of the samples were carried out
with 100 fs laser pulses (Chameleon Vision S) at a wavelength
of 800−1000 nm. The initial input beam polarization was set by
means of a Glan-Taylor polarizer, followed by PEM, which
modulates between left and right circular polarized pulses at 50
kHz. The CP pulses were incident normally on the chiral films,
and the generated photoluminescent photons were then
collected onto a PMT in transmission mode after dual filtering
using copper sulfate solution and a band-pass filter (BG40,
Thorlabs). The PMT signal was converted to a voltage signal
using a trans-impedance amplifier. The TPPL-CD signal was
then measured using standard phase-locked detection techni-
ques through a lock-in amplifier (Signal Recovery 7270).
Spectral Measurement of Two-Photon-Induced Photo-

luminescence. The spectral measurements of the TPPL signal
were performed in the same setup as the TPPL-CD. The only
difference was that the generated photoluminescent photons
after filtering out the fundamental beam was focused to a fiber-
based Ocean Optics spectrometer (USB 4000). The data were
acquired for 60 s for better signal-to-noise ratio.
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