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Abstract The interaction of light with a single gold nanorod
(GNR) depends strongly on the polarization and wavelength
of the light. For isolated GNRs, the maximum of the polariza-
tion (wavelength)-dependent linear and nonlinear absorption
appear at the same excitation polarization (wavelength). Here,
it is demonstrated that these relationships can be manipulated
in a GNR assembly composed of randomly distributed and ori-
ented GNRs by controlling the plasmonic coupling strength be-
tween GNRs. It is revealed that the strongly localized modes
resulting from the plasmonic coupling of GNRs play a crucial
role in determining these relationships. For a GNR tetramer, it
is shown by numerical simulation that the maximum two-photon
absorption achieved at a particular polarization can be switched
to the minimum absorption and vice versa by controlling the cou-
pling strength. More importantly, it is demonstrated both numer-
ically and experimentally that the two-photon-absorption peak
of a GNR assembly can be made to be different from its single-
photon-absorption peak by increasing the coupling strength.
Both properties are distinct from previous experimental obser-
vations. Our findings provide a useful guideline for engineer-
ing the interaction of light with complex plasmonic systems.
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1. Introduction

Localized surface plasmon polaritons or surface plasmon
resonances (SPRs) excited in metallic nanoparticles (NPs)
have attracted great interest due to their potential applica-
tions in various fields of nanoscale science and technology
[1], such as surface-enhanced Raman scattering [2–5], five-
dimensional optical data storage [6–9], and plasmonic res-
onant solitons [10]. The significant enhancement in Ra-
man signal was achieved by the strongly localized electric
field on the surfaces of NPs [2–5], while the polarization
and wavelength multiplexing in optical data storage was
realized by exploiting the dependence of the two-photon-
induced luminescence (TPL) of gold nanorods (GNRs) on
excitation polarization and wavelength [6–9]. So far, GNRs
are the most intensively and extensively studied NPs not
only because of their tunable linear extinction [11–13], but
also because of their compelling nonlinear optical prop-
erties [14, 15], such as second-harmonic generation [16]
and two-photon absorption (TPA) [17, 18]. When the lon-
gitudinal surface plasmon resonance (LSPR) of a GNR
is excited in the linear regime, it may decay radiatively
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or nonradiatively, corresponding to the scattering and lin-
ear or single-photon absorption (SPA) of the GNR [19].
However, the nonlinear optical processes need to be con-
sidered when the electric field inside the GNR is strong
enough to initiate the interband transition through TPA
[20]. In this case, the elastic scattering of the incident
light leads to the second-harmonic generation [16]. Al-
ternatively, the generated electrons can relax to the en-
ergy states above the Fermi level and recombine radia-
tively, giving rise to the TPL [17, 20, 21]. In recent years,
the nonlinear optical properties of gold NPs have received
growing research effort because they can offer higher
resolutions in both the spatial and frequency domains
[6–9, 16, 20–35].

The resonances of nanostructures are confirmed to be an
effective tool to enhance light–matter interaction [36–38].
Engineering the optical absorption of a plasmonic structure
can be realized by utilizing resonant interaction [39,40]. For
example, the plasmonic coupling between gold NPs will
modify their linear optical properties and the coupling of
two gold NPs has been extensively investigated [36,40–46].
Increasing attention has been paid to the effects of
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plasmonic coupling on the nonlinear optical properties of a
GNR assembly [47,48]. To date, several groups have shown
independently that the TPA peak coincides with the SPA one
for GNR assemblies with low volume densities of GNRs
[8, 24]. More interestingly, laser-assisted tailoring of the
SPA is demonstrated to be efficient in a GNR assembly
composed of uncoupled GNRs [49]. However, the situa-
tion could be different when strong plasmonic coupling
is introduced. Very recently, Klaer et al. have shown that
the polarization dependence of the SPA and three-photon
absorption can be different in cross antennas, demonstrat-
ing the possibility of tailoring the nonlinear absorption by
plasmonic coupling [47].

In this paper, we investigate numerically and exper-
imentally the effects of plasmonic coupling on the TPA
of complex plasmonic systems composed of GNRs by us-
ing a GNR tetramer and a GNR assembly as examples.
The former structure is used to study the effects of plas-
monic coupling on the polarization-dependent TPA of the
GNR tetramer while the latter one is used to study the ef-
fects of plasmonic coupling on the wavelength-dependent
TPA of the GNR assembly. Except for the difference be-
tween polarization-dependent SPA and three-photon ab-
sorption in different plasmonic structures [47], we find
that the polarization dependence of the TPA in the same
GNR tetramer can be flipped with sufficiently strong plas-
monic coupling. In particular, we demonstrate that the
wavelength-dependent TPA of a GNR assembly can be
manipulated by adjusting its macroscopical parameters,
leading to the separation of the absorption peaks between
the linear and the nonlinear cases. This finding is cru-
cial for various applications utilizing plasmonic systems,
such as the wavelength multiplexing in five-dimensional
optical data storage [6–9] and high-resolution imaging
based on GNRs [20, 21, 26]. The physical mechanisms re-
sponsible for these counter-intuitive phenomena are also
unveiled.

2. Methods

2.1. Numerical method

The finite-difference time-domain (FDTD) technique was
employed to calculate the absorption spectra of the plas-
monic systems composed of GNRs and the electric field dis-
tributions in the constituent GNRs [50]. A nonuniform grid
with the smallest grid size of 0.5 nm as well as the perfectly
matched layer boundary condition was adopted in the nu-
merical simulations. It was confirmed that the linear absorp-
tion of a GNR is determined by the integration of the electric
field intensity over the volume of the GNR times the imagi-
nary part of the complex dielectric constant of gold [51]. For
the nonlinear absorption of a GNR (i.e. TPA), we have es-
tablished a numerical method [18] whose validity has been
verified by the polarization-dependent TPL of the GNR. It is
in good agreement with the experimental observations [24].
As an approximation, the nonlinear absorption of a GNR is

proportional to the integration of |E |4 over the volume of
the GNR. Actually, similar methods have been employed
to evaluate the TPL emitted by GNRs and gold nanoprisms
[26, 27, 30].

2.2. Experimental method

In our experiments, GNRs with an average diameter of
∼8 nm and an average length of ∼35 nm were uniformly
distributed in polyvinyl alcohol (PVA) films with a thick-
ness of ∼10 μm. The coupling strength between GNRs
was controlled by adjusting the volume density of GNRs.
The volume density of GNRs in a GNR–PVA film was
determined by the optical density (OD) of the aqueous
solution of GNRs. The formula used to calculate OD is
OD = log10(1/T ), where T is the transmission of light
through the aqueous solution of GNRs contained in a
sample cell with a thickness of 1 cm. The concentration
of PVA in the mixed solution (GNR solution + PVA)
is ∼5% (wt); the volume density of GNRs in the fabri-
cated GNR–PVA film is about 20 times larger than that
in the corresponding aqueous solution. The linear absorp-
tion of GNRs was characterized by measuring the trans-
mission spectra of the GNR–PVA films with a microscope
(Observer Z1, Zeiss) equipped with a spectrometer (SR-
500I-B1, Andor) and a charge-coupled device (DU970N,
Andor). The nonlinear absorption of GNRs was charac-
terized by measuring the excitation spectra of the GNR–
PVA films with a laser scanning confocal microscope
system (LSM780 NLO, Zeiss) equipped with a tunable
femtosecond laser (Chameleon ULTRA II Coherent). The
linear absorption spectra can be derived from the transmis-
sion spectra while the excitation spectra of TPL indicate
directly the nonlinear absorption spectra. A femtosecond
laser with a pulse duration of ∼140 fs and a repetition
rate of 80 MHz was focused on the GNR–PVA film by
using the 63× objective (NA = 1.3) of the confocal mi-
croscope. For the measurements of the TPA spectra, the
laser light was focused in the middle part of the film thick-
ness where the maximum TPL intensity was achieved. The
laser pulse energy for each excitation wavelength is set
to be a constant (0.6 pJ). We collected TPL in the wave-
length range from 494 to 592 nm. Zero data points were
obtained for wavelengths shorter than 840 nm because the
signals were under the detection threshold of the fluores-
cence detector of the laser scanning confocal microscope
system.

3. Results and discussion

So far, there are two major physical models for the TPL of
GNRs. One is the sequential absorption of two individual
photons [22, 23] and the other one is the simultaneous ab-
sorption of two photons [24]. Very recently, it was proposed
that the multiphoton luminescence in NPs of noble metals
is caused by the recombination of hot electrons within the
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Figure 1 (a) Schematic of the GNR tetramer formed by two pairs
of GNRs. α indicates the polarization angle of the excitation plane
wave. The diameter and length of the GNRs are 12 and 45 nm.
g is the smallest gap width between two GNRs perpendicular to
each other. (b) Schematic of the GNR array composed of 10 ×
1 × 10 randomly oriented GNRs whose centers are arranged into
a square lattice. The diameter and length of the GNRs are 6 and
25 nm. θ and ψ indicate the random rotational angles of the
GNRs referring to x and y axes, respectively. Each GNR can be
identified by its row (m) and column numbers (n) in the form of
(m, n), as marked in the figure.

conduction band [25]. Although the physical mechanisms
for the TPL of GNRs remain controversial, the TPL ex-
hibits a quadratic dependence on excitation intensity in our
cases. For this reason, it is reasonable to use the integration
of |E |4 over the volume of a GNR to characterize its TPA
[18, 26, 27].

Figure 1a shows the GNR tetramer under consideration.
The coupling strength between GNRs can be adjusted by
varying the gap width g. In Fig. 2a, we show the SPA spectra
calculated for the tetramers with different gap widths. It is
found that the absorption peak shifts to longer wavelengths
with decreasing gap width [41–46]. In addition, the SPA of
the tetramer is independent of the polarization angle in all
cases, similar to previous results [52], as shown by the open
circles in Fig. 2b. We also present the corresponding nor-
malized polarization-dependent TPA. Different from single
GNRs whose polarization-dependent TPA (or TPL) follows
a function of cos4 α [24], the polarization-dependent TPA of
the tetramer exhibits a function of A cos4(2α + φ), where
A is a constant and φ is a phase angle. Comparing with
the cases with weaker coupling (g ≥ 2 nm), a reversal of
the polarization-dependent TPA is observed in the case of
stronger coupling (g = 1 nm), i.e. the polarization angles
for the minimum TPA become the ones for the maximum
TPA.

In order to find the physical origin of this behavior,
we compare the |E |4 distributions for the tetramers with
g = 1 nm and g = 2 nm at α = 0◦ and 45◦, as shown in
Fig. 3. To obtain a better visualization, the electric field
outside the GNRs has been intentionally filtered out be-
cause only the electric field inside the GNRs contributes
to the absorption of the GNRs (see Supporting Information
Fig. S1 for the original one). As can be seen from these
figures, the variation of TPA is induced by the polarization-

Figure 2 (a) Evolution of the SPA spectrum of the GNR tetramer
with decreasing gap. The excitation plane wave polarized along
the z axis is incident on the GNR tetramer along the y axis (see
Fig. 1a). (b) Polarization dependence of the SPA and TPA of
the GNR tetramers with different gap widths at their resonant
wavelengths. A single GNR case is also provided for comparison.

dependent electric field distribution in the GNRs where the
concentration of electric field near the tips of the GNRs
would modify the TPA significantly. We notice the appear-
ance of the coupling-induced strongly localized electric
field in the neighboring GNRs when g = 1 nm, as shown in
the insets of Fig. 3a and b. In this case, the maximum of |E|4
inside the GNRs of the α = 45◦ case is greatly enhanced and
becomes larger than the α = 0◦ one, leading to the reversal
of the polarization-dependent TPA. For the weaker cou-
pling case (i.e. g = 2 nm), the maximum of |E |4 inside the
GNRs of the α = 0◦ case is larger than the α = 45◦ one
(see the insets in Fig. 3c and d).

It would be interesting to find whether the plasmonic
coupling has an effect on the wavelength-dependent TPA.
For a single GNR or uncoupled GNRs, the SPA and TPA
peaks are coincident with the LSPR of the GNR [8, 24].
However, we show in the following that this conclusion is
no longer valid for a GNR assembly in which the strong
plasmonic coupling is present. A representative physical
model used to study the coupling-induced modulation in
the TPA of the GNR assembly is schematically shown in
Fig. 1b. It is a GNR array composed of 10 × 1 × 10 GNRs
with random orientations. The GNRs are placed on a square
lattice with a lattice constant of S. The GNRs in the 10 ×
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Figure 3 Distributions of |E |4 calculated for the GNR tetramers
with (a) g = 1 nm and α = 0◦, (b) g = 1 nm and α = 45◦, (c) g = 2
nm and α = 0◦, (d) g = 2 nm and α = 45◦, respectively. The color
bar is presented in logarithmic scale. Zoom-in views of the cou-
pling region are provided in the dashed squares. Double arrows
indicate the excitation polarizations. All the electric field distri-
butions are calculated at their corresponding linear absorption
peaks.

1 × 10 array are assumed to be identical with a length of
L = 25 nm and a diameter of D = 6 nm. The orientations
of each GNR, determined by ψ and θ marked in Fig. 1 b,
follow a uniform random distribution. In practice, GNRs
with small and large θ are seldom observed when they
are uniformly dispersed in a polymer film. Therefore, we
assume that −20◦ < θ < 20◦ and 0◦ < ψ < 360◦, which
do not influence the main conclusions drawn in this work.
Although it is difficult to quantitatively characterize the
coupling strength between randomly orientated GNRs in
the GNR array, it would be an effective way to control the
coupling strength between adjacent GNRs by varying the
lattice constant S. Such model provides us with a platform to
qualitatively study the effects of plasmonic coupling on the
TPA of GNR–polymer composites, which are considered
as a promising medium for ultra-high-density optical data
storage [6–9].

The normalized SPA spectra of the GNR arrays with
different lattice constants are shown in Fig. 4a. With de-
creasing S, a slight red shift of the SPA peak as well as
a significant broadening of the LSPR is observed, in good
agreement with the experimental observations [53]. For the
GNR array with weak coupling (S = 2L), the SPA and
TPA peaks coincide (λ = 910 nm). For the GNR array with
strong coupling (S = 1L), the SPA peak appears at 1000 nm
while the TPA peak appears at 1070 nm. We also provide
the results in the intermediate regime for S = 1.04L , 1.08L ,
and 1.12L , where the peak of TPA is close to the SPA one
(see Supporting Information Fig. S2). In order to interpret
this phenomenon, we calculated the SPA and TPA spec-

tra of individual GNRs in the array with strong coupling
(S = 1L). As compared with the uncoupled case in which
both the SPA and TPA peaks appear at 870 nm, the SPA
and TPA spectra of most GNRs were found to be modi-
fied, manifested as new peaks in the SPA and TPA spectra.
In Fig. 4b, we present the results for four typical GNRs
(1,3), (9,4), (7,8), and (3,3) identified by their correspond-
ing row and column numbers in the array, respectively. For
the (1,3) GNR, one can see a main peak at 870 nm (the
LSPR of uncoupled GNRs) and a small one at 1030 nm.
The small peak originates from the end-to-end coupling be-
tween GNRs and thus it is red shifted. For the (9,4) GNR,
three peaks located at 830, 930, and 1000 nm can be ob-
served. The main peak has been shifted to 930 nm, implying
that the coupling strength is increased as compared with the
(1,3) GNR. The small peak at 830 nm results from the side-
by-side coupling and thus it is blue shifted. For the (7,8) and
(3,3) GNRs, the main absorption peak has been shifted to
1000 and 1060 nm, respectively. In these cases, the strongly
localized modes (or coupling-induced hot spots) dominate
the absorption, as evidenced by the hot spots near the tips
of GNRs shown by the |E |4 distribution in the insets. The
coupling-induced wavelength shifts of the main absorption
peak are different for different GNRs, leading to distinct
SPA and TPA quantities at the main absorption peaks, as
indicated by the corresponding values marked in Fig. 4b.
Since a larger shift of absorption peak is caused by a
stronger coupling strength, it implies enhanced SPA and
TPA facilitated by coupling-induced hot spots. Therefore,
the larger the shift of the absorption peak, the larger the
SPA and TPA are. It is noticed that the SPA and TPA peaks
of individual GNRs remain coincident. However, the SPA
and TPA peaks no longer appear at the same wavelength for
the GNR array with strong coupling, as will be addressed
in the following. In Fig. 4c, we present statistics for the
dominant absorption peaks (i.e. the peaks with the largest
SPA or TPA) of the GNRs in the GNR array with S = 1L .
It can be seen that both the dominant SPA and TPA of the
GNRs are mainly distributed in four wavelength regimes
centered at 870, 920, 1000, and 1070 nm with the largest
number appearing at ∼1000 nm (see the upper panel of
Fig. 4c). We also calculate the averaged SPA and TPA for
all the GNRs at their dominant absorption wavelengths (see
the lower panel of Fig. 4c). The averaged SPA and TPA at
different wavelengths increase with increasing shift of the
dominant absorption peak. Basically, the SPA and TPA of
the GNR assembly at a certain wavelength are not only af-
fected by the averaged SPA and TPA at this wavelength but
also by the number of GNRs whose dominant absorption
peaks appear at the same wavelength. In Fig. 4c, it is no-
ticed that the averaged TPA increases more rapidly than the
averaged SPA when the dominant absorption peak is red
shifted. Although there are only a few GNRs at 1070 nm,
they possess a very large TPA because of the quartic depen-
dence of the TPA on the electric field amplitude. As a result,
the TPA of the GNR array is dominated by these GNRs,
leading to a TPA peak at 1070 nm. In comparison, the SPA
peak appears at 1000 nm because the averaged SPA at
1070 nm and that at 1000 nm are of the same order.

www.lpr-journal.org C© 2016 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



LASER
&PHOTONICS
REVIEWS

830 Jin-Xiang Li et al.: Manipulating light–matter interaction in a gold nanorod assembly

Figure 4 (a) Normalized SPA and TPA spectra calculated for GNR arrays with different lattice constants. (b) Normalized SPA and
TPA spectra calculated for four typical GNRs (1,3), (9,4), (7,8), and (3,3) marked by their corresponding row and column numbers
in the GNR array with S = 1L. The exact quantities for the maximum SPA and TPA are given in the insets. The distributions of |E |4
for the GNRs are shown in the insets, which share the same color scale. (c) Statistics of dominant resonant absorption wavelengths
for the constituent GNRs in the array with S = 1L (upper panel) and the dependence of the averaged SPA and TPA on the dominant
absorption wavelength (lower panel). Solid lines are provided to guide the eye. (d) SPA of all the GNRs in the arrays with different
lattice constants presented in a descending order. The TPA of the corresponding GNRs is also presented. Green ellipses outline some
representative GNRs (S = 1L) whose TPA is modified significantly by the plasmonic coupling compared with the S = 2L case. For
each GNR array, the excitation wavelengths are chosen at the SPA peak and the excitation polarization is along the z axis.

Therefore, the SPA peak is mainly determined by the num-
ber of GNRs on resonance.

It can be seen from Fig. 4b that strong end-to-end cou-
pling not only induces a large red shift of the absorption
peak but also significantly enhances the electric field inside
GNRs and thus their absorption. In principle, strong enough
end-to-end coupling is necessary to observe the separation
between the linear and nonlinear absorption peaks, which
is expected to occur at S = 1L in this model. In this case,
the nonlinear absorption of the GNR array is dominated
by several GNRs with the largest red shift in nonlinear ab-
sorption peaks, as evidenced by the statistical results shown
in Fig. 4c. This explains why the SPA and TPA peaks are
separated in the GNR array with strong coupling (S = 1L).
We further calculate the SPA and TPA of the constituent
GNRs in the arrays with different lattice constants at their
SPA peaks. For each GNR array, we present the SPA of
all the GNRs in a descending order and then provide the
TPA for the corresponding GNRs, as shown in Fig. 4d. For
the GNR array with S = 2L (weak coupling), the TPA of
the corresponding GNRs also exhibits a decreasing trend.
In the GNR array with S = 1L (strong coupling), certain
peaks are found in the TPA distribution (see the green el-

lipses). To gain a deep insight into this behavior, we inspect
the |E |2 and |E |4 distributions in the peculiar GNRs and
their neighbors (see Supporting Information Fig. S3). As
expected, a common feature found in these peculiar GNRs
is the concentration of electric field at small regions near
the caps of the GNRs, similar to that observed in Fig. 3a
and b. Although the appearance of such peaks may depend
on the configuration of the GNR array, our conclusion on
the coupling-induced modulation of TPA is robust because
we consider a GNR assembly in which the orientations
of GNRs are chosen to follow a uniform random distri-
bution. Furthermore, we keep the GNRs with the top five
TPA in the array unchanged and enlarge the distance of
the remaining GNRs, as shown in Fig. 5a. By comparing
the absorption spectra shown in Fig. 5b with those shown
in Fig. 4a, we can conclude that two GNR clusters (en-
closed by the red ellipses in Fig. 5a) dominate the TPA
of the array while they have negligible influence on the
SPA of the array. It means that such clusters play a crucial
role in separating the SPA and TPA peaks. We have con-
sidered a three-layer GNR model (GNR arrays composed
of 10 × 3 × 10 GNRs) to further verify this phenomenon
(see Supporting Information Figs. S4–S7). As can be seen
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Figure 5 (a) Schematic showing the GNR array containing GNR
clusters which are enclosed by the red ellipses. It is evolved from
the GNR array with S = 1L by keeping the GNRs with the top five
TPA unchanged and enlarging the distance between the remain-
ing GNRs. (b) Normalized SPA and TPA spectra calculated for
the GNR array shown in (a) where the distance between GNRs
(except those in the GNR clusters) is chosen to be 1.2L or 2L.

in Fig. 4b, three dominant peaks are usually observed
in the absorption spectra of the constituent GNRs which
originate from the side-by-side, weak end-to-end, and
strong end-to-end coupling of GNRs, respectively. This be-
havior is general and it is verified by a more complex model
in which both the positions and the orientations of GNRs
are set to be random (see Supporting Information Figs. S8–
S10). All these results suggest that plasmonic coupling can
induce significant modulation of the light–matter interac-
tion in a GNR assembly, resulting in certain exceptional
polarization- and wavelength-dependent nonlinear optical
responses of the GNR assembly.

In practice, the experimental demonstration of the re-
versal of the polarization-dependent TPA expected for the
GNR tetramers shown in Fig. 1a is a big challenge because
of the difficulty in the fabrication of the small gap width
down to 1 nm, even with the state-of-the-art electron-beam
lithography and focused ion beam etching technologies.
For this reason, we chose to demonstrate experimentally

Figure 6 Transmission spectra (a) and excitation spectra of the
TPL (b) measured for GNR–PVA films with OD = 3 and 24 at
different locations (C0 to C4). The photographs of GNR–PVA films
are shown by the insets of (a).

the separation between the SPA and TPA peaks induced by
plasmonic coupling in a GNR assembly. In experiments,
we fabricated GNR–PVA films by using an aqueous solu-
tion of GNR–PVA in which the volume density of GNRs is
proportional to the optical density (OD) of the solution and
measured their SPA and TPA spectra. The quality of the
used GNRs is good (see Supporting Information Fig. S11a
and b for the morphology of GNRs dispersed in air and
PVA, respectively). Experimental details can also be found
in the Method section. Although a quantitative evaluation
of the coupling strength between GNRs in the GNR–PVA
films is very difficult, we can simply control the coupling
strength by using GNR–PVA solutions with different OD
values to obtain GNR–PVA films with different volume
densities of GNRs. Therefore, the OD value of the GNR–
PVA solution is an effective factor to control the possibility
for the appearance of GNR clusters and thus it can be used to
control the coupling strength between GNRs in our experi-
ment (see Supporting Information Fig. S12). A comparison
of the normalized SPA and TPA spectra measured at dif-
ferent positions of the GNR–PVA films fabricated by using
OD values of 3 and 24 is presented in Fig. 6. In Fig. 6a,
we show the transmission spectra measured at different po-
sitions of two GNR–PVA films fabricated by using OD
values of 3 and 24 in which two valleys corresponding to
the transverse and longitudinal SPRs of GNRs are clearly
seen. The photographs of the two samples are provided in
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the insets. For the sample with OD = 3, the SPA peaks
corresponding to the transmission valleys at the long wave-
length appear at ∼800 nm. For the sample with OD = 24,
one can clearly see a broadening of the transmission spec-
trum, indicating that the coupling strength between GNRs
is enhanced by increasing OD. However, the SPA peak re-
mains unchanged with a shoulder appearing at a longer
wavelength. The side-by-side coupling between GNRs is
responsible for the compensation of the red shift [41–46].
It should be noted that the transmission for the two samples
only differs by a factor of ∼4 at best because the plas-
monic coupling enlarges the line width of the extinction. In
Fig. 6b, we present the normalized SPA and TPA spectra
measured at different positions of the two samples (see loca-
tions marked in the insets of Fig. 6a). It can be seen that the
TPA peaks for the sample with OD = 3 appear at ∼800 nm
(locations C0 and C1), consistent with the SPA peak. In
sharp contrast, the TPA peaks for the GNR–PVA film with
OD = 24 exhibit a strong dependence on the local volume
density of GNRs and appear at longer wavelengths ranging
from 880 to 920 nm (see the spectra measured at locations
C2, C3, and C4). The differences in the volume density of
GNRs at different locations are manifested as distinct res-
onance widths in the transmission spectra shown in Fig. 6a
and different red shifts of the TPA peaks with respect to the
SPA ones shown in Fig. 6b. A large red shift (∼120 nm) of
the TPA peak with respect to the SPA peak is experimen-
tally observed for the location C4, where the volume density
of GNRs is expected to be the largest. Such experimental
observation indicates that the coupling-induced modulation
of TPA is substantial. It means that the correspondence be-
tween SPA and TPA in uncoupled GNRs no longer holds for
GNR assemblies with strong coupling. Most importantly,
the maximum TPA is no longer achieved at the SPA peak
for the GNR assembly with strong enough coupling and
the position of the TPA peak depends strongly on the cou-
pling strength. Although the wavelength shift of the TPA
peak depends on the measured position in our GNR–PVA
films, it is still possible to engineer the TPA of the GNR
assembly provided that we can control the volume density
of GNRs. As can be seen from the insets in Fig. 6a, the
volume density of GNRs in the GNR–PVA films appears
to be radius dependent. The TPA spectra measured at the
positions with close color are quite similar, implying that
tailoring the TPA of a GNR assembly is possible by em-
ploying sophisticated self-assembling technologies. From
the technological point of view, it is a big challenge to char-
acterize the three-dimensional distribution of GNRs in a
10-μm-thick sample by using transmission electron micro-
scope measurements and relate it to the numerical calcu-
lation. However, our numerical results obtained using the
simple model of GNR arrays and the complicated model of
GNR assemblies composed of randomly distributed GNRs
provide strong support to the conclusion that the plasmonic
coupling between GNRs can be utilized to manipulate the
interaction between light and a GNR assembly.

It should be noted that the onset of the quantum tun-
neling effect, which will reduce the field enhancement me-
diated by plasmonic coupling, is expected to occur at a

separation of about 0.31 nm [54, 55]. Although the quan-
tum tunneling effect will offer another degree of freedom to
tailor the light–matter interaction in disordered plasmonic
systems, it has no influence on the conclusions drawn in
this work based on our numerical and experimental results
[54, 55].

4. Conclusions and outlook

In summary, we have investigated the effects of plasmonic
coupling on the linear and nonlinear absorption properties
of GNR assemblies. It is found that both the polarization and
wavelength dependence of the TPA can be manipulated by
controlling the plasmonic coupling, facilitating the efficient
TPL generation. We show by numerical simulation that
the polarization angle at which the maximum two-photon
absorption of a GNR tetramer appears can be switched
to the one with the minimum two-photon absorption and
vice versa by controlling the coupling strength. We further
demonstrate both numerically and experimentally that the
TPA peak of a GNR assembly can be different from the
SPA peak when the coupling strength is sufficiently strong.
The manipulation of light–matter interaction by control-
ling plasmonic coupling proposed in this work can also be
generalized to the case of multiphoton excitation.

Our findings are not only important for understand-
ing the fundamental physics of light–matter interaction but
also helpful for practical applications, such as surface-
enhanced Raman scattering [2–5], ultra-high-density op-
tical data storage [6–9], high-resolution imaging based
on GNRs [20, 21, 26], optical nanoantennas [36], and
thermo-plasmonics [40]. More specifically, the strategy
for manipulating the light–matter interaction in GNR as-
semblies with plasmonic coupling can be used to effec-
tively harvest optical radiation. We believe that the po-
larization and spectrum sensitivity of random hot spots
discovered in this work will find potential applications
in nanophotonic and plasmonic functional materials and
devices.
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