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Abstract

We demonstrate effective background-free continuous wave nonlinear optical excitation of molecules that are sandwiched between
asymmetrically constructed plasmonic gold nanoparticle clusters. We observe that near infrared photons are converted to visible
photons through efficient plasmonic second harmonic generation. Our theoretical model and simulations demonstrate that Fano
resonances may be responsible for being able to observe nonlinear conversion using a continuous wave light source. We show

that nonlinearity enhancement of plasmonic nanostructures via coupled quantum mechanical oscillators such as molecules can be
several orders larger as compared to their classical counterparts.
© 2016 Elsevier B.V. All rights reserved.
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1.  Introduction
Finding a possibility to control the activation of a
single molecule is interesting since it paves the way to
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cement

realize logic devices as small as molecules. This can
be achieved by carefully designed devices which can
interface a single molecule and interact with it at the
same size scale. Such devices can be of electrical, mag-
netic or optical origin [1] and may induce changes in

the properties of a single or few molecules which can
act as switching registers for data processing or data
storage at the nanometer scale. Electrical devices at the
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ingle molecule size level include break-junctions [2],
canning tunneling microscope tip junctions [3], and
olecular landers [4]. Optical devices that can interface

 single molecule among an ensemble of many molecules
re yet lacking. The main difficulty lies in the diffraction
imit of practically ∼150–180 nm focal size for a wave-
ength of 600 nm light. Compared to a few nm sizes of
ndividual molecules, unambiguous activation of single

olecules by means of absorption of light can only be
ossible for a device prepared from a sparse ensemble
f molecules.

Thanks to advancement in near-field optical instru-
entation technology this main difficulty can be

ircumvented as the near-field light intensities typically
ave a very strong nonlinear dependence on distance
from ∼r3 to ∼r6). Strongly confined, highly intense
elds of light called “hot spots”, can be achieved by engi-
eering the nanoscale environment of a single molecule.
y utilizing plasmonic resonances of nanoscale metal

tructures, such spots can be arranged to occupy from
 few down to a single molecule. Nevertheless in these
chemes, a broad far-field background component of the
ame activation wavelength is inevitably superposed on
o the near-field of the nanoparticles. This imposes lim-
tations on single molecule activation experiments to be
erformed with high precision. When linear excitation
chemes are employed, even a weak linear optical back-
round signal as low as a single photon can give rise to
ctivation of a single molecule as long as the excitation
ignal is within the absorption/activation spectrum of the
olecule.
In an attempt to overcome the linear background prob-

em, a nonlinear optical scheme namely SHG [5] can be
sed to address a single molecule. One approach to acti-
ate a single molecule is to use optical up-conversion
f two simultaneously incident near-infrared (NIR) pho-
ons to create a single visible photon by the (localized)
lasmonic activity of a metal nanoparticle cluster. It was
hown earlier that asymmetric metal nanostructures are
mportant for achieving second-order nonlinear optical
esponse from plasmonic activity [6,7]. An efficient sec-
nd harmonic (SH) active plasmonic metal nanostructure
an be constructed by composing a cluster of colloidal
etal nanoparticles with two different sizes [8]. It is of

ssence to break the centro-symmetry of the cluster in
rder to have a nonvanishing second order susceptibility,
(2) [9,10]. The strategy in this approach is to minimize

he volume of nonlinear photoactivation by selectively

ctivating the single or probably a few molecules which
s/are located in the vicinity of the gap between the
anoparticles of such an asymmetric cluster. The pho-
oactivation of a small number of molecules can be
ndamentals and Applications 21 (2016) 32–43 33

monitored by selecting the sandwiched molecules to pos-
sess a linear fluorescent nature and thereby absorb light
only at the SH frequency and not possess two-photon
fluorescence cross-section at the irradiated frequency.

In the absorption spectrum of hybrid structures that
are made of coupled classical and quantum oscillators
of charge – such as a single molecule (or a quantum dot,
etc.) attached to a plasmonic gold nanoparticle (AuNP)
– path interference effects similar to Fano resonances
are observed [11–14]. The two absorption paths for
the classical oscillator, induced by the hybridization
with the quantum oscillator, can interfere destructively
yielding a cancelation of the polarization on the plas-
monic response for some frequencies [15,16]. Fano
resonances also show up in the linear response of metal
nanoparticles (MNPs) when a driven plasmon mode is
coupled to a long-lived dark (usually quadrupole plas-
mon) mode [17]. Dark plasmon mode plays the role of
the quantum object with a sharper spectrum.

Fano resonances also modify the nonlinear response
of plasmonic nanoparticles. Enhancements in frequency
conversion due to Fano resonances of interacting
classical nanoparticles have already been studied numer-
ically [18] and observed experimentally [19–21]. In a
recent experimental study [19] an enhancement factor of
25 is reported. A systematic study of multiple Fano reso-
nances, of full-classical nature, for the second harmonic
generation (SHG) process is also performed in Ref. [22].
The observed enhancement in the nonlinear process can
be explained simply by the coupling of the SH converter
MNP to a long-lived dark plasmon mode [23]. The term
induced by the dark mode cancels the nonresonant (i.e.
�2 −  2ω) in the denominator of the nonlinear response.
This brings the conversion to the resonance. We note that,
this enhancement is to be multiplied by the enhancement
due to the field localization [24,25].

Recent studies [26–28] reveal that Fano resonances of
coupled plasmonic-quantum systems can also enhance
the SHG and four-wave mixing [29] processes. In our
theoretical and numerical studies using 3D simulations
with retardation effects [23,26,28,29], we have demon-
strated that path interference schemes can be adopted
to gain control over the nonlinear frequency conver-
sion processes emerging in plasmonic resonators. By
appropriately choosing the level spacing of the quan-
tum oscillator (i.e. choosing the right molecule), one
can either enhance or suppress the frequency conversion
process by several orders of magnitude (see Section 3.2).
In this  paper, we show that fluorescent molecules –
with absorption bands in the visible part of the spectrum –
can be brought to fluoresce under continuous wave (cw)
near infrared (NIR) excitation (1064 nm). We prepare
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Fig. 1. Symmetric and asymmetric AuNP clusters. (a) The EYFP deco-
rated Au nanoparticle, (b) an SEM image of a symmetric cluster of such
nanoparticles indicating the size of the Au nanoparticles of ∼12 nm, (c)
the sketch of an asymmetric AuNP dimer with a single/few molecule/s
in the gap, (d) an SEM image of a surface prepared using both types

of nanoparticles displaying such asymmetric clusters as indicated by
arrows.

two different clusters, (i) 12 nm sized AuNPs deco-
rated with enhanced yellow fluorescent protein (EYFP)
molecules (Fig. 1(a) and (b)) and (ii) bare AuNPs of sizes
between 50 and 120 nm. We observe that upon cw exci-
tation with NIR laser these two clusters do not express
SHG or fluorescence. However when the two clusters are
brought together (Fig. 1(c) and (d)), we observe visible
fluorescence from the molecules.

We argue that fluorescence is realized by absorp-
tion of the up-converted plasmon excitation (532 nm)
from the AuNP clusters. We consider the presence of the
SHG process, since the converted wavelength lies within
the linear absorption spectrum of the molecule (Fig. 2).

We exclude the possibility of the two-photon conver-
sion by the molecule (see Section 4). This is because the
molecule does not exhibit two-photon absorption at the

Fig. 2. The normalized 1- and 2-photon excitation spectra of EYFP.
The excitation wavelength of 1064 nm and its second harmonic
(532 nm) are marked by vertical red and green lines, respectively. (For
interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
Adapted from [41].
ndamentals and Applications 21 (2016) 32–43

excitation wavelength of 1064 nm (see Fig. 2). We can
also understand, from the 2-photon fluorescence spec-
trum of the EYFP-AuNP (in Fig. 4), that two-photon
absorption spectrum of the molecule is not modified
considerably when they are coupled to the AuNPs.

We provide an explanation for being able to observe
the high-frequency signal only when the two clusters
are brought together by numerically solving Maxwell’s
equations in 3D [31] and introducing a model for the
SHG enhancement due to the path interference. We
demonstrate that when the 12 nm AuNP (decorated with
EYFP molecules) is placed between two larger size
AuNPs (Fig. 5), 12 nm AuNP supports a quadrupole
plasmon mode (Fig. 6) at the upconverted frequency
region. Presence of this quadrupole mode is very impor-
tant for the emergence of the frequency conversion.
Because the overlap integral for the SHG process pos-
sesses symmetry selection rules [9,10], see Eq. (2) and
discussion below. 1064 nm excitation produces dipole-
like plasmon oscillations (Fig. 7). Selection rules dictate
that SH oscillations can emerge into a mode with an even
spatial profile (e.g. a quadrupole mode).

We also demonstrate that presence of the molecules,
interacting with this high-energy plasmon mode can
enhance the nonlinear response (SH conversion) about
∼1000 times via path interference effects (Fig. 8). Still,
observation of the SH oscillations in the far-field would
not be possible if the molecules would not absorb and
fluoresce the upconverted plasmon oscillations. This is
because the quadrupole modes couple to the far-field
weakly – see the matrix element (20) in Ref. [30].

We consider that (i) emergence of the quadrupole-
like mode in the 12 nm AuNP via hybridization with
the larger AuNPs, (ii) spectral shift of the plasmon
mode (supporting 1064 nm oscillations) to infrared, (iii)
serious enhancement factor due to path interference
induced by the molecules, and (iv) communication of
the molecules with the far-field via fluorescence, make
the observation of the high-frequency (529 nm) signal
possible.

The experimental details on preparation of such a
sample and excitation measurement results are provided
in Section 2. The 3D simulations of the hybridized
AuNPs, emergence of the quadrupole-like plasmon
mode, origin of the selection rules for SH process, a
model describing the enhancing/suppressing effects of
the path interference on the nonlinear response, and a
discussion on the control of these effects are given in

Section 3. In Section 4, we discuss other possibilities for
the mechanism of the observed up-converted signal in
the experiment. Finally, in Section 5 we summarize our
experimental and theoretical results.
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.  Experiment

.1.  Experimental  methods

AuNPs were synthesized according to literature [32].
lassware was cleaned with aqua regia, thoroughly
ashed with water and dried at 70 ◦C. In a three-
eck flask 25 mL chloroauric acid (1 mM, 25 mol,

 eq.) was heated under reflux to 100 ◦C. After addi-
ion of 2.50 mL trisodium citrate (38.8 mM, 97 �mol,
.88 eq.) the solution was stirred for 1 h and cooled
o room temperature. Resulting AuNP were ana-
yzed with UV–Vis spectroscopy and transmission
lectron microscopy (TEM). The diameter was deter-
ined to 11.7 ±  0.96 nm. Concentration of AuNP was

stimated using a literature known extinction coeffi-
ient of ε450nm = 6.15 ×  107 M−1 cm−1 for citrate coated
uNP [33].
Larger, nondecorated AuNPs of 50–120 nm size were

ynthesized following a revised version of the well-
nown Turkevich method [34–37]. Sodium citrate
0.86 mM) was dissolved in 100 mL of milliQ water and
he solution was heated up to 100 ◦C without refluxing
ystem. At the boiling point a solution of HAuCl4:3H2O
1 mL, 0.04 mM) was added and the mixture was left
oiling for 5 min before cooling down to room temper-
ture (RT).

DNA-modified AuNP were formed by ligand
xchange with thiolated oligonucleotides as described
n an earlier publication [38]. Briefly, 100 �L thiolated
ligonucleotide (100 �M, 10 nmol, 1 eq.) were reduced
ith 60 �L dithiothreitol (DTT, 1 M, 60 �mol, 6000 eq.)
ver night at 37 ◦C. The reaction mixture was puri-
ed with gel filtration using NAP5 and NAP10 columns
GE Healthcare). To the resulting solution 1 mL citrate-
tabilised 12 nm AuNP (30 nM, 30 pmol, 0.003 eq.) were
dded and incubated overnight at RT. After addition of

 mL TETBS300 (20 mM Tris, 300 mM NaCl, 5 mM
DTA, 0.05% Tween-20, pH 7.5) the solution was kept
vernight at RT. To remove unbound oligonucleotides
uNP were centrifuged 30 min at 13,200 rpm, the super-
atant was removed, the residue was dissolved in TETBS
00 and the step repeated twice.

EYFP was modified with DNA as described in
n earlier publication [39]. Briefly, 200 �L EYFP
200 �M, 40 nmol, 1 eq.) were reduced with 60 �L DTT
1 M, 60 �mol, 1500 eq.) for 2 h at 23 ◦C. Simultane-
usly 100 �L amino-cDNA (100 �M, 10 nmol, 1 eq.)

as modified with 100 �L sSMCC (46 mM, 4.60 �mol,
60 eq.) for 2 h at 23 ◦C to yield maleimide-cDNA.
fter purification with NAP5 and NAP10 columns, both

olutions were combined and incubated overnight at
ndamentals and Applications 21 (2016) 32–43 35

4 ◦C. The reaction mixture was concentrated and the
buffer changed to 20 mM Tris, pH 8.3 before purification
with anion exchange chromatography using a MonoQ
5/50 (GE Healthcare). Signals containing desired prod-
uct were identified using UV–Vis spectroscopy and
native TBE-polyacrylamid gel electrophoresis. To form
EYFP-modified AuNP 38.5 �L AuNP-DNA (5.20 nM,
0.20 pmol, 1 eq.) were incubated with 2.67 �L EYFP-
cDNA (1.87 �M, 5 pmol, 25 eq.) at room temperature
overnight [40]. The resulting conjugate was analyzed
with agarose gel electrophoresis.

In our experiment we constructed a gold cluster com-
plex using EYFP decorated AuNPs together with larger
diameter bare AuNPs (Fig. 1). The cluster structure
was formed by mixing two droplets of solution con-
taining the two different types of nanoparticles (12 nm
and 50–120 nm) on the atomically flat (100) surface of
a silicon wafer. Fig. 1(a)–(d) shows a sketch of a sin-
gle EYFP decorated AuNP, an SEM image of a cluster
of such nanoparticles, a sketch of an asymmetric AuNP
dimer with EYFPs in the vicinity of the gap, and an SEM
image of such clusters, respectively. Au is chosen due to
its matching plasmon resonance of 515–560 nm with the
SH wavelength of 532 nm, belonging to the irradiation
laser of 1064 nm.

Our experiment is based on the idea that EYFP is
sensitive to 1064 nm radiation neither linearly nor non-
linearly as can be seen from Fig. 2, since the linear and
two-photon absorption bands lie between 430–550 nm
and 850–1030 nm, respectively [41]. It is of essen-
tial importance to our experiment that there exists a
significant shift between twice the one-photon and the
two-photon excitation band maxima of EYFP, so that
direct two-photon excitation of EYFP by irradiation at
1064 nm is avoided. We experimentally confirmed that;
and the details are provided in the next section. So
that when irradiated with 1064 nm of light the EYFP
molecule can generate a fluorescence signal only if
1064 nm light were up-converted to 532 nm by the
asymmetric AuNP cluster. The linear emission band
maximum of EYFP is located at 529 nm which is very
close to SH signal from the laser.

As we can see from Fig. 1(b), there are areas where
smaller nanoparticles decorated by EYFP are clustered.
We used an inverted microscope’s (Zeiss model Axiovert
200) 63X (1.4 NA) objective to identify these areas.
Areas with the highest concentration of EYFP were iden-
tified by scanning a 532 nm DPSS laser (Cobolt model

Samba), and detecting the maxima of the fluorescence
signal.

In Fig. 3, a scheme of experimental setup is dis-
played. We used a cw Nd:YAG laser (Cobolt model
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Fig. 3. The experimental setup consists of a cw Nd:YAG laser with

Fig. 4. The fluorescence spectra of EYFP excited both by one-photon
(black) and plasmon induced two-photon processes (red) obtained
from the asymmetric clusters. 1-photon fluorescence is adopted from
Ref. [55] where EYFP molecules are contained in a solution. Note that
peak of the 2-photon fluorescence with AuNPs (2p on AuNP) curve
looks shifted due to the presence of the filter. (For interpretation of the
λ = 1064 nm, a long-pass dichroic mirror, a microscope objective,
sample, a focusing lens, a short-pass filter (cut-off at 800 nm), a spec-
trometer with an EMCCD camera.

Rumba) with wavelength of λ  = 1064 nm and 500 mW
output power as excitation source. The NIR signal was
delivered from the back port of microscope, resulting
in an intensity of 40 MW/cm2 on the sample. Result-
ing fluorescence from the clusters was registered by
a spectrometer (Andor models Shamrock 750 spectro-
graph + Newton 971 EMCCD) in cooperation with a
long-pass dichroic mirror cutting off the backscattered
1064 nm signal and reflecting a band of 532–750 nm.

2.2.  Experimental  results

First step in our experiments involved the certification
that the direct two-photon excitation of EYFP is avoided
by 1064 nm laser irradiation. We have performed control
measurements on the clusters of EYFP decorated 12 nm
AuNPs in the absence of 50–120 nm AuNP cluster using
the same excitation power as the experiments involving
both clusters. The measurements yielded no two-photon
fluorescence signal from 12 nm AuNP clusters hosting
EYFP molecules. As a second control experiment, we
tested SHG activity of the 50–120 nm AuNP clusters in
the absence of 12 nm EYFP AuNP clusters, and similarly
observed no SHG converted signal.

Fig. 4 presents the EYFP fluorescence data obtained

from EYFP molecules that are sandwiched in-between
plasmonic asymmetric structures. The red curve cor-
responds to fluorescence from such aggregates under
references to color in this figure legend, the reader is referred to the
web version of this article.)

1064 nm illumination. The black curve is the fluores-
cence obtained by a combination of halogen lamp and
a FITC filter set (Zeiss) for a comparison. The green
curve is the transmission curve belonging to the dichroic
mirror used in this experiment. As expected, the plas-
mon induced two-photon fluorescence was much weaker
compared to the linear fluorescence, by an order of
10−12. This is quite comprehensive since in two-photon
excitation, the fluorescence signal originates from only
a single or a few molecules sandwiched right in the
gap of a AuNP cluster, whereas the linear fluores-
cence signal originates from all the EYFP molecules
besides those whose fluorescence may be quenched by
the AuNPs, yet quenching affects both the sandwiched
and non-sandwiched molecules equally. A slight shift of
fluorescence maximum from the linear emission band
maximum of EYFP at 529 nm to ∼535 nm, and a low
level modulation of the fluorescence band toward longer
wavelengths can be observed. This is a consequence of
the transmission properties of the dichroic mirror as the
green curve in Fig. 4 suggests. The importance of asym-
metry was tested by control experiments in which same
size (∼12 nm) nanoparticles were let to form symmetric
AuNP clusters, from which a fluorescence signal upon
NIR illumination was absent. This confirms that asym-
metry of the plasmonic structure plays a crucial role
for achieving second harmonic response from plasmonic

structures.

Next, we demonstrate that the EYFP molecules are
responsible for the enhancement of the SH production
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Fig. 5. The extinction cross-section of three, of sizes 110 nm, 60 nm
and 12 nm, hybridized AuNPs. The first LSP mode, mode 1 with reso-
nance peak at λ1 = 580 nm, has an extended tail at the drive wavelength
of λ = 1064 nm. The second LSP mode, mode 2, has resonance peak at
λ2 = 400 nm. Due to the strong localization of the plasmon polarization
field, two LSP excitations in mode 1 oscillating at λ = 1064 nm com-
bine to generate a λ/2 =532 nm oscillation in the mode 2. Even though,
SHG at λ/2 =532 nm is off-resonant with λ2, insertion of a molecule
with an absorption peak at λabs = 514 nm enhances the SHG (see Fig. 8)
substantially. (The separation between the 110 nm and 60 nm AuNPs
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be written as [26]
( )
s 2 nm. 12 nm particle is placed ∼1 nm distance to both AuNPs.)

ue to presence of Fano resonances, discussed in Sec-
ion 3.2 in detail, as well as reporting the generated 2ω

ocalized surface plasmon (LSP) oscillations. We also
iscuss the assisting role of the hybridization in SH con-
ersion process. Here ω  represents the drive frequency
orresponding to λ  = 1064 nm excitation wavelength.

The extinction peak of a single 70 nm AuNP
the median size of 50–120 nm AuNPs) is at about
1 ∼= 510 nm which is quite far away from λ  = 1064 nm,

he wavelength of the excitation laser we use. This mode
s scarcely affected by the diameter of the AuNP. When
uNPs are brought together, they hybridize to yield
lasmon resonances at longer wavelengths [42]. As
n example, in Fig. 5, we present the hybridized spec-
rum of three AuNPs at different sizes, 110 nm, 60 nm
nd 12 nm. This is one of the possible scenarios taking
lace at the interface, where a 12 nm AuNP (decorated
ith molecules) goes in between two larger AuNPs.
he low-lying resonance shifts to 580 nm and its tail

eaches longer wavelengths. The scattering cross-section
rows from 0.44 nm2 to 726 nm2. This effect is pro-
osed to be used for wide spectrum conversion in solar
ells [43], and gives rise to increased absorption of
he incident radiation. Hybridization also assists SHG
y shifting the second plasmon excitation peak from

70 nm, for single AuNP, to 400 nm in hybrid (aggregate)
uNPs.
ndamentals and Applications 21 (2016) 32–43 37

In our experiment, in contrast to larger AuNPs,
12 nm AuNPs require smaller separations (e.g. ∼0.3 nm)
to express a similar hybridization. This is due to the
relatively small spatial extension of the plasmonic
excitations. Moreover, the presence of molecules sur-
rounding the 12 nm AuNPs inhibits the hybridization.
Hence, one does not observe SHG from 12 nm AuNP
aggregates alone due to the weakness of the hybridiza-
tion, in addition to the centrosymmetric nature of such
particles.

3.  Theory  and  simulations

In two recent theoretical works [26,28] 3D boundary
element method (MNPBEM [31]) simulations demon-
strate that second harmonic generation in plasmonic
resonators can be enhanced by using the Fano reso-
nances. In these simulations, the retardation effects are
taken into account, where it is confirmed that the retarda-
tion effects do not play a significant role on the existence
of SHG enhancement.

Nonlinear optical response is strongly modified upon
introduction of a coupled quantum emitter which has a
small decay rate. When the level spacing of the quan-
tum emitter is resonant with the exact frequency of
2ω, SHG can be suppressed several orders of magni-
tude [20]. Transparency induced by the Fano resonance,
similar to linear case, does not allow the excitation of
the second harmonic mode. In contrast, when quantum
level spacing is chosen to be in the close proximity of
2ω (e.g. ωeg = 2.04ω), SHG can be enhanced 2 orders
of magnitude. Such an enhancement occurs since the
path interference effects cancel nonresonant terms [see
Eq. (9) below] and bring the nonlinear conversion to
resonance [26]. In the following part, we discuss the
enhancement mechanism within the framework of Fano
resonance. From our simulations we argue that such an
enhancement scheme is in charge of the observed highly
enhanced SHG in our experiment.

A previously published k-space spectroscopy exper-
iment [44] reveals that the mechanism of the SHG
process in plasmonic resonators is as follows. The field
is strongly localized in terms of LSP oscillations (ω).
Two of such LSP oscillations (ω) combine to produce
a single high frequency (2ω) LSP. SH photons (at 2ω)
originate from the radiative-decay of this LSP excita-
tion [45,46]. (Radiative decay is weak for even plasmon
modes.) Therefore, the Hamiltonian for the process can
Hsh =  �χ(2) â
†
2â1â1 +  â

†
1â

†
1â2 . (1)
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Fig. 6. (a) Charge distribution of the eigen-mode, of eigen-frequency
∼400 nm, exhibits a quadrupole distribution on the 12 nm AuNP. The
red and blue charge peaks, on the 12 nm AuNP, are almost equal with
opposite sings. The simulation [31] is performed for the configura-
tion considered in Fig. 5. Since the mode is quadrupole-like, that is
an even function, the integral (2) does not vanish when the system
is excited with 1064 nm dipole-like (see Fig. 7) plasmon modes. (b)
Distribution of the electric field for the same eigen-mode. An EYFP
molecule attached to the 12 nm AuNP particle interacts (stronger on
the top of the 12 nm AuNP) with the 532 nm oscillations created in the
quadrupole mode. This interaction leads to the Fano resonance with
the λ2 mode and results in the 2–3 orders of magnitude enhancement
of the SH conversion process, see Eq. (9) and the text below. Units
38 M.E. Tasgin et al. / Photonics and Nanostructu

Here, â1 is the driven LSP mode, and â2 is the LSP mode
in which SH plasmon excites. χ(2) is proportional to the
overlap integral [10]

χ(2) ∝
∫

d3rE∗
2(r)E2

1(r)ρ(r) +  C.c.  (2)

which determines (also proportional to) the SH dielectric
susceptibility. E1(r) is the spatial profile of the plas-
mon mode driven by the CW laser, of resonance ω1
or λ1 below. E2(r) is the spatial profile of the higher
energy plasmon mode, of resonance ω2 or λ2 below,
in which SH oscillations emerge. ρ(r) is the profile of
the medium where SH conversion process takes place,
that is the MNP(s). For simplicity, ρ(r) can be consid-
ered as a 3D θ(r) step function. Such a standard overlap
integral can be obtained after elimination of the oper-
ators responsible for other participated processes, e.g.
inter-band transitions [9,57–61].

Eq. (2) possesses some symmetry rules for the pres-
ence of SHG [9]. Lower energy plasmon mode E1(r) has
a dipolar nature in optical excitation wavelengths (in our
experiment/simulations). Hence, if the metal nanopar-
ticle – on which SHG takes place – has the spherical
symmetry, E2(r) needs to be an even function, that is
quadrupole profile. This is because, E2

1(r) becomes an
even function. When SHG takes place in the hot-spot of
two interacting MNPs, which has dipole-like character,
again a mode with even spatial profile (about the gap) is
required.

Quadrupole modes couple to the far-field very
weakly [47], see the matrix element (20) in Ref. [30].
Unlike the standard experiments with strong pulsed
lasers, we use a CW laser for the pumping. When the 2ω

oscillations arise in a quadrupole mode, their radiative
decay to the far-field may not be observed for rela-
tively weak CW illumination. For this reason, we use
EYFP as reporter molecule which is excited by inter-
action with the â2 LSP mode and fluoresce to far field.
In our simulations, below, we observe that E2(r) mode
indeed coincides with a quadrupole profile on the surface
of the 12 nm AuNP, see Fig. 6.

3.1.  Quadrupole  charge  profile  and  nonzero  �(2)

As a sample configuration, we simulate the plasmon
modes of a hybridized AuNPs system, depicted in
Fig. 5, with 3 particles of sizes 110 nm, 60 nm and
12 nm. In the experiment, 12 nm AuNP is decorated

with the EYFP molecules. For this configuration we
observe that λ1 = 580 nm and λ2 = 400 nm correspond to
resonances a1 and a2, (ω1 < ω2), respectively. 1064 nm
(ω) radiation excites λ1 = 580 nm LSP mode and SH
are arbitrary. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

plasmon is created in λ2 = 400 nm LSP mode. We note
that, SH plasmon cannot be created in the driven â1 LSP
mode since the excitations are to be presented with the
same operator â1 and energy conservation inhibits such a
term.

In Fig. 6a, we depict the charge distribution for
the eigen-mode of eigen-frequency ∼400 nm. We cal-

culate the eigen-mode of the configuration given in
Fig. 5. A quadrupole plasmon mode can be easily iden-
tified on the 12 nm AuNP, on which EYFP molecules
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Fig. 7. Charge distribution of the configuration considered in Figs. 5
a
s
a

a
e
A
A
p
t
i
t
A

d
l
1
v
p
o
E
a
b
o
(
χ

1
t
t
χ

i
5
o
o
o
r
l

nd 6 when it is illuminated with a 1064 nm source. Charge distribution
hows a dipole-like behavior in the body of the 12 nm AuNP. Units are
rbitrary.

re attached [48]. Electric field of this high-energy
igenmode is also larger at the upper part of the 12 nm
uNP (see the light green-blue arrow on top of the
uNP), where an EYFP molecule is possible to be
resent. In Fig. 7, we present the charge distribution for
he 1064 nm illumination of the same configuration. Tak-
ng a glance at the charge distribution one can observe
hat a dipolar field is confined to the body of the 12 nm
uNP.
The picture in Figs. 6 and 7 well-fits to the model we

escribe below. The 1064 nm cw laser excites the dipole-
ike modes which are confined to the 12 nm AuNP. Two
064 nm wavelength oscillations combine on the AuNP,
ia convective acceleration and the quantum electron
ressure of the free-electron gas [50], to yield 532 nm
scillations. The overlap integral for the SH process,
q. (2), is negligible if the conversion takes place into

 plasmon mode which has an odd behavior on the
odies of the AuNPs [49]. Eq. (2) reveals that using
nly dipole-like plasmon excitations at the hot-spots
between the AuNPs), too, one can obtain only a weak
(2) strength for the SH conversion. Even though the
10 nm and 60 nm AuNPs have different dimensions,
he charge distributions at the two sides are similar near
he hot-spot, on the grounds of image charge. In addition,
(2) integral does not vanish on the 12 nm AuNP and it

s stronger than the ones near the hot-spots. Therefore,
32 nm oscillations are expected to be generated mainly
n the 12 nm AuNP [51]. The EYFP molecule attached

n the 12 nm AuNP interacts strongly with the 53 nm
scillations (field in Fig. 6b). This leads to the Fano
esonance in the high-energy plasmon mode. In the fol-
owing, we show that this interaction results in a ∼1000
ndamentals and Applications 21 (2016) 32–43 39

enhancement factor in the nonlinear response due to the
path interference effects.

3.2.  Demonstration  of  the  path  interference  effects

Ordinarily, SHG process would be in resonance
if the second LSP mode (â2) could be tuned to
λ2 = 1064/2 = 532 nm. However we show that presence
of EYFP molecules can modify the spectrum of the SHG
process taking place at the MNPs, due to the cancelation
in the denominator of the nonlinear response.

Including the diagonal (â†i âi) and AuNP-molecule
interaction (ρ̂egâi) terms to the Hamiltonian in Eq. (1),
one obtains the equations of motion [26]

α̇1 = (−iω1 −  γ1) α1 −  i2χ(2)α∗
1α2 −  if 1ρge +  εpe−iωt

(3)

α̇2 =  (−iω2 −  γ2)α2 −  iχ(2)α2
1 −  if 2ρge (4)

ρ̇ge = (−iωeg −  γeg

)
ρge +  i (f1α1 +  f2α2)

× (
ρee −  ρgg

)
(5)

ρ̇ee =  −γeeρee +  i
[
(f1α

∗
1 +  f2α

∗
2)ρge −  c.c.

]
(6)

where α1,2 = 〈
â1,2

〉
describe the LSP field, ρee (ρge)

are diagonal (off-diagonal) matrix elements of (EYFP)
molecule with e  and g referring to the excited and ground
states. The 1064 nm laser field drives the first plasmon
mode with frequency ω, e.g. εpe−iωt. Damping rates of
the LSP models are about γ1, γ2 ∼  0.1 PHz, decay rate of
molecule is about γee = 2γeg ∼  0.1 THz and f1,2 are the
strengths for the coupling of the EYFP molecule to â1,2
plasmon modes of the hybrid MNPs. As demonstrated in
an earlier work [26] time evolution simulations of Eqs.
(3)–(6) yield the steady state solutions of the form

α1 = α̃1e
−iωt, α2 = α̃2e

−i2ωt (7)

ρeg = ρ̃ege
−i2ωt,  ρee = ρ̃ee (8)

in the long time, where the variables with tilde are the
steady-state values. |α̃1,2|2 gives the number of plasmons
oscillating with the frequency ω  (2ω) in the â1,2 LSP
mode.
In order to be able to demonstrate the physics
(path interference) underlying in the enhance-
ment/suppression scheme using analytical expressions;
we neglect the coupling of â1 mode to the quantum
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Fig. 8. Enhancement of the SHG in AuNPs by insertion of an EYFP
molecule. The path interference effects (See Eq. (8)) due to Fano
resonances can bring the nonlinear frequency conversion to reso-
nance. For the choice of EYFP, with λeg = 514 nm, SHG is enhanced
∼1000 times (b) compared to the no-molecule case (a). (a) Three
AuNPs (of sizes 110 nm, 70 nm and 12 nm) interact. (b) The small
AuNP (blue) is decorated with EYFP molecule and interacts with
larger AuNPs. Arrows indicate the position of the frequency (532 nm)
where SH conversion takes place in our experiment. [The parameters
used in the simulation are f1 = f2 = 0.03ω, χ(2) = 10−3ω, γ1,2 = 0.1ω,
ω1 = 1.83ω (λ1 = 580 nm), ω2 = 2.66ω (λ2 = 400 nm), and ωeg = 2.07ω

(λ1 = 514 nm), where frequencies are all scaled with ω = c/λ with
λ = 1064 nm. Since we present the relative enhancement in the SH
40 M.E. Tasgin et al. / Photonics and Nanostructu

emitter, i.e. f1 = 0. Using solutions (7)–(8) in Eqs.
(3)–(6), one obtains the simple equation [26]

α̃2 = iχ(2)

|f2|2y
i(ωeg−2ω)+γeg

−  [i(ω2 −  2ω) +  γ2]
α̃2

1 (9)

for the steady state, where y �  −1 is the population inver-
sion (ρee −  ρgg) of the EYFP molecule [52]. Both path
interference effects can be simply read from Eq. (9).
Since λ2 /=  532 nm, the off-resonant i(ω2 −  2ω) term
in the denominator reduces the SHG. However, we can
arrange the imaginary part of the first term in the denomi-
nator such that, its imaginary part cancels the i(ω2 −  2ω)
term. When ωeg is chosen to satisfy

|f2|2y(ωeg −  2ω) +  (ω2 −  2ω)
[
(ωeg −  2ω)2 +  γ2

eg

]

= 0,  (10)

the α̃2 generation can be brought almost to the resonance

α̃2 =  −iχ(2)α̃2
1/γ2,  (11)

that is the value for the resonant SH converter, e.g. as  if
λ2 = 532 nm. Therefore, cancelation in the denominator
can make an inefficient converter (λ2 = 400 nm) work at
resonance.

12 nm AuNP is decorated with more than one EYFP
molecules. Two molecules can come very close to each
other for some possible configurations. In Ref. [29], we
show that presence of an extra molecule can also help to
(partially) cancel the γ2 term in the denominator which
cannot be performed using a single molecule. However,
this complicated situation is out of the scope of this paper.

On the contrary, when we choose ωeg = 2ω, SHG
process can be seriously suppressed. The first term in
the denominator |f2|2y/γeg becomes very large, since
γeg belongs to a quantum particle and is very small
compared to the other frequencies. In this case, the
[i(ω2 −  2ω) + γ2] term becomes negligible compared to
the first one. Because of the large value of the denomi-
nator SHG is suppressed.

3.3.  Enhancement  of  the  SHG

In Fig. 8, we show that presence of a molecule of
level spacing ωeg∼=514 nm (for EYFP), SHG is enhanced
about 1000 times with respect to the no-molecule case.
Simulations, depicted in Fig. 8, are obtained by time

evolving Eqs. (3)–(6) without neglecting the coupling
of â1 mode to the quantum emitter. In deriving Eq. (9),
we make such a negligence merely since we are able to
demonstrate the act of path interferences.
field, the choice of the value of χ(2) does not change these values.]
(For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

The combined effects, (i) improved linear cross-
section at 1064 nm due to hybridization, (ii) conversion
enhancement due to Fano resonance, and (iii) emergence
of a quadrupole-like mode on the 12 nm AuNP when
placed between larger size AuNPs, make SHG observ-
able in our experiment even when using a cw laser.
We underline that unlike other studies [24,25], inci-
dent field (1064 nm) can be enhanced only a single order
for the dimensions of the AuNPs which we use in the
experiments. We also note that enhancement factor orig-
inating from the Fano resonance is to be multiplied by
the enhancement due to the field localization (which is
a small factor in our case).

Plasmonic nonlinear conversion of light can be a
feasible route for achieving single/few molecule acti-
vation due to its strong localization and can take
place with extremely high efficiency depending on the
careful choice of plasmonic-molecular system construc-
tion. Simple building blocks for such systems can be
localized surface plasmon (LSP) polariton supporting
metal nanoparticles and their hybrids with fluorescent
molecules.

SHG takes the form of emerging oscillations of higher

order (quadrupole and higher) plasmon modes. The mul-
tipolar nature of the generated SH polarization results in
strong confinement of this field to the near-field and poor
coupling to the far-field. When a fluorescent molecule
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hat has absorption band in the SH frequency of the drive
eld is placed in the vicinity of the plasmonic system,

t can efficiently absorb SH field and reradiate due to its
nite electronic lifetime in the form of a dipole radiation,
nd hence couple effectively to the far-field. So such a
uorescent molecule can be used as a reporter of SHG.

.4.  Controlling  the  Fano  resonance

Adopting the following mechanisms, it is also pos-
ible to control the value of the enhancement factor
riginating from the path interference effects. When the
uorescent molecules are attached on the nanoparticles

hrough molecules with isomerism (e.g. azobenzene),
he separation between the AuNP and the fluores-
ent molecule can be arranged with an optical control
ulse. As an example, the cis and trans isomers of
zobenzene have different lengths. The length of the
zobenzene linker can be controlled by illuminating
ith a 300–400 nm UV light. This example provides

he fine tuning of the NP-molecule separation which
hanges the f2 parameter slightly in Eqs. (3)–(6). In
nother method, named as DNA origami [56], hybridiza-
ion of the DNA linker provides longer tuning for the
P-molecule separation, which changes f2 on a larger

cale.

.  Up-conversion  mechanism

Throughout the paper we explain the observed up-
onverted signal as originating from the enhanced (Fano)
HG of AuNPs. Molecules fluoresce the 2ω  plasmons

o the far-field as photons. One naturally suspects if the
-photon absorption of EYFP molecules can be respon-
ible for the signal. This possibility is excluded after the
ollowing observations.

First, the 1064 nm field is only weakly enhanced
ear the hot-spot, see Fig. 5, compared to the bare
YFPs. Hence, localization enhancement of the 2-
hoton absorption (via molecule) is almost negligible.
econd, one may question if the EYFP-AuNP coupling
odifies the spectrum. Comparing the 1-photon flores-

ence curves for EYFP in solution [55] and EYFP on
uNPs; one can observe that EYFP-AuNP spectrum

hifts to higher energies by 4 nm. So, if this 4 nm shift
oes not originate from the differences in the calibration
f two experiments [53] or the solution effect, 2-photon
bsorption should be less favored compared to the bare

YFPs. Because, the final energy level (the 2 photons
xcite) of the molecule shifts up [54].

One may still argue if modification of the virtual levels
mid-levels) of EYFP for ∼1064 nm energies can help
ndamentals and Applications 21 (2016) 32–43 41

the 2-photon absorption of EYFP. This, however, is quite
infeasible. Because, EYFP-AuNP coupling, at hot-spots,
have the electromagnetic nature and it is weak for small
field enhancements at ∼  1064 nm wavelengths.

Additionally, if we attributed the up-converted sig-
nal to the 2-photon absorption of EYFP, we needed
to put ∼1000 times Fano enhancement aside. Because,
coupling of a larger band-width object (AuNP here) to
a sharp band-width SH converter (molecule) does not
enhance the SHG of the converter via path interference.

5.  Summary  and  conclusions

In summary, we experimentally show that it is possi-
ble to excite few EYFP molecules located at the gaps of
asymmetric AuNP aggregates by using a cw laser exci-
tation source. We observe the fluorescence of EYFP(s)
centered at 529 nm when the aggregate is illuminated
by a 1064 nm cw laser source. The two clusters, one
containing AuNPs with dispersed sizes 50–120 nm and
the other one containing 12 nm AuNPs decorated with
EYFP molecules, do not radiate a high-frequency (i.e.
529 nm or 532 nm) signal. When we bring the two clus-
ters together on a surface (Fig. 1d), 12 nm AuNP enters
in between the two large AuNPs. This makes the induc-
tion of a quadrupole-like plasmon mode, see Fig. 6, on
the 12 nm AuNP possible. This is the mode in which SH
conversion (532 nm oscillations) can take place due to
the selection rules for the SHG process [9,10].

The EYFP molecules serve for two purposes. They
are attached on the 12 nm AuNPs, where SH plasmon
oscillations are allowed to emerge [44]. EYFP(s) inter-
act with this mode (see Fig. 6b) and yields the path
interference effect in the SH conversion process which
enhances SH plasmon production about 1000 times, see
Fig. 8. EYFPs additionally serve as far-field reporters.
The 532 nm oscillations emerge in the quadrupole-like
plasmon mode on 12 nm AuNP. Quadrupole modes cou-
ple far-field weakly. Since 532 nm plasmons are already
small in number, we cannot observe the 532 nm signal
on top of the 529 nm – centered fluorescence signal.
EYFPs absorb the 532 nm plasmons and fluoresce to
far-field much strongly compared to the coupling of the
quadrupole-like plasmons.

Research on nonlinear behavior of plasmon excita-
tions is finding its niche in diverse applications ranging
quantum optical applications such as single-photon
switches and single-photon transistors owing to the fact

that coupling of plasmon excitation to low dimensional
materials with quantum mechanical properties, such as
graphene, yields pronounced nonlinear behavior [62]
with strong plasmon field enhancement [63], as well
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as molecular spectroscopy such as Coherent anti-Stokes
Raman scattering using Fano resonances to yield single-
molecule sensitivity [64]. In a recent work, we show
that the pronounced plasmonic activity can further be
boosted by coupling of two or more quantum oscillators
to plasmonic resonators, interestingly in an unlimited
fashion (in principle to the point of divergence), when
the strengths of inter-particle interactions and the energy
level spacing for quantum oscillators are chosen care-
fully [28].
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