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ABSTRACT: We propose a numerical method to evaluate the two-photon-induced
luminescence (TPL) of single gold nanorods (GNRs). The validity of this method is
confirmed by the cos4 α dependence of the TPL of single GNRs on the polarization angle α,
which is in good agreement with experimental observations. As comparing with their linear
optical properties such as scattering and absorption, the TPL of a single GNR is found to be
more sensitive to the change of the surrounding environment. This property is exploited to
detect nanoparticles (NPs) approaching the GNR from a far place. By monitoring the
evolution of the TPL on the distance between the GNR and a NP, it is possible to extract
various information on the NP, including the moving direction, position, size, and material
type. For GNRs whose extinction is dominated by absorption, the response and sensitivity
are found to depend strongly on their sizes. The detection of the nonlinear optical responses
of GNRs may find potential applications in the fields of nanophotonics and biophotonics.

1. INTRODUCTION

Localized surface plasmon polaritons (SPPs) or surface
plasmon resonances (SPRs) excited in nanoparticles (NPs) of
noble metals have attracted great interest in the past decade due
to their potential applications in various fields of nanometer
science and technology.1 Typical examples in which the SPRs
of NPs have been successfully utilized include surface enhanced
Raman scattering2−4 and five dimensional optical data storage
media.5−7 In the former case, the significant enhancement in
Raman signal of several orders of magnitude was achieved by
the local enhancement of electric field on the surfaces of NPs.
In the latter case, the strong polarization and wavelength
dependence of the longitudinal SPRs (LSPRs) of gold
nanorods (GNRs) were exploited to realize the polarization
and wavelength multiplexing in optical data storage. As
compared to NPs of other shapes, GNRs have received
intensive and extensive studies because of the existence of
LSPRs, which significantly influence the optical properties of
GNRs.8

It has been known that there exist two SPRs in GNRs,
namely, the transverse SPRs (TSPRs) and LSPRs, which
correspond to the collective oscillations of electrons along the
short and long axes of GNRs, respectively.9,10 While the former
remains nearly unchanged at ∼530 nm, the latter is quite
sensitive to the dielectric environment surrounding GNRs.11

This unique feature has been employed to fabricate sensors of
different types.12−14 From the experimental point of view, the
LSPRs of GNRs can be detected through the measurements of

the scattering spectra of GNRs by using dark-field micros-
copy.15−17 However, the signal-to-noise ratio in scattering
spectra measurements is generally not satisfied for small GNRs
whose extinction is dominated by absorption rather than
scattering. On the other hand, the line width of the LSPRs of
single GNRs, which reflect the homogeneous broadening of the
LSPRs, is estimated to be ∼100 meV at room temperature.16,17

For this reason, it is difficult to accurately determine the shift of
LSPRs in most cases because of the broad line width. In
practical applications, the difficulties in both the detection of
LSPRs and the determination of their shift severely hinder the
use of this property in making sensors with high sensitivities.
Apart from their linear optical properties, the nonlinear

optical properties of GNRs have become the focus of many
studies in recent years.18−22 Physically, it is anticipated that the
detection of the nonlinear optical properties, such as second
harmonic generation (SHG)18,19 and two-photon-induced
luminescence (TPL),20 will offer higher resolution in both
the space and frequency domains. In experiments, SHG and
TPL have been observed in GNRs of different sizes. Very
recently, we demonstrated the existence of a size-dependent
competition between SHG and TPL in GNRs.23 However, a
systematic investigation of sensing NPs by detecting the
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nonlinear optical responses of GNRs, which is quite useful in
the fields of nanophotonics and biophotonics, is still lacking.
In this article, we propose a numerical method to evaluate

the TPL of single GNRs. It is revealed that the TPL of a GNR
is quite sensitive to the NPs approaching the GNR. By
monitoring the evolution of the TPL with the distance between
the GNR and the NP, it is possible to extract various
information on the NP, including the moving direction,
position, size, and material type.

2. PHYSICAL MODEL AND NUMERICAL METHED
The physical model for the proposed sensor based on a single
GNR is schematically depicted in Figure 1. A single GNR

immersed in water is excited with a femtosecond laser light
focused by using the objective lens of an inverted microscope.
The TPL emitted by the GNR is collected by using the same
objective lens and directed to a detector (e.g., a photomultiplier
tube (PMT)) connected to the microscope for analysis.
Suppose that nanospheres (NSs) made of different materials,
such as metals, semiconductors, and dielectrics, approach the
GNR from different directions. For simplicity, we consider here
NSs made of Au, Si and SiO2 and moving directions with θ =
0°, 30°, and 90°, where θ denotes the angle between the
moving direction of NSs and the long axis of the GNR.
The GNR studied in this paper is a cigar-like GNR composed

of a cylinder in the middle and two hemispheres on both sides.
The length and diameter of the GNR are chosen to be 45 and
12 nm, corresponding to an aspect ratio of 3.75. The extinction
spectrum of the GNR, which is the sum of the absorption and
scattering spectra, can be easily calculated by using the discrete
dipole approximation (DDA) method.24,25 The dielectric
permittivity for gold and its dispersion relation used in the
calculations can be found in ref 26. The refractive index of
water was chosen to be 1.33. The simulations were performed
on a cubic lattice with a lattice constant of 0.5 nm. For the
GNR mentioned above, the total number of dipoles was

estimated to be ∼33747, giving a dipole density of ∼8 nm−3.
The same dipole density was also used for the NSs studied in
this paper. For the smaller and larger GNRs discussed later, the
lattice constant was chosen to be 0.25 and 1.0 nm, respectively.
As shown in Figure 2, the extinction of the GNR is

dominated by absorption because of the small size of the GNR.

The absorption given in Figure 2 is the linear absorption of the
GNR with a peak at 795 nm. The absorption given in this paper
is the absorption efficiency, which is defined as the absorption
cross section of a NP divided by its effective cross section. In
order to evaluate the TPL emitted by the GNR, we need to
consider the two-photon absorption (TPA) of the GNR excited
by the femtosecond laser light. The wavelength of the
femtosecond laser is chosen at 800 nm, which is slightly
detuned from the LSPR of the GNR. It will be shown later that
this choice makes it easier to discriminate small NPs from large
ones based on the change in the TPL of the GNR.
Previously, Xu and Webb investigated the two-photon

excitation of fluorophores and derived the TPA of a sample
containing uniformly distributed dye molecules as follows:27

∫δ=N C I t S r V( ) ( ) d
V

abs 0
2

(1)

Here, Nabs is the number of photons absorbed per unit time, C
is the concentration of dye molecules, δ is the TPA cross
section, S(r) and I(t) describe the spatial and temporal
distributions of the incident light. In our case, the excitation
light is considered to be a plane wave because the excitation
spot, which is about 1 μm in diameter when a 100× objective
lens is used, is much larger than the size of the GNR. Physically,
the TPL of the GNR is determined not only by the TPA at the
excitation wavelength (λex), but also by the emission efficiency
at the emission wavelength (λem) because both the incoming
and outgoing electric fields can be enhanced by SPRs.28,29 The
latter is actually related to the spontaneous emission rate at the
emission wavelength. Therefore, the TPL of the GNR can be
expressed as follows:30

Figure 1. Schematic showing the use of a single GNR to sense moving
NPs.

Figure 2. Extinction, absorption and scattering spectra calculated for a
cigar-like GNR with a length of 45 nm and a diameter of 12 nm by
using the DDA method. Qext, Qabs, and Qsca represent the excitation,
absorption, and scattering efficiencies of the GNR, respectively.
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Here, η(λem) and δ(λex) are the quantum efficiency and TPA
cross section of the GNR, V is the volume of the GNR, E(λex, r)
and E(λem, r) are the electric field distributions at the excitation
and emission wavelengths, L(λex) = E(λex, r)/E0 and L(λem) =
E(λem, r)/E0 denote the corresponding electric field enhance-
ment factors, and E0 is the electric field amplitude of the
incident light. The integrals run over the volume of the GNR,
and they represent the spatially averaged electric field
enhancement factors at the excitation and emission wave-
lengths, respectively. Previously, the quantum efficiency of
GNRs was measured to be ∼10−4−10−3.8
So far, there are many experimental studies on the TPL of

GNRs. It has been shown that the TPL of a GNR exhibits a
strong dependence on the polarization of the excitation light.
More concretely, the polarization-dependent TPL of a GNR
generally exhibits the feature of a dipole that shows cos4 α
dependence on the polarization angle α.20

In order to confirm the validity of eq 2, we have calculated
the TPL of the GNR as a function of polarization angle by
using λex = 800 nm and λem = 550 nm. The result is shown in
Figure 3 by empty circles. It can been seen clearly that the

dependence of the TPL on the polarization angle follows a
function of cos4 α, which is given by the solid curve, implying
that the relative TPL intensities of GNRs can be estimated by
using eq 2. In fact, Wang et al. derived a similar formula to
describe the TPL emitted by single GNRs.30 What we have
done here is to quantitatively introduce an spatially averaged
enhancement factors at both the excitation and emission
wavelengths by using the integral of the electric field inside the
GNR. Ghenuche et al. used the distribution of |E|4 to virtualize
the spatial distribution of TPL in a nanoantenna formed by two
coupled GNRs.31 Very recently, Viarbitskaya et al. employed a
similar method to calculate the TPL emitted by Au triangles.32

When the GNR-based sensor is used to detect an NP (or an
NS), what we are concerned with is the modification of the
TPL rather than its absolute intensity. When the NS is far from
the GNR, its influence on the TPL of the GNR is negligible.
Therefore, one can introduce a normalized TPL (INOR) by
using the TPL of the system in which the NS is far from the
GNR as reference to characterize the relative change in the
TPL. It will be shown in the following that the information on
the NS can be extracted from the normalized TPL, which can
be defined as
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Here, s is the distance between the NS and the GNR, which is
defined as the gap between them. It can be seen that the
quantum efficiency (η(λem)) and TPA cross section (δ(λex)) of
the GNR, which are independent of s, have been canceled out
in INOR. For the NSs studied in this paper, it can be seen later
that the influence of the NS on the TPL of the GNR becomes
negligible when the distance between them is larger than 50
nm. Therefore, we will use the TPL of the system with s = 50
nm as a reference for the normalization of the TPL. Since the
TPL of the GNR (or GNR+NS) appears mainly in the visible
light region, which is far from the LSPR of the GNR,29 the
influence of the NS on the electric field distribution at the
emission wavelength (E(λem, r)) depends strongly on the
material properties of the NS. It will be shown in the following
that the enhancement at the emission wavelength needs to be
taken into account for Au NSs whose SPRs appear in the visible
light region. In comparison, this effect is not pronounced for Si
NSs and can be neglected for SiO2 NSs. Consequently, the
normalized TPL for SiO2 NSs can be further simplified as
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Since the line width of the LSPR of the GNR is usually much
larger than that of the femtosecond laser and the TPL scales
quadraticlly with the intensity of the excitation light, the effect
of the line width of the femtosecond laser on the TPL is not so
pronounced. More importantly, we used a normalized TPL to
sense NPs, and the effect of the femtosecond laser line width
will be canceled out in the normalized TPL. Therefore, we did
not consider the line width of the femtosecond laser in the
numerical calculations.

3. RESULTS AND DISCUSSION
Dependence of TPL on Moving Direction and Particle

Size. Let us first examine the modification of the normalized
TPL of the system (GNR+NS) when Au NSs with different
diameters (ϕ = 6, 12, and 24 nm) approach the GNR from
different directions (θ = 0°, 30°, and 90°), as schematically

Figure 3. Polarization dependent TPL calculated by using eq 2 (open
circles) and eq 4 (filled circles) for the GNR with a length of 45 nm
and a diameter of 12 nm. The excitation and emission wavelengths are
chosen to be 800 and 550 nm, respectively. The TPL intensity has
been normalized to its maximum which appears at α = 0° and 180°.
The solid curve shows a function of cos4 α.
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shown in Figure 1. The dependence of the TPL on the distance
between the GNR and the NS is calculated for Au NSs with
different sizes and moving directions. The excitation and
detection wavelengths are chosen to be 800 and 550 nm,
respectively. The results are presented in Figure 4.

For the moderate NS with ϕ = 12 nm, the evolution of INOR
with decreasing s is found to depend strongly on the moving
direction. When the moving direction is perpendicular to the
long axis of the GNR (θ = 90°), INOR increases slightly with
decreasing s, reaching its maximum of ∼1.07 at s ∼ 3 nm. After
that, it begins to decrease to 0.92 at s = 0.5 nm. When the
moving direction is changed to θ = 30°, a faster increase in INOR
is observed for s > 3 nm where the maximum value of ∼1.17 is
achieved. In addition, a rapid decrease of INOR is found for s < 3
nm. It implies that INOR of the system is more sensitive to the
NS coming from this direction. For the NS moving in the
direction with θ = 0°, the maximum and minimum values of
INOR, which are observed at s = 4 nm and s = 0.5 nm, are
calculated to be ∼1.38 and ∼0.23, respectively. It indicates that
INOR of the system is most sensitive to NSs moving in this
direction.

In Figure 5, we present the distribution of |E(λex, r)/E0|
4|

E(λem, r)/E0|
2 (λex = 800 nm, λem = 550 nm) on the xy plane

calculated for the system in which the Au NS with a diameter of
ϕ = 12 nm appears at several specific positions (s = 0.5, 4, and
25 nm) in different moving directions. It can be seen that the
electric field intensity in the GNR becomes stronger (i.e., the
GNR becomes brighter) when the NS approaches the GNR
from far places, especially for the direction with θ = 0°.
However, the GNR becomes darker when the gap between the
GNR and the NS is reduced to be smaller than 3 nm. A rapid
and large reduction in the TPL of the GNR is also observed for
the direction with θ = 30°. An interesting phenomenon
observed in Figure 5 is the lightening of the NS when it reaches
the vicinity of the GNR. Since the SPR of the NS is located at
∼530 nm, the TPL from the NS is weak when it is excited at
800 nm because the absorption at this wavelength is quite
small. When the NS moves to the vicinity of the GNR, the
coupling between them is enhanced significantly, leading to the
shift of the LSPR of the GNR. In the case, we should treat them
as a system and consider the NS as part of the GNR. As a result,
the NS is lightened and becomes brighter.
In the numerical calculation, we can easily extract the

contribution of the NS to the total TPL of the system, which is
also a function of s. It is shown in Figure 6. We can see that the
TPL of the NS increases monotonically with decreasing
distance. It means that the NS becomes brighter when it
approaches the GNR, confirming the lightening of the NS
discussed above. This effect contributes positively to the total
TPL for s > 4 nm and negatively for s < 4 nm from the
viewpoint of sensing.

Figure 4. Evolution of the normalized TPL of the system (GNR+NS)
when Au NSs with different diameters (ϕ = 6, 12, and 24 nm)
approach the GNR from different directions (θ = 90°, 30°, and 0°).

Figure 5. Evolution of |E(λex, r)/E0|
4|E(λem, r)/E0|

2 (λex = 800 nm, λem
= 550 nm) distribution of the system on the xy plane when the Au NS
with a diameter of 12 nm approaches the GNR from different
directions (θ = 0°, 30°, and 90°). The distances between the GNR and
the NS are chosen to be s = 25 nm (a,d,g), s = 4 nm (b,e,h), and s =
0.5 nm (c,f,i).
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In order to gain a deep insight into the physical mechanism
responsible for the modification of the TPL, we calculated the
absorption spectra of the system for different values of s, as
shown in Figure 7a. It can be seen that for s = 25 nm, the
coupling between the GNR and the NS is negligible, and the
absorption of the system is the same as that of the GNR. When
s is reduced to 10 nm, a redshift of the absorption peak as well
as an increase of the peak value is observed. As a result, the
absorption at the excitation wavelength (λex = 800 nm) is
increased, leading to the increase in the TPL of the system. A
further increase in peak absorption is found for s = 7.5, 5.0, and
4.0 nm. The situation is changed when s is reduced to be 3.0
nm. In this case, the large redshift of the peak wavelength
results in a reduction of the absorption at the excitation
wavelength. Consequently, the TPL begins to decrease at this
distance. After that, the redshift of the absorption peak becomes
significant, while the increase in the peak absorption gradually
saturates. For this reason, the absorption at the excitation
wavelength decreases rapidly, leading to the significant
reduction in the TPL of the system. The maximum peak
absorption is observed at s = 1.5 nm. After that, one can see a
decrease of the peak absorption and a broadening of the
absorption spectrum.
So far, we have discussed in detail the evolution of the TPL

of the system when a NS with ϕ = 12 nm approaches the GNR
from different directions, which is shown in Figure 4b. When
the diameter of the NS is reduced to 6 nm or increased to 24
nm, the nonlinear optical response of the GNR is completely
different, as shown in Figure 4a,c. For the small NS, INOR is
observed to increase with decreasing s for all moving directions.
For θ = 0° and 30°, it begins to decrease after reaching
maximum values of about 1.23 and 1.13 at s = 1.5 nm.
However, the TPL is still larger than 1.0 even at the smallest
distance of s = 0.5 nm. This behavior is completely different
from that observed for the moderate NS shown in Figure 4b,
where the INOR is only ∼0.23−0.33 at s = 0.5 nm. For θ = 90°, a
monotonic increase in INOR is observed with decreasing s. This
feature enables us to easily discriminate small NSs from large
ones, and it originates from the slightly detuning of the
excitation wavelength (800 nm) from the LSPR of the GNR
(795 nm). For the large NS, the evolution of the TPL is quite
similar to that observed for the moderate NS. However, the
minimum INOR observed at s = 0.5 nm is quite small for all
moving directions. In addition, the maximum INOR observed for
θ = 0° reaches ∼1.66 at a large distance of s = 7.5 nm. For θ =
90°, the INOR begins to decrease at s = 10 nm. All these

behaviors indicate that the large NS starts to influence the TPL
of the GNR at a much longer distance. In other words, it is
easier to detect large NPs.
In order to see the influence of the emission efficiency on the

TPL, we calculated the evolution of the absorption spectrum in
the visible spectral region (450−650 nm) with increasing
distance between the Au NS (ϕ = 12 nm) and the GNR, as
shown in Figure7b. It can be seen clearly that the change in
absorption, which implies a modification in the electric field
inside the GNR and NS, occurs mainly at the SPR of the Au NS
(530 nm). If we choose to detect the TPL at this wavelength,
the modification in the emission efficiency in the TPL has to be
taken into account. In comparison, the change in the emission
efficiency of the TPL can be neglected for a detection
wavelength far from the SPR of the Au NS. In Figure 7c, we
compare the evolution of INOR of the system calculated for
three different detection wavelengths (475, 550, and 625 nm).

Figure 6. Contribution of the Au NS with a diameter of 12 nm to the
total TPL of the system (GNR+NS) when it approaches the GNR
from different directions (θ = 90°, 30°, and 0°).

Figure 7. Evolution of the absorption spectrum of the system (GNR +
NS) in the spectral range of 0.78−0.85 μm (a) and of 0.45−0.65 μm
(b) when the Au NS (ϕ = 12 nm) approaches the GNR from far place
along the direction with θ = 0°. The dependences of the normalized
TPL on the distance calculated by using eq 2 for different detecting
wavelengths and by using eq 4 are compared in panel c.
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It can be seen that the evolution of INOR appears to be similar
for λem = 475 and 625 nm. For λem = 550 nm, the maximum
TPL appears to be larger due to the pronounced lightening
effect of the Au NS at its SPR.
In practice, one can detect the TPL in a broad wavelength

range or at a specific wavelength. When the polarization-
dependent TPL of a GNR is measured, we usually choose to
detect the TPL of the GNR in a broad wavelength range in
order to enhance the signal-to-noise ratio. In this case, we need
to consider an averaged emission efficiency over a broad
wavelength range for the TPL. As a result, the influence of the
polarization on the emission efficiency may become negligible.
In Figure3, we also present the calculated polarization-
dependent TPL of the GNR by using eq 4 in which only the
TPA cross section is taken into account, as shown by the solid
circles. It can be seen that the polarization-dependent TPL
without considering the emission efficiency follows exactly a
function of cos4 α, implying that the effect of emission
efficiency has been smeared out when the average over a broad
wavelength range is taken into account. For the GNR-based
sensor studied in this paper, the detection of the normalized
TPL at a specific wavelength is preferred for Au NSs because
the sensitivity can be further enhanced by exploiting the
lightening effect of the Au NSs at their SPRs.
In practice, one can choose to detect the modification in the

linear (e.g., absorption or scattering) or nonlinear optical
signals (e.g., TPL) of the GNR induced by NSs. In order to
show the higher sensitivity offered by detecting the nonlinear
optical properties of the GNR, we compare the dependences of
the normalized absorption, scattering, and TPL intensities on
the distance between the Au NS (ϕ = 12 nm) and the GNR, as
shown in Figure 8. It is apparent that the maximum TPL

intensity is larger than those of the absorption and scattering,
and it appears at a larger distance. In addition, the minimum
TPL intensity is also smaller than those of the absorption and
scattering, implying that a higher sensitivity can be achieved by
detecting TPL.
Dependence of TPL on Particle Material. Apart from the

moving direction and size of NSs, the TPL-based sensor
proposed here can also discriminate particle material. In Figure
9, we present the calculation results for Si NSs with three
different diameters of ϕ = 6, 12, and 24 nm. The dispersion in
the refractive index of Si was considered, and its refractive

indexes at 800 and 550 nm were chosen to be 3.681 + 0.005 i
and 4.077 + 0.028 i, respectively.26 For the NS with ϕ = 6 nm, a
monotonic increase in INOR is observed for all moving
directions. The maximum INOR, which is about 1.35, is observed
at s = 0.5 nm for θ = 30°. For the NS with moderate size, a
decrease in INOR is found for θ = 0° and 30° when the distance
becomes smaller than 2.0 nm. However, the INOR at the smallest
distance of 0.5 nm is still larger than 1.0 for both cases. This
behavior is quite similar to the Au NS with ϕ = 6 nm. For the Si
NS with ϕ = 24 nm, the evolution of the INOR with decreasing
distance is quite similar to that observed for the Au NS with the
same size because of the large refractive index of Si.
In Figure 10, we present the calculation results for SiO2 NSs

with three different diameters (ϕ = 6, 12, and 24 nm). Similarly,
the dispersion in the refractive index of SiO2 was taken into
account, and its refractive indexes at 800 and 550 nm were
chosen to be 1.4533 and 1.4599, respectively.26 In all cases, we
observe a monotonic increase in INOR. However, the maximum
INOR, which is found at s = 0.5 nm, increases with increasing
diameter of NSs. For the NS with ϕ = 6 nm, the maximum INOR
is only 1.03. It increases to about 1.16 for the NS with ϕ = 24
nm.
The different responses of the GNR to the approaching NSs

made of different materials (metal, semiconductor, and

Figure 8. Comparison of the sensitivities of the GNR-based sensor for
detecting linear and nonlinear optical signals. The dependences of
TPL, absorption, and scattering intensities on the distance between the
Au NS (ϕ = 12 nm) and the GNR are presented.

Figure 9. Evolution of the normalized TPL of the system (GNR+NS)
when Si NSs with different diameters (ϕ = 6, 12, and 24 nm) approach
the GNR from different directions (θ = 90°, 30°, and 0°).

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp405403g | J. Phys. Chem. C 2013, 117, 20146−2015320151



dielectric) shown in Figures 4, 9, and 10, which are manifested
in the modification of the TPL, enable us to discriminate
particle material. However, the determination of particle
material usually needs other information about NPs such as
their sizes and locations, and the later information is not easy to
be obtained in practice. From Figures 4, 9, and 10, one can
easily find the advantage of choosing an excitation wavelength,
which is slightly detuned from the LSPR of the GNR. The
normalized TPL of the system remains larger than 1.0 for all
small NSs with ϕ = 6 nm, implying that one can easily
discriminate small NPs from large ones based on this feature.
Dependence of Response and Sensitivity on the Size

of GNR. The sensitivity of the sensor proposed here depends
strongly on the size of the GNR. Here, we compare the
performance of the sensor discussed above with that of a
smaller sensor whose length (23 nm) and diameter (6 nm) are
only half of those of the GNR. Since a redshift in LSPR is found
for GNRs with increasing volume when the aspect ratio is
fixed,33 the aspect ratio of the small GNR is slightly increased
from 3.75 to 3.83 so that its LSPR still appears at 795 nm. In
Figure 11, we compare the response behaviors of the two
sensors in the sensing of an Au NS with ϕ = 12 nm and θ = 0°.
Although the evolution of INOR for the two sensors with

decreasing distance appears to be similar, a detailed inspection
reveals that the sensor based on the small GNR possesses
higher sensitivity as compared to that built with the moderate
GNR. In Figure 11, it can be seen that the maximum changes in
INOR achieved by the two sensors are almost the same.
However, the small sensor reaches its maximum INOR at s = 4.5
nm, while the moderate one reaches its maximum INOR at a
smaller distance of s = 3.5 nm. In addition, the minimum INOR
observed for the small sensor is 0.07, while that observed for
the moderate one is 0.23. These two features clearly indicate
that the small sensor possesses higher sensitivity as compared
to the moderate one. There are two possible reasons that are
responsible for the higher sensitivity achieved by the small
sensor. For the small GNR, the extinction is completely
dominated by absorption and scattering is almost negligible.
With increasing size, scattering becomes more and more
important, and it begins to influence TPA process because the
electric field inside the GNR and thus the absorption becomes
weaker. On the other hand, the sensitivity is thought to depend
on the relative volume of the sensor with respect to the NP
being detected. The sensitivity is high when the volume of the
sensor is comparable to or smaller than the NP.
In Figure 11, we also present the calculation results for a

large GNR with a length of 87 nm and a diameter of 24 nm. Its
LSPR is also located at 795 nm by slightly decreasing the aspect
ratio from 3.75 to 3.63. It can be seen that the INOR increases
monotonically when the Au NS approaches the GNR from a far
place. A rapid increase in the INOR is observed for s < 10 nm and
the maximum INOR reaches ∼3.0 at the smallest distance of s =
0.5 nm. The nonlinear optical response of the large GNR is
completely different from those observed for the moderate and
small GNRs. It is because that the size of the Au NS is much
smaller than that of the GNR and its influence to the TPL is
positively even at a small distance of s = 0.5 nm. Therefore,
various information on a NP can be extracted by arranging
several GNRs with different sizes on the moving path of the
NP.

4. CONCLUSIONS
In summary, we have proposed a simple numerical method to
evaluate the TPL emitted by a GNR and systematically
investigated the modification in the TPL of the system when an
NS approaches the GNR from far place. It was found that the
change in the TPL is sensitive to the size, material, and moving

Figure 10. Evolution of the normalized TPL of the system (GNR
+NS) when SiO2 NSs with different diameters (ϕ = 6, 12, and 24 nm)
approach the GNR from different directions (θ = 90°, 30°, and 0°).

Figure 11. Comparison of the response and sensitivity of the sensors
built with small, moderate and large GNRs. An Au NS with ϕ = 12 nm
and θ = 0° is used as a probe.
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direction of the NS. Consequently, the evolution of the TPL of
the system exhibits different response behaviors when NSs of
different sizes and materials approach the GNR from different
directions. It was also revealed that the sensitivity and response
of the GNR-based sensors depend strongly on their sizes. The
results presented in this work clearly indicates that the
nonlinear optical properties of GNRs, such as TPL studied in
this paper, are more sensitive to the change in the environment
surrounding the GNRs than their linear optical properties.
Therefore, sensors with high sensitivity and multiple functions
can be realized by monitoring the change in the nonlinear
optical signals of the GNRs.
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(10) Grzelczak, M.; Peŕez-Juste, J.; Mulvaney, P.; Liz-Marzań, L. M.
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