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Abstract The nonlinear optical properties of single gold
nanorods (GNRs) with a large diameter of ∼200 nm and a
long length of ∼800 nm were investigated by using a focused
femtosecond (fs) laser light with tunable wavelength. While
the linear and nonlinear optical properties of small-sized
GNRs have been extensively studied, the nonlinear optical
properties of large-sized GNRs and the effects of high-order
surface plasmon resonances remain unexplored. Second har-
monic generation (SHG) or/and two-photon-induced lumines-
cence (TPL) were observed in the nonlinear response spectra,
and their dependences on excitation wavelength and polariza-
tion were examined. The scattering and absorption spectra of
the small- and large-sized GNRs were compared by using the
discrete dipole approximation method. It was found that the
extinction of large-sized GNRs is dominated by scattering
rather than absorption, which is dominant in small-sized
GNRs. In addition, it was revealed that the excitation
wavelength-dependent SHG of a GNR is governed by the
linear scattering of the GNR and the maximum SHG is
achieved at the valley of the scattering spectrum. In compar-
ison, the excitation wavelength dependence of TPL is deter-
mined by the absorption spectrum of the GNR. The
polarization-dependent SHG of a GNR exhibits a strong de-
pendence on the dimension of the GNR, and it may appear as

bipolar distributions parallel or perpendicular to the long axis
of the GNR or multipole distributions.

Keywords Gold nanorods . Surface plasmon
resonances . Second harmonic generation .

Two-photon-induced luminescence . Femtosecond laser
light

Introduction

Surface plasmon polaritons (SPPs) are collective oscillations
of free electrons in metals [1]. Localized SPPs or surface
plasmon resonances (SPRs), which are generally present in
metallic micro- or nanoparticles (NPs) [2], have attracted great
interest in the past decade because of the significant enhance-
ment in electric field induced by SPRs [3]. A typical example
is surface-enhanced Raman scattering which makes it possible
for detecting the Raman signal of single molecules [4–6].
Among various metallic NPs, gold nanorods (GNRs) have
been the focus of many studies due to the chemical stability of
gold and particularly the existence of longitudinal SPRs
(LSPRs) that give rise to extremely large enhancement in
electric field [7, 8]. Other important features of the LSPRs of
GNRs include their strong dependences on the aspect ratios of
GNRs, the polarization of the excitation light, and the refrac-
tive index of the surrounding environment [9–11]. In practice,
these features have been successfully exploited to fabricate
optical functional materials and devices such as five-dimen-
sional optical storage media [12–14] and various sensors
[15–18].

So far, most studies in this field focus on the physical
properties of small-sized GNRs, including synthesis method
[19–21], self-alignment [22], electric and optical manipula-
tions [23–26], linear [27, 28] and nonlinear optical properties
[29–31], and transient optical properties [32], etc. The length
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of such small-sized GNRs is usually smaller than 100 nm. Due
to their small sizes, the extinction of such GNRs is generally
dominated by absorption and scattering is almost negligible.
Our recent study reveals that the nonlinear optical responses
of such GNRs, which are governed by two-photon-induced
luminescence (TPL), are closely related to the dominant role
of absorption in such GNRs [33].

In contrast to the intensive and extensive studies on small
GNRs, less attention has been paid to large GNRs whose
length is much larger than 100 nm. Although the practical
applications of such large GNRs remain unexplored, some
initial studies on them have been carried out. For example,
Payne et al. synthesized large GNRs with lengths longer than
1.0 μm and observed high-order SPRs in the extinction spec-
tra of the GNRs [34]. For the characterization of nonlinear
optical properties, Okamoto and Imura employed near field
excitation to investigate the TPL from large GNRs and sug-
gested consecutive absorption of two photons in the GNRs as
the physical mechanism for TPL [35].

In this article, we present a systematic study on the nonlin-
ear optical properties of single large-sized GNRs with a diam-
eter of ∼200 nm and an aspect ratio (AR) of ∼4.0 and dem-
onstrate the effects of high-order SPRs. It is found that the
nonlinear optical responses of such GNRs are still governed
by the high-order SPRs. Consequently, the excitation
wavelength-dependent SHG and TPL are determined by the
scattering and absorption spectra of GNRs. In addition, the
polarization-dependent SHG of a GNR exhibits a strong de-
pendence on the dimension of the GNR. Therefore, the non-
linear optical responses of large GNRs are more complicated
than those of small GNRs.

Description of Sample, Numerical Method,
and Experimental Setup

Sample Description

The large-sized GNRs used in our experiments were pur-
chased from Nanoparts (Salt Lake City, UT). The sizes of
GNRs were found to scatter in a large range. We analyzed the
morphologies of a large number of GNRs by using scanning
electron microscopy (SEM), and the images for some typical
GNRs are shown in Fig. 1.

In Fig. 1, we can see GNRs with different diameters rang-
ing from 200 to 280 nm and different aspect ratios ranging
from 3.27 to 5.18.Most GNRs have cigar-like shapes composed
of a cylinder and two hemispheres (see Fig. 1b, c, e, and h). In
contrast, some GNRs have irregular shapes (see Fig. 1a, d, and
g) or even have imperfections (see Fig. 1f). It is expected that the
dimensions and morphologies of GNRs play an important role
in determining their nonlinear optical responses, as demonstrat-
ed in the following.

Numerical Method and Experimental Setup

In order to understand the nonlinear optical responses of
GNRs, we employed the discrete dipole approximation
(DDA) method [36–38] to calculate the extinction, scattering,
and absorption spectra of GNRs under different excitation
conditions (different excitation wavelengths and excitation
polarizations). The electric field distributions in GNRs were
also simulated by using this method.

For the characterization of nonlinear optical properties, the
GNRs used for measurements were uniformly distributed on a
cover glass slide by dropping and drying the aqueous solution
of GNRs on the glass slide. The femtosecond (fs) laser light
delivered by a Ti:sapphire oscillator (Mira 900S, Coherent)
with a pulse duration of 130 fs and a repetition rate of 76MHz
was focused on GNRs by using the objective lens (×100,
NA=1.43) of an inverted microscope (Axio Observer A1,
Zeiss). The excitation wavelength was tunable in the wave-
length range of 760–810 nm. The emitted nonlinear signals
such as SHG and TPL were collected by using the same
objective lens and directed into a spectrometer (SR-500i-B1,
Andor) equipped with a charge-coupled device (CCD)
(DU970N, Andor) for analysis. Another CCD (DU897,
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Fig. 1 SEM images of large-sized GNRs with different diameters and
aspect ratios
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Andor) connected to the microscope was used to examine the
orientations of GNRs and the location of the excitation spot. A
combination of a half-wavelength plate and a quarter-
wavelength one was employed to adjust the polarization of
the fs laser light on the plane of the glass slide. In all mea-
surements, we carefully compared the nonlinear optical sig-
nals detected at the place with GNRs with that without GNRs
(bare glass slide). Under the maximum excitation densities we
used in the experiments, we did not observe any obvious
nonlinear optical signal from the glass slide. The vertical
resolution of the microscope is 200 nm, and the maximum
nonlinear signals were found when the laser light was focused
slightly above the glass slide where GNRs were located.

Results and Discussion

Comparison of Linear Optical Properties
Between Small-Sized and Large-Sized GNRs

As mentioned at the beginning, the linear optical properties of
small-sized GNRs with diameters ranging from several to
several tens nanometers have been extensively studied both
theoretically and experimentally [39]. Basically, one can find
two SPRs, which correspond to the transverse and longitudi-
nal oscillations of electrons, respectively, in the extinction
spectra of small-sized GNRs. While the transverse SPRs are
not so sensitive to the dimensions of GNRs, the LSPRs exhibit
a strong dependence on the aspect ratio of GNRs and their
wavelengths are shifted to longer wavelengths with increasing
aspect ratio. In general, the LSPR of a small-sized GNR
appears in the near-infrared region and its wavelength is much
larger than the dimension of the GNR. As a result, the scat-
tering of the GNR is quite small and the extinction of the GNR
is governed by the absorption [9, 33]. The calculated electric
field of the GNR reveals the existence of a large enhancement
in the electric field intensity inside or near the GNR. For the
purpose of comparison, we calculated the extinction, scatter-
ing, and absorption spectra of a small-sized GNRwith a cigar-
like shape in air, as shown in Fig. 2a. The diameter and length
of the GNRwere chosen to be 10 and 40 nm. The polarization
of the incident light was set to be parallel to the long axis of the
GNR, corresponding to a polarization angle of θ=0°. The
extinction, scattering, and absorption of the GNR are repre-
sented by the extinction, scattering, and absorption efficien-
cies which are the corresponding cross sections divided by the
effective cross section of the GNR. It can be seen that the
LSPR of the GNR appears at ∼665 nm with a line width (full
width at the half maximum) of ∼38 nm. It is thought that the
narrow line width of the LSPR is responsible for the signifi-
cant enhancement in electric field intensity. It is noticed that
the absorption is much larger than the scattering, and nearly

98 % of the extinction comes from the absorption. When the
polarization angle is increased, both the scattering and the
absorption are reduced, as shown in Fig. 2c, e where the
scattering and absorption efficiencies at different polarization
angles of θ=0, 30, 60, and 90° are presented. However, it is
noticed that the wavelength of the LSPR remains nearly
unchanged.

Now, let us examine the linear optical properties of a large-
sized GNR whose dimension is magnified by a factor of 20.
The diameter and length of the GNR are chosen to be 200 and
800 nm, respectively. In Fig. 2b, we show the calculated
extinction, scattering, and absorption spectra of the GNR for
θ=0°. The spectra span from the visible to near-infrared
spectral region in which the nonlinear optical properties of
the GNR will be investigated. Different from the small-sized
GNR whose extinction is governed by absorption, it is re-
markable that the extinction of the large-sized GNR is domi-
nated by scattering which is more than one order of magnitude
larger than absorption. This is the major difference in the
extinction spectra between the small-sized and large-sized
GNRs. For comparison, the evolutions of the scattering and
absorption spectra with increasing polarization angle are pre-
sented in Fig. 2d, f. In the scattering spectrum shown in
Fig. 2d, one can see a resonant peak at ∼670 nm for θ=0°.
This peak is blue shifted to 660, 650, and 590 nm for θ=30,
60, and 90°. In addition, we observe a valley at ∼790 nm for
θ=0° and a valley at ∼800 nm for θ=30°. In contrast, only a
monotonic decrease of scattering is observed for θ=60 and
90° at the long-wavelength side of the scattering peak. It is
also noticed that the resonant peaks in all cases appear to be
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Fig. 2 Extinction, scattering, and absorption spectra of the small-sized
(a) and large-sized (b) GNRs for a polarization angle of θ=0°. The
evolutions of the scattering and absorption spectra with increasing polar-
ization angle are presented in c and e for the small-sized GNR and in d
and f for the large-sized GNR
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broad. This polarization dependence of scattering is complete-
ly different from what we observe in the small-sized GNR
whose LSPR is independent on polarization angle. In Fig. 2f,
the absorption for θ=0 and 30° exhibits a monotonic decrease
in the wavelength range of 700–950 nm while that for θ=60
and 90° exhibits an oscillation with peaks and valleys in this
wavelength region (see the inset in Fig. 2f).

Actually, the SPR shown in Fig. 2b is one of the high-order
SPRs of the large-sized GNR. It can be easily identified in the
extinction spectrum of the large-sized GNR over a wider
spectral region, as shown in Fig. 3a. As compared to the
low-order SPR peaking at ∼2,100 nm, the high-order SPR
appears to be much weaker. Limited by the fs laser source and
the multiphoton absorption in gold, we can only investigate
the effects of the high-order SPR on the nonlinear optical
properties of large-sized GNRs. In Fig. 3b, c, we present the
calculated electric field intensity distributions in the large-
sized GNR at the low-order SPR (2,100 nm) for polarization
angles of θ=0 and 90°. It can be seen later that the electric field
intensity distribution appears to be different for the low- and
high-order SPRs.

In Fig. 4a, b, we show the electric field intensity (E2)
distributions calculated for the small-sized GNR at the LSPR
(665 nm) for θ=0 and 90°. It can be seen that the maximum
enhancement factor in electric field intensity as large as ∼104

is achieved in the GNR for θ=0°. For θ=90°, the electric field
intensity is quite weak. For comparison, we present in
Fig. 4c, d the electric field intensity distributions calculated
for the large-sized GNR at the resonant peak of the scattering
spectrum (∼670 nm) for θ=0 and 90°. For θ=0°, it can be seen
that the maximum enhancement factor in electric field

intensity, which is estimated to be ∼102, is reduced by more
than two orders of magnitude as compared to that in the small-
sized GNR. A detailed comparison of the electric field inten-
sities and the absorption cross sections at different wave-
lengths reveals that the larger the absorption, the stronger is
the electric field intensity. Although a significant reduction in
the enhancement factor is observed for θ=0°, it is remarkable
that a dramatic increase in the enhancement factor is found for
θ=90°. Consequently, the electric field intensity in this case
appears to be comparable to that obtained for θ=0°. This
feature indicates that large-sized GNRs will exhibit nonlinear
optical responses that are much different from those of small-
sized GNRs. We also examined the electric field intensity
distributions in the large-sized GNR at the valley of the
scattering spectrum (∼790 nm), as shown in Fig. 4e, f for θ=
0 and 90°. The maximum enhancement factor in the electric
field intensity is found to be similar to that observed at the
peak of the scattering spectrum. A close inspection reveals,
however, that the electric field intensity distributions are dif-
ferent in these two cases. While the electric field is concen-
trated at the two ends of the GNR in the former case, the
electric field on the two sides becomes significant in the latter
case, as indicated by the dashed boxes in Fig. 4e, f.

Excitation Wavelength-Dependent Nonlinear Optical
Responses of Large-Sized GNRs

Having known the differences in SPRs between small-sized
and large-sized GNRs, we examined the nonlinear optical
response of a large-sized GNR, whose CCD image and scat-
tering spectrum are shown in Fig. 5a, b, by focusing a fs laser
beam on the GNR. The polarization of the fs laser light was
chosen to be parallel to the long axis of the GNR, correspond-
ing to θ=0°. The scattering spectrum shown in Fig. 5b was
obtained by using dark-field microscopy. It will be shown
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Fig. 3 a Extinction spectra of the large-sized GNR calculated for differ-
ent polarization angles. The electric field distributions at the low-order
SPR (2,100 nm) for polarization angles of θ=0 and 90° are presented in b
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Fig. 4 Calculated electric field intensity distributions in the small-sized
GNR for θ=0° (a) and θ=90° (b). c and d show the electric field intensity
distributions for the large-sized GNR at the peak of the scattering spec-
trum for θ=0 and 90°. e and f show the calculated electric field intensity
distributions at the valley of the scattering spectrum for θ=0 and 90°
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later that the scattering peak depends not only on the aspect
ratio of the GNR but also on its diameter. Based on the
scattering peak which is located at ∼670 nm, one can estimate
the aspect ratio and diameter of the GNR, which is quite
important for comparing the experimental observations with
the simulations results. The GNR may have an aspect ratio of
∼4.0 and a diameter of ∼200 nm (see Fig. 9).

In order to see the effects of the high-order SPR on the
nonlinear optical properties of large-sized GNRs, we mea-
sured the nonlinear response spectra of the GNR at different
excitation wavelengths ranging from 780 to 810 nm, as shown
in Fig. 6a. At 810 nm, the nonlinear response spectrum is
dominated by strong SHG with negligible TPL. When the
excitation wavelength is tuned to shorter wavelengths, it is
found that the intensity of SHG increases with decreasing
wavelength and reaches its maximum value at 795 nm. After
that, the intensity of SHG begins to decrease with decreasing
wavelength. Meanwhile, it is noticed that the intensity of TPL
increases gradually at first and rapidly for wavelengths shorter
than 785 nm. The dependence of SHG on excitation intensity
was examined at 800 nm, and the result is plotted in a loga-
rithmic coordinate, as shown in Fig. 6b. The fitting of the
experimental data gives a slope of ∼1.92, which is in good
agreement with the second-order nature of SHG. This feature
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Fig. 6 a Evolution of the nonlinear response spectrum of the GNR with decreasing excitation wavelength. b Excitation intensity-dependent SHG
measured at 800 nm. c Dependences of the nonlinear optical signals (SHG/TPL) on excitation wavelength measured for the GNR
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is completely different from what we observed in small-sized
GNRs whose nonlinear response spectra are generally
governed by TPL [33]. The dependences of the intensities of
SHG and TPL on excitation wavelength are summarized in
Fig. 6c. One can see that a maximum of SHG appears at
795 nm while a rapid increase in TPL occurs at ∼780 nm.
The intensity of SHG at 795 nm is about eight times of that at
780 nm. On the other hand, the intensity of TPL at 780 nm is
one order of magnitude larger than that at 810 nm.

In order to find out the correlation between the high-order
SPR and the nonlinear optical responses of large-sized GNRs,
we measured another GNR whose CCD image is shown in
Fig. 7a. The diameter and aspect ratio of the GNR are quite
similar to those shown in Fig. 5a, but its long axis is almost
along the vertical direction. The scattering peak was also
observed at ∼670 nm, confirming the similar diameter and
aspect ratio of the GNR with that shown in Fig. 5a. Similarly,
we measured the nonlinear response spectra of the GNR at

350 400 450 500 550 600

0

500

1000

1500

2000

2500

776

784

792

800

In
te

n
si

ty
(a

.u
.)

E
xc

it
at

io
n

W
av

el
en

gt
h

(n
m

)

Emission Wavelength (nm)

(b)

E

350 400 450 500 550 600

0

50

100

150

200

250

300

776

784

792

800

E
xc

it
at

io
n

W
av

el
en

gt
h

(n
m

)

Emission Wavelength (nm)

In
te

n
si

ty
(a

. 
u

.)(c)

E

775 780 785 790 795 800 805
0

1x10
3

2x10
3

3x10
3

4x10
3

 SHG

TPL

Excitation Wavelength (nm)

In
te

n
si

ty
 o

f 
S

H
G

(a
. 

u
.)

50

100

150

200

250

300

350

400

(d)

In
te

n
si

ty
 o

f 
T

P
L

(a
. 

u
.)

E

780 785 790 795 800 805
0

100

200

300

400 (e)  SHG

TPL

In
te

n
si

ti
es

 o
f 

S
H

G
an

d
 T

P
L

 (
a.

 u
.)

Excitation Wavelength (nm)

E

(a)

Fig. 7 a CCD image of the GNR. b and c Excitation wavelength-dependent nonlinear response spectra of the GNRmeasured for polarization angles of
θ=0 and 90°. d and e Excitation wavelength-dependent nonlinear optical signals (SHG/TPL) of the GNR for polarization angles of θ=0 and 90°

1476 Plasmonics (2014) 9:1471–1480



different excitation wavelengths. The results for two polariza-
tion angles of θ=0 and 90° are presented in Fig. 7b, c. The
dependences of the nonlinear optical signals (SHG/TPL) on
excitation wavelength are summarized in Fig. 7d, e for θ=0
and 90°, respectively. In Fig. 7d, we can see that the intensity
of SHG is about one order of magnitude larger than that of
TPL. For the excitation wavelength-dependent SHG, one can
see a maximum at ∼796 nm. The maximum for the TPL is
observed at 778 nm. For θ=90°, the nonlinear optical response
appears to be completely different, as shown in Fig. 7e. In this
case, a monotonic increase in SHG is observed with increas-
ing excitation wavelength. However, the absolute intensity of
SHG is much weaker than that observed for θ=0°. In sharp
contrast, the intensity of TPL appears to be quite weak and it is
not sensitive to excitation wavelength. The physical mecha-
nism responsible for the different nonlinear optical responses
will be discussed later.

Polarization-Dependent SHG and TPL in Large-Sized GNRs

In the last section, we have shown that large-sized GNRs
exhibit nonlinear optical responses that are completely differ-
ent from those of small-sized GNRs. In addition, it has been
shown that the nonlinear optical response of a large-sized
GNR depends strongly on the polarization of the excitation
light with respect to the long axis of the GNR. In order to gain
a deep insight into the dependence of nonlinear optical re-
sponse on excitation polarization, we examined the excitation
polarization-dependent nonlinear optical response for a large
number of GNRs. It is found that for most GNRs, the nonlin-
ear optical responses are dominated by SHG with negligible
TPL at an excitation wavelength of 800 nm. This is complete-
ly different from the nonlinear optical responses of small-sized
GNRs which are governed by TPL. For small-sized GNRs, a
cos4θ dependence of TPL on polarization angle θ is generally
observed regardless of the diameters and aspect ratios of
GNRs [29]. This characteristic is determined by the physical
properties of small-sized GNRs shown in Fig. 2a, c, and e
which are not sensitive to the size and shape of GNRs.

For the large-sized GNRs studied in this paper, it is found
that their nonlinear optical properties exhibit strong depen-
dences on the size, shape, and even imperfections of GNRs. In
Fig. 8, we present three typical polarization dependences of
SHG observed in large-sized GNRs. The CCD images for the
corresponding GNRs are also provided to show the morphol-
ogies and orientations of the GNRs. In Fig. 8a, the
polarization-dependent SHG exhibits a bipolar distribution
parallel to the long axis of the GNR, similar to that observed
in the polarization-dependent TPL of a small-sized GNR.
When we try to fit the experimental data with a function of
cos4θ, however, a relatively large discrepancy is observed. It is
found that the discrepancy occurs mainly in the direction
perpendicular to the long axis of the GNR (θ=90°) for which

there exists a large enhancement in electric field intensity, as
can be seen in Fig. 4d, f. Consequently, the nonlinear optical
response does not disappear in this direction, leading to the
deviation of the experimental data from the function of cos4θ.

Apart from the bipolar distribution of SHG parallel to the
long axis of the GNR observed in Fig. 8a, we also found some
GNRs which exhibit a bipolar distribution of SHG perpendic-
ular to the long axis of the GNR, as shown Fig. 8b. In this
case, it implies that the nonlinear optical response of the GNR
is stronger in the direction of θ=90° than that in the direction
of θ=0°. This feature is not observed in small-sized GNRs,
and it is closely related to the physical properties of large-sized
GNRs described above. The experimental data shown in
Fig. 8a, b can be better described by a function of cos4θ + C,
where C is a constant. More surprisingly, we observed in rare
cases a quadrupole distribution in the excitation polarization
dependence of SHG which can be fitted by sin2θ + cos2θ + C,
as shown in Fig. 8c. In this case, the strongest SHG is ob-
served in a direction between θ=0° and θ=90°. It further
indicates that the nonlinear optical responses of large-sized
GNRs depend strongly on the size and morphology of GNRs.

Relationship Between Linear and Nonlinear Optical
Properties

Basically, the nonlinear optical response of a large-sized GNR
is determined by the enhancement in electric field intensity
induced by the SPRs of the GNR. Therefore, there should be a
correlation between the nonlinear optical response and the
linear optical properties of the GNR. Since the linear optical
properties of a GNR depend not only on the diameter but also
on the aspect ratio of the GNR, we show the evolution of
extinction spectrum with increasing diameter for a fixed as-
pect ratio of AR=4.0 in Fig. 9a and the evolution of extinction
spectrum with increasing aspect ratio for a fixed diameter of
d=200 nm in Fig. 9b. The polarization angle is chosen to be
θ=0°. In Fig. 9a, one can see a peak and a valley in the spectral
region of 550–950 nm. With increasing diameter, a redshift of
both the peak and the valley is observed. Similar evolution of
the spectrum is found with increasing aspect ratio when the
diameter is fixed at 200 nm, as shown in Fig. 9b. Since the
extinction is dominated by scattering, one can refer that the
GNRs shown in Figs. 5a and 7a have a diameter of ∼200 nm
and an aspect ratio of ∼4.0 because their scattering peaks
appear at ∼670 nm. In this case, the scattering valley appears
at 790 nm where the maximum of SHG is observed, as shown
Figs. 6c and 7d. It implies that the SHG in large-sized GNRs is
inversely proportional to the scattering. This conclusion is
supported by the nonlinear optical response in the direction
of θ=90° which shows a monotonic increase in SHG with
increasing excitation wavelength, as shown in Fig. 7e. The
evolutions of extinction spectrum calculated for θ=90° are
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shown in Fig. 9c, d. In both cases, one can see a monotonic
decrease of scattering with increasing wavelength.

The inversely proportional relationship between the scat-
tering and the SHG can be understood from two aspects. In
one hand, the energy of the excitation light has only two
output channels if the TPL can be neglected. They are linear
scattering and SHG which can be considered as nonlinear
scattering process. If the linear scattering is strong, then the
SHG is weak. On the other hand, gold is a material with
centrosymmetry and the SHG in a GNR mainly comes from
the surface material where the symmetry is broken [40, 41].
The contribution of bulk material to the SHG is quite small.
Therefore, the concentration of electric field at the surface will
facilitate SHG [42, 43]. As shown in Fig. 4e, f, the electric
field is mainly concentrated at the two ends of the GNR at the
wavelength corresponding to the scattering peak. In contrast,
the electric field on the two sides of the GNR becomes
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Fig. 8 a Polarization-dependent SHG showing a bipolar distribution of
SHG parallel to the long axis of the GNR. b Polarization-dependent SHG
showing a bipolar distribution of SHG perpendicular to the long axis of

the GNR. c Polarization-dependent SHG showing a quadrupole distribu-
tion. The CCD images of the GNRs showing their morphologies and
orientations are given in the insets
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Fig. 9 Evolution of the extinction spectrum of a GNRwith a fixed aspect
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significant when the wavelength is chosen at the scattering
valley, as indicated by the dashed boxes in Fig. 4e, f.
Consequently, an increase in SHG is expected at the scattering
valley.

Having established the relationship between the SHG and
the linear scattering, let us see whether there is a relationship
between the linear absorption and the nonlinear absorption
which is reflected in the TPL of the GNR. Basically, the linear
absorption of a GNR is proportional to the integration of
electric field intensity (E2) over the GNR. It has been demon-
strated that the nonlinear absorption such as the two-photon
absorption considered here is determined by the integration of
E4 over the GNR [17]. Thus, it is expected that the nonlinear
absorption exhibits a wavelength dependence similar to that of
the linear absorption but with much more rapid change. From
the absorption spectrum shown in Fig. 2d, one can see an
increase in the absorption with decreasing wavelength.
Accordingly, we observed a sharp increase in the TPL at
shorter excitation wavelengths, as shown in Figs. 6c and 7e.

It is known that the GNRs shown in Figs. 6 and 7 have
scattering peaks at ∼670 nm and scattering valleys at
∼790 nm. In this case, the SHG measured at 800 nm is
stronger for θ=0° than that for θ=90°. As can be seen in
Fig. 9a, b, the scattering peak can be shifted to ∼800 nm if
the diameter of the GNR is increased to ∼250 nm (for AR=
4.0) or the aspect ratio of the GNR is increased to 4.8 (for d=
200 nm). For GNRs with such dimensions, a weak SHG is
expected for θ=0°. For θ=90°, the increase in scattering is not
large, so is the reduction in SHG. Therefore, it is expected that
the SHG for θ=90° may exceed that for θ=0°, leading to a
bipolar distribution of SHG perpendicular to the long axis of
the GNR. This feature indicates that for large-sized GNRs, the
strongest SHG may not appear at θ=0°. If the strongest SHG
occurs at an angle in between 0 and 90°, then a quadrupole
distribution of SHG will be observed, as shown in Fig. 8c.

Conclusion

In summary, we have investigated numerically and experi-
mentally the effects of high-order SPRs on the nonlinear
optical properties of large-sized GNRs. It is found that the
extinction spectra of large-sized GNRs are dominated by
scattering rather than absorption which governs the extinction
spectra of small-sized GNRs. In addition, the enhancement
factor in electric field intensity is reduced by two orders of
magnitude for the longitudinal excitation while it is increased
by two orders of magnitude for the transverse excitation as
compared to that in small-sized GNRs. Different from small-
sized GNRs whose nonlinear optical responses are governed
by TPL, the nonlinear optical responses of large-sized GNRs
are dominated by SHG. It is found that the wavelength- and

polarization-dependent SHG exhibits strong dependences on
the diameter and aspect ratio of GNRs, giving rise to bipolar
SHG distributions parallel and perpendicular to the long axis
of the GNR and even quadrupole distribution. The depen-
dence of SHG on excitation polarization cannot be fitted with
a function of cos4θ. A correlation between the scattering
spectrum and the wavelength dependence of SHG has been
established, and it is revealed that SHG is reversely propor-
tional to linear scattering. Furthermore, it is found that TPL
exhibits wavelength dependence similar to that of linear ab-
sorption but withmuchmore rapid change. The understanding
of the nonlinear optical responses of large-sized GNRs will be
helpful for exploring their applications in photonic functional
materials and devices.
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