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Nonlinear absorption and ultrafast dynamics process of

gold nanorods
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The nonlinear absorption of gold nanorods (GNRs) was investigated by nanosecond Z-scan technique at 532nm. It was found
that the GNRs exhibit saturable absorption (SA) characteristics. The SA was ascribed to the bleaching of ground state plasmon.
Besides, the ultrafast dynamics process of the GNRs was investigated by femtosecond pump-probe technology. It was found
that the dynamics process includes a fast decay and a slow decay with time constant of 3ps and 105ps, respectively.
Theoretical results show that the fast decay process is due to the coupling of electron-phonon, and the slow decay process is

due to the coupling of phonon-phonon.
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1. Introduction

As an important part of nanomaterials, metal
nanoparticles (especially gold and silver) have attracted
more and more attention in recent years [1, 2], and have
been widely used in plasmon waveguide [3], cancer
hyperthermia [4] and so on. The excellent optical
properties of noble metal nanoparticles are due to their
surface plasmon resonance (SPR). The collective
oscillations of the free electrons in metal that interact with
electromagnetic fields are called SPR [5]. The optical
properties of nanoparticle change with the composition,
shape, size, and properties of surroundings [6, 7].
Compared to nanospheres and nanoshells, nanorods have
tunability of SPR band from the visible range to
near-infrared-region (NIR) of optical frequencies
meanwhile maintaining the small size of nanoparticles [8,
9]. Thus GNRs may be used in many applications such as
biological imaging [10-13], drug carrier and cancer
hyperthermia [14, 15]. GNRs exhibit anisotropic optical
properties, that is, there are two resonance peaks,
longitudinal surface plasmon resonance (LSPR) and
transverse surface plasmon resonance (TSPR) [16, 17]. In
addition, the TSPR peak of GNRs is at 520 nm, while the
LSPR is highly adjustable. The LSPR peak of GNRs can
be modulated in a wide range near the infrared region by
changing the aspect ratio of rod to diameter [18]. As far as
we know, third-order nonlinear optical absorption
properties of GNRs have been rarely reported. Elim et al
studied nonlinear absorption of GNRs with femtosecond
z-scan experiments at wavelength of 800 nm [19]. They
found that, under lower excitation irradiances, GNRs
appear as saturable absorbers near the SPR longitudinal

mode, while the energy increase, reverse saturation
absorption (RSA) is dominant. The SA was attributed to
the bleaching of ground state plasmon band and the RSA
was attributed to excited state absorption of material.
Tsutsui et al. investigated third-order nonlinear coefficient
of spheres, nanorods and nanorods with femtosecond
z-scan and lI-scan experiments at wavelength of 800 nm
[20]. The absorption peaks of the nanoparticles correspond
to 530 nm, 800 nm, and 1000 nm, respectively. They
found that, the third-order nonlinear coefficient of GNRs
is 45 times that of spherical gold nanoparticles. This is
mainly due to the fact that the LSPR of the GNR coincides
with the position of the excitation wavelength, resulting in
the effect of resonance enhancement. Joanna
Olesiak-Banska et al. studied nonlinear absorption of
GNRs with femtosecond z-scan techniques at wavelength
of 550-1550 nm [21]. The results show that the main cause
of nonlinear absorption in the range of LSPR is the single
photon saturation absorption, otherwise the main cause of
nonlinear absorption in the range of TSPR is the
two-photon absorption. L. De Boni and coworkers
investigated nonlinear absorption of GNRs with
picosecond Z-scan technology [22]. They found that,
GNRs exhibit SA characteristics at low energy. However,
in the high energy zone, the RSA of GNRs is caused by
photodegradation. E. V. Garcia-Ramirez et al. investigated
nonlinear absorption of colloidal GNRs systems with
picosecond z-scan techniques at wavelength of 532 nm
and 1064 nm [23]. They found that, at 532 nm all samples
exhibited SA, when the GNRs have LSPR near 1064 nm,
SA can only be observed under low energy pulse
experiments. While the samples exhibited RSA for both
wavelengths under high energy pulse experiments. J. Li
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and coworkers investigated anisotropic and enhanced
nonlinear absorption of aligned GNRs embedded in a poly
film with nanosecond z-scan experiments at wavelength of
800 nm [24]. They found that, the stretch process increases
the nonlinear absorption coefficient by about 9 times and
the anisotropy factor to about 20 times. R. West et al.
investigated nonlinear absorption of GNRs with
nanosecond z-scan experiments at wavelength of 532 nm
[25]. They found that, GNRs exhibited RSA (optical
limiting effects).

Recently, we have also studied the nonlinear
absorption of GNRs with nanosecond open aperture z-scan
experiments at wavelength of 532 nm. In contrast to what
R. West has found, GNRs in our experiment exhibit SA
characteristics. In addition, we studied the ultrafast
dynamics process of GNRs.

2. Samples and experiments

The GNRs investigated in our experiments was
obtained from Nanjing XFNANO Materials Tech Co., Ltd.
The GNRs particles were examined by transmission
electron microscopy (TEM). Linear optical absorption
measurements were obtained with an ultraviolet —
visible—near-infrared (UV—vis—NIR) spectrophotometer.

In Z-scan, the laser pulses used is provided by a
frequency-double, Q-switched, mode-locked Continuum
ns/ps Nd:YAG laser system, operating at 6ns pulses with
10 Hz repetition rate at 532 nm wavelength. The spatial
distribution of the pulse is nearly a Gaussian profile. The
open aperture Z-scan experiments on sample were
conducted using typical set up [26]. In the Z-scan
experiments, the focal length of the lens focusing on the
laser beam is 308 mm, and the focal spot size is about 110
um. The laser pulses were focused on a quartz cuvette with
a thickness of 2 mm which contained the GNRs solution.
The linear transmittance of the solution is about 80% at
532 nm. The sample was mounted on a translation stage so
that it can move precisely as it passes through the focus
area of the laser beam. The incident and transmitted laser
pulses for each z point are recorded by a computer.

In the view of applications, both the magnitude and
response time of nonlinearity are essential for materials.
The ultrafast dynamics process of GNRs was measured by
pump-probe method. An amplified Ti: sapphire laser
system providing 130fs, 800 nm laser was used in
pump-probe experiment. The repetition rate of the laser
was 1 kHz. A small portion of the fundamental was used
to generate a probe light, the remaining laser light was
frequency-doubled to obtain 400 nm excitation light. We
use a prism mounted to adjust the pump-probe delay. The
probe signal was recorded by using a digital lock-in
amplifier. The motion of the delay stage was controlled by
using a computer. The transient differential
transmission AT (t) / T was acquired as a function of the
temporal delay t between the pump and the probe.

Fig. 1. TEM image of gold GNRs
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Fig. 2. Absorption spectrum of GNRs

3. Results and discussions

The TEM image of GNRs is shown in Fig. 1. It can be
seen that the diameter of GNRs is about 5 nm and the
length is about 30 nm. The absorption spectral of GNRs is
shown in Fig. 2. It can be found that the GNRs have two
absorption peaks at 520 nm and 755 nm respectively. The
former is caused by a transverse mode perpendicular to the
GNRs; the latter is caused by longitudinal mode
perpendicular to the GNRs.



Nonlinear absorption and ultrafast dynamics process of gold nanorods 527

1.16
v 50uJ(exp)
= L1 —50uJ(Fit)
8 e 200uJ(exp)
_E —— 200uJ(Fit)
& 1084
IS
(2]
c
&
= 1.04-
©
(]
N
E 1.00 1 QWV LY v ¥
S ov°0 °
e [ )
0.96 r T T T T
50 25 0 25 50

Fig. 3. Normalized transmission as a function of sample

(GNRs) position for open aperture Z-scan at different

intensities. The dots are experimental date while the solid
lines are theoretical fit generated

Table 1. The saturation strength I obtained by calculated
for the sample at different laser intensities

No E (uW) I, (Wim® 1, (W)
50 5.25% 102 9x10%"
b 200 2.10x 10" 1.1x10%

The open aperture Z-scan results of GNRs under
different energies of 50 uJ, 200 pJ are shown in Fig. 3, a
low repetition rate of 10Hz is chosen, thus the thermal
effect can be ignored [24]. It can be found that the GNRs
have the SA characteristics when the excitation intensities
are different. Moreover, as the incident light energy
increases from 50 pJ to 200 pJ, the transmittance of
sample at focal point increases. When sample is far away
from focal plane, the incident laser has a low irradiance
and a constant transmittance. While sample is close to
focal plane, the incident laser irradiance becomes larger,
the transmittance increases, indicating an optically induced
transparency in GNRs. The mechanism can be visualized
as follows. As the absorption spectrum of GNRs shows a
TSPR absorption band of 500-600 nm, excitation at 532
nm will prepare the system in the excited state. When
irradiance is moderate, most of the GNRs are pumped to
the excited state, resulting in a smaller number of the
ground state which is called bleaching of ground state
plasmon, which make the ground state absorption of the
sample decrease.

Theoretically, when there is only two-photon
absorption, the open aperture experimental curves were

fitted by using the equation [26]:
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where L, =(1—-e )/, , L, is the effective interaction

length, B the nonlinear absorption coefficient, 1, the

peak intensity at the focus, z the displacement of the
sample from the focus (z=0). L is the sample length,
z,is the Rayleigh rang. But, when sample shows saturable
absorption, in order to analyze the open-aperture Z-scan

experimental data, Eq. (1) must be modified by replacing
B, (L+z,/22)in Eq. (1) by Eq. (2) as follows.

2 2

a, I[1+ 1,/ @+ 2* 1 Z), | @
where ¢, is linear absorption coefficient, 1 is laser
intensity, I is saturable intensity. As shown in Fig. 3 using
solid line, theoretical fit was made according to Eq. (1)
and Eqg. (2). The estimated values of saturation strength I
are shown in Table 1. It can be seen from Table 1 that Ig
increases with the increase of incident energy.
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Fig. 4. Normalized transient differential transmission of
pumping detection of GNRs. The open dots are experimental
date while the solid lines are theoretical fit generated

Fig. 4 shows the normalized transient differential
transmission AT (t)/ T measured at pump power of 20
mw. It can also be found that, after intense laser excitation,
a rapid rise process and two independent decay processes
occurred. The rapid rise process is commonly referred to
as plasma bleaching of the ground state of the system [27].
The large amount of the GNRs were pumped to the excited
state, resulting in a small number of populations at the
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ground state, this brought out the bleaching in the
ground-state absorption band. Gold nanoparticles have
inter-band transitions at 400 nm, so d-band electrons affect
the results. Initially, optical pulse created electron-hole
pairs at the excitation photon energy [28]. Because of the
limited time resolution of our laser system we cannot
accurately determine the processes. After the rapid rise
process, AT(t)/T recovers on two different time scales
and can be considered as two-exponential decay. The
initial rapid decay is the excited electrons thermally
balance with the nanoparticle lattice through
electron—phonon interactions. The subsequent slow decay
occurs when the phonon-phonon interactions with the
surrounding medium.

In general, if only one decay occurs, the
two-temperature model (TTM) can be used to interpret the
process. Because there are two decay components in the
current experiment. We used two e-exponential functions
to fit the normalized transmittivity change:

B - Ao D)+ A e
7 7, (3)

where A;, A, are the amplitudes of two decay components,
7. and 1, represents time constants of two decay
components, repectively. The solid lines in Fig. 4 are
theoretical fit generated. In this condition, the decay
process are well fitted by the values of an initial rapid
relaxation time and a slow relaxation time (zy = 3ps, 7, =
105ps) [29]. In fact, the relaxation times (e-ph coupling
time) in gold nanorods is longer than that reported in Au
spheres (1ps) because gold nanorods have higher initial
temperatures of hot electrons.

4. Conclusion

In summary, we have investigated the nonlinear
absorption characteristics of GNRs at 532 nm. The results
show that GNRs exhibit SA characteristics and the SA
interpreted in the terms of ground state plasma bleach.
Moreover, we have investigated ultrafast energy relaxation
process of GNRs using 130fs laser pulses at 400 nm. We
found that the relaxation processes contain two different
time scales. The rapid one has the time constant is about
3ps corresponding to electron-phonon coupling, while the
slower one is about 105ps corresponding to
phonon-phonon coupling.
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