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a  b  s  t  r  a  c  t

Gold  pair  nanocuboids  (size: 150  nm  × 150 nm  × 20 nm)  with  different  nanogaps  ranging  from  0  to
10.6  nm  were  prepared  by  the  electron-beam  lithography.  Effect  of  plasmon  coupling  on coherent  acous-
tic phonon  dynamics  of  gold  pair  nanocuboids  was  examined  as  a function  of  nanogaps  by  near-IR
transient  absorption  spectroscopy  at 400-nm  excitation.  The  similar  oscillation  periods  of  coherent
acoustic  phonon  vibration  (88 ± 1 ps)  were  observed  for  all  the  gold  pair  nanocubiods  irrespective  of
old nanocuboid
ear-IR transient absorption spectroscopy

the  nanogaps,  which  was  analyzed  by  the  oscillation  of bleaching  peaks  of  SPR  bands  and  the  transient
absorption  dynamics.  The  coherent  acoustic  phonon  vibration  of  gold  nanocuboids  was  only  influenced  by
the  nanostructure  itself,  even  though  SPR  band  was  much  influenced  due  to the  dipole  coupling  between
the  adjacent  Au  nanocuboids.  In  addition,  it was  revealed  that  the  electron–phonon  coupling  (∼0.7  ps)
was  followed  by  the  initial  size  change  of gold  nanocuboid  with  the  time  scale  that  was  a  little  slower

n–ph
(∼1.7  ps)  than  the  electro

. Introduction

Surface-plasmonic metal nanostructures have shown their daz-
ling optical properties in the applications of surface-enhanced
pectroscopies, biological and chemical sensing, and nanophotonic
evices, which interactively excite the researches in tailoring and
ne-tuning their optical properties by various fabricating methods
1–4]. Surface plasmon resonance (SPR) bands of metal nanostruc-
ures depend on the size, the shape, the dielectric properties of the
urroundings as well as electromagnetic particle interactions of the
earby metal nanostructures [5]. With the help of nanofabrication
ethods, such as electron beam lithography (EBL), the size and the

tructure of metal nanoparticles can be efficiently and precisely
ontrolled with nanoscale resolution and the relationship between
PR band and the nanogap of the metal nanoparticle dimer can be
learly presented [6].  The SPR band of nanoparticle dimer is expo-
entially red-shifted with the decrease of the gap between the two
anoparticles due to near field coupling, which follows the “plas-
on  ruler equation” ��/�0 ∼ k × exp( − s/�D) (�0 is the SPR band of

ingle metal nanoparticle, ��  is the shift of SPR band of the dimer,
 is a constant, s is the central separation between the two  nanopar-

icles, � is the decay constant and approximately 0.2, and D is one
article dimension) [7–9].

∗ Corresponding author. Tel.: +81 79 565 8357; fax: +81 79 565 8357.
E-mail address: tamai@kwansei.ac.jp (N. Tamai).

010-6030/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.02.023
onon  coupling.
© 2011 Elsevier B.V. All rights reserved.

Under the ultrafast excitation, the metal nanostructures expe-
rience the following processes: the electron–electron scattering (a
few hundred fs), electron–phonon coupling (a few ps) and the ther-
mal energy transfer to environments (a few hundred ps) [2,10–12].
The time-resolved measurements of metal nanostructures can pro-
vide the physical properties of electron, phonon and also the
elastic properties. The relationships between the coherent acoustic
phonon vibration and the particle size, shape, crystal structure and
the local environment have been characterized for the colliod and
single metal nanoparticles [13–17].  However, the influence of the
dipole coupling between the metal dimer on the coherent acoustic
phonon vibration is still less studied, which was mainly reported
by El-sayed’s group. They found that the dipole coupling can influ-
ence both the SPR bands and the phonon oscillation of the metal
nanoparticles [18,19]. For example, the studies of silver and gold
monolayer nanoprism arrays prepared by nanosphere lithography
presented a slight deviation of the observed oscillation periods
from the calculated values that was assigned to the influence of the
dipole coupling [18]. Furthermore, they presented that a fractional
shift in the oscillation frequency follows an exponential decay with
respect to the interparticle gaps scaled by the particle diameter on
the studies of coherent lattice phonon oscillation in electron-beam
fabricated gold nanoparticle pairs [19]. The fractional shift in the
oscillation frequency was 5 times larger than that of the SPR band

for the gold nanoparticle pair and assigned to a reflection of the
near-field coupling. However, in our pervious report, we examined
the coherent acoustic phonon vibration of periodic single and pair
of gold nanocuboids by femtosecond near-IR transient absorption

dx.doi.org/10.1016/j.jphotochem.2011.02.023
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
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Table 1
The fitting results of the transient absorption measurements for gold pair
nanocuboids with different nanogaps by two exponential decays plus a damped
cosine function: T�OD and Tbleaching are the oscillation periods obtained from the
decay profiles and the oscillation of bleaching peaks; �e–p,�OD and �e–p,bleaching are
the lifetimes for electron–phonon coupling.

Nanogap (nm) T�OD (ps) �e–p,�OD (ps) Tbleaching (ps) �e–p,bleaching (ps)

0 87.5 0.67 88.9 1.44
1.8  88.2 0.69 88.9 1.65
3.5  87.3 – 86.3 –
5.3  88.2 0.71 88.6 1.87
L. Wang et al. / Journal of Photochemistry an

pectroscopy and found that the SPR band was  influenced by the
ear field coupling of the nanocuboids while the oscillation period
f the coherent acoustic phonon was almost the same for the single
nd the pair [20]. To examine the effects of the interparticle inter-
ction much more carefully, we prepared a series of the gold pair
anocuboid arrays and performed femtosecond near-IR transient
bsorption measurements. The coherent acoustic phonon vibration
f the dimers with different nanogap separations was discussed by
xamining the dynamics at bleaching wavelength, the oscillation
f bleaching peaks and the excitation intensity dependence.

. Materials and methods

All the arrays studied in this work consist of gold pair
anocuboids patterned on quartz slides by EBL (ELS-7700H, Elionix
o., Ltd., Japan) with overall dimensions of 30 �m × 30 �m as
hown in Fig. 1 [21,22].  The patterns are characterized by field-
mission scanning electron microscopy (FE-SEM) apparatus (JEOL
SM-6700FT) with 1-nm resolution. Fig. 1a shows a typical FE-SEM
mage of the pairs, in which the size of one gold nanocuboid is
50 nm × 150 nm × 20 nm.  The nanogap within one pair (the dis-
ance between the vertexes of the gold nanocuboids) is 10.6 nm
nd the center-to-center separation between two pairs is 400 nm.
or the series of gold pair nanocuboids, the designed nanogap sep-
rations are 0, 1.8, 3.5, 5.3, 7.1, 8.8 and 10.6 nm,  respectively.

Transient absorption (TA) spectra were measured with a con-
entional pump-probe method. The pump beam was second
armonic of an amplified Ti: sapphire laser (Spectra-physics, 1 kHz,
0 fs, 800 nm), and the probe beam was super-continuum gener-
ted by focusing a fundamental laser beam into a sapphire plate.
he polarization of pump and probe beams was rotated to the direc-
ion of the long diagonal line of the pair, which was marked as
45◦ in Fig. 1b. The signal and the reference beams in near-IR spec-
ral region were controlled using a chopper in the pump-light path
ith 500 Hz repetition rate and detected by an InGaAs detector

Princeton Instruments, OMA  V). The sample position was precisely
ptimized in a three-dimensional holder and monitored by a tele-
cope. The steady-state extinction spectra were calculated using
he logarithmic function of the quotient of the white light intensi-
ies with and without the sample.

. Results and discussion

The normalized extinction spectra with +45◦ polarization direc-
ion of the incident light are shown in Fig. 2a, and their peak
avelengths and the FWHM of SPR bands are summarized in Fig. 2b.

he inset in Fig. 2a is the extinction spectra with −45◦ polariza-
ion direction of the incident light (orthogonal to +45◦ polarization
irection, marked as −45◦). The +45◦ SPR bands in Fig. 2a show

 remarkable red-shift from 975 nm to 1050 nm and the band
idth (FWHM) becomes broader from 1600 cm−1 to 2255 cm−1

151–245 nm)  with the decrease of the nanogap separation from
0.6 nm to 0 nm.  In the inset of Fig. 2a, the −45◦ SPR bands are
lmost constant with the peak at 865 nm irrespective of the dif-
erent nanogap separation. The red-shift of SPR bands with the
ecrease of the nanogap can be explained by enhancing the restor-

ng forces for the plasma electrons due to the presence of the charge
istribution of the neighbouring particle [8].  Because the inter-
imer separation is only 400 nm,  the SPR band of the gold pair
anocuboids should consider the near-field coupling effects from
nterparticle and interdimer. Although the shift of the SPR bands
oes not give a good fitting with the exponential decay function
�/�0 = k × exp( − s/�D), the shift of the SPR bands with the change

f nanogap separation can be clearly detected.
7.1  88.3 0.73 88.9 1.7
8.8  88.9 0.72 88.3 1.72

10.6  88.5 0.80 88.0 1.79

Fig. 3 shows the result of TA measurements for the pair with
10.6-nm nanogap under the 200-nJ excitation and +45◦ polariza-
tion direction of probe pulses. In Fig. 3b, the transient absorption
spectra at various delay times are illustrated. The bleaching peaks
around 965 nm corresponds to the SPR band around 975 nm with
the +45◦ polarization direction of probe pulses, in which the corre-
sponding extinction spectrum is illustrated in Fig. 3a. Although the
positive absorption signals were always stronger at the red sides,
the absorption at the both sides of the bleaching band was  observed.
This is due to the broadening and red-shift of the SPR bands orig-
inating from the impulsive hot electrons and the heating of the
lattice. At the longer delay-time scales, the shifts of the bleach-
ing peaks can be observed, which reflects the oscillation of the SPR
bands and thus the coherent acoustic phonon vibration. Fig. 3c illus-
trates the decay profiles at 940 and 1060 nm corresponding to the
two  sides of the SPR band. The slowly damped oscillations were
∼180◦ out-of-phase for the two  curves and similar to the cases of
gold nanorods and spherical particles [13,23].  As mentioned in the
introduction, the dynamics for the processes of electron–phonon
coupling (subscript e–p), phonon vibrations (subscript �) and ther-
mal  coupling to the environment (subscript th) can be expressed
with the following equation:

R(t) = Ae–p exp

(
−t

�e–p

)
+ Av exp

(−t

�v

)
cos

(
2�t

Tv
+ ϕv

)

+ Ath exp
( −t

�th

)
(1)

The initial electron–electron scattering was omitted in our analy-
sis. In Fig. 3c, the decay profiles were fitted with the equation (1),
and the oscillation periods at both wavelengths were calculated to
be 86.4 and 88.7 ps, respectively. The oscillation of the bleaching
peaks is illustrated in Fig. 3d, in which the peak wavelengths were
obtained by fitting with Gaussian functions to the transient absorp-
tion spectra at different delay times. The oscillation period was
obtained to be 88.3 ps in accordance with the oscillation periods
of the decay profiles in Fig. 3c.

Fig. 4 illustrates the decay profiles at bleaching wavelengths and
the oscillation of bleaching peaks for the gold pair nanocuboids with
different nanogaps under the 200-nJ excitation and +45◦ polariza-
tion direction of the probe pulse. As clearly shown in Fig. 4a, a
similar vibrational frequency was  observed for the pairs with dif-
ferent nanogaps. A similar vibrational behavior was  also observed
in the dynamics of bleaching peak shift as illustrated in Fig. 4b.
The wavelengths of the bleaching peaks showed oscillatory shifts,
which correspond to the periodic shift of SPR bands. The solid lines
in Fig. 4 are the fitting results by using Eq. (1).  All of the vibrational
frequencies of nanocuboid dimers with different nanogaps were

summarized in Table 1, and the oscillation periods obtained from
�OD (T�OD) and the bleaching peak shift (Tbleaching) were ∼88 ps
irrespective of the nanogap separation. From these results, it can be
clearly shown that the dipole coupling of the pair only influences
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Fig. 1. SEM image (a) and representative scheme (b) of gold pair nanocuboids with 400-nm separation and 10.6-nm nanogap. The polarization direction of the long diagonal
line  of the pair was marked as +45◦ in (b) and its vertical direction as −45◦ .
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Fig. 2. The normalized extinction spectra (a) with +45◦ polarization direction of the incident light and (inset) with −45◦ polarization direction of the incident light for the
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effect on the coherent acoustic phonon vibration with different
particle size is necessary and in progress.

As summarized in Table 1, the lifetime of e–p coupling obtained
from �OD (�e–p,�OD) is almost constant with a value of ∼0.7 ps.
The lifetime of e–p coupling is known to be dependent on the exci-
tation intensity, and this value is in good agreement with �e–p of
Au nanoparticles at low excitation intensity limit [24]. However,
the lifetime of e–p coupling obtained from the bleaching peak shift
(�e–p,bleaching) is more than double and ∼1.7 ps irrespective of the
nanogap separation, in which the data were obtained from exactly
the same transient absorption data as the estimation of �e–p,�OD.
This fast component obtained from the bleaching peak shift rep-
resents the size change of the nanocuboid. Thus, the e–p coupling,
the energy transfer from the electron to the lattice, is followed by
the initial size change of nanocuboid with the time that is a little
slower than the e–p coupling.

The excitation intensity dependence of the gold pair
nanocuboids with 8.8-nm nanogap was examined. Fig. 5 shows

the decay profiles at the bleaching wavelength with the excitation
intensities of 200, 300 and 400 nJ/pulse. The oscillation amplitudes
and the difference absorption (�OD) of the decay profiles linearly
increase with the increase of excitation intensity as shown in
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ig. 5a and its inset. However, not only the central wavelengths
ut also the oscillation amplitudes of bleaching peaks in the
ibrational processes were similar for the different excitation
ntensities as shown in Fig. 5b [25]. With the impulsive excitation
f gold nanocuboids, the hot electrons and the heated lattice are
esponsible for the shift and broadening of the SPR bands and
ence the coherent acoustic phonon vibrations. The SPR band shift
nd the phonon vibrations are related with the initial electron
nd phonon temperatures and hence the excitation intensity
24]. However, from our results, the coherent acoustic phonon
ibrations are not influenced by the excitation intensity even
hough the absorbed photons are increased with the increase of
xcitation intensity.

. Conclusion

We investigated the ultrafast dynamics of periodic gold
anocuboid dimers with different nanogap separations by fem-
osecond near-IR transient absorption spectroscopy. The SPR bands
f the nanocuboid dimers were influenced by the near field cou-
ling while the vibrational frequencies of the coherent acoustic
honons were almost the same for all of the dimers. The phonon
ibration was only influenced by the intrinsic properties of the
etal nanostructures, such as the size, the shape and the mate-

ials, but not the dipole coupling of the proximities. In addition,
he excitation intensity dependence of coherent acoustic phonon
ibration was examined. Although the amplitude of the absorption
as linearly increased with the increase of excitation intensity, the

mplitude of coherent acoustic phonon vibration of the bleaching
eak shift was not influenced by the excitation intensity within
he current intensity range. In addition, the experimental results
evealed that the e–p coupling (∼0.7 ps) was followed by the initial
ize change of gold nanocuboid with the time scale that was a little
lower (∼1.7 ps) than the e–p coupling.
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