
Chemical Physics Letters 496 (2010) 326–329
Contents lists available at ScienceDirect

Chemical Physics Letters

journal homepage: www.elsevier .com/locate /cplet t
Selective acoustic phonon mode excitation of multi-mode silver nanoprisms
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Nanoprisms are known to exhibit two major planar phonon modes in ultrafast experiments, namely, a
stronger mode related to the bisector height and a weaker mode related to half of the edge length. In this
work we demonstrated photoacoustic excitation of a specific acoustic phonon mode in silver nanoprisms
using two properly timed pump pulses. Using this technique, we could selectively excite only the weak
totally symmetric mode while suppressing the dominant breathing mode. Via direct observation of such
a mode, which is hardly detectable directly with the conventional single pump pulse technique, we could
elucidate the roles of hot electrons in photoinduced ultrafast structural dynamics in laser-heated
nanoparticles.

� 2010 Elsevier B.V. All rights reserved.
The investigation of laser heating and ultrafast structural
dynamics of nanomaterials induced by a femtosecond laser pulse
using optical pump–probe techniques or the ultrafast electron dif-
fraction method has attracted much attention recently. The sudden
heating of electrons and lattice by a femtosecond laser pulse in-
duces impulsive thermal stress which causes the whole nanoparti-
cle to vibrate. Usually, the oscillation period is proportional to the
dimension of the object. The breathing mode exhibits an approxi-
mate period of 2L/vs, where vs is the sound velocity and L is related
to the nanoparticle size [1–11]. In some cases, higher order modes
could be observed, such as in nanorods, nanocubes and nanoprisms
[12–18].

Nanoprisms are known to exhibit two major planar phonon
modes as shown in Fig. 1a and b. The first and dominant mode, of-
ten called the breathing mode, is related to the bisector height. The
second but much weaker mode, often called the totally symmetric
mode, is related to half of the side length. According to observation
in the transient absorption experiments and simulation results
[14–18], the detection of the totally symmetric mode is due to
the width modulation of the plasmon resonance, and it is mainly
caused by the peak-like impulsive electron stress. It means that
the totally symmetric mode is difficult to be observed if the wave-
length of the probe beam is far from the width of the plasmon res-
onance. In this work, we demonstrated the direct observation of
the much weaker totally symmetric mode around the peak of the
plasmon resonance by coherent control techniques when sup-
pressing the more dominant breathing mode. This alternative ap-
ll rights reserved.
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proach with two properly timed pump pulses allows us to
enhance detectable sensitivity of the totally symmetric mode and
to improve the understanding of the hot-electron dynamics in-
duced by laser heating.

In typical synthesis of silver nanoprisms, an aqueous solution of
silver nitrate (0.1 mM), trisodium citrate (30 mM), poly(vinylpyrr-
olidone) (0.7 mM), and hydrogen peroxide (30%) were added in se-
quence at room temperature. Then, 100 mM sodium borohydride
was injected into the mixture. Fig. 2a shows the UV–visible extinc-
tion spectra of nanoprisms formed under this condition. The
dimension of the resulting silver nanoprisms with 43 ± 8.6 nm for
the bisector and 7 ± 1.25 nm for the thickness was determined
through the TEM image. The histogram of bisector is shown in
the inset of Fig. 2b. Multiple pump beam configuration was used
in this pump–probe experiment. The 100 fs laser pulse at 760 nm
wavelength provided by a Ti:sapphire amplifier (Spifire, Spectra
Physics, Inc.) with a repetition rate of 1 kHz was applied to the
nanoprisms in single color pump–probe measurements. Here, the
Spifire laser was pumped and seeded by an solid state laser (Em-
power, Spectra Physics, Inc.) and an oscillator of the Ti:sapphire la-
ser (Tsunami, Spectra Physics, Inc.). Two motorized stages were
used to control the delay time between two pump beams and
one probe beam, which were irradiated on the sample with a
pump/probe energy ratio of 100 to 1. The probed beam was de-
tected by a photodiode detector (2001-FC, New Focus, Inc.), and
the data signal was acquired by a personal computer through a
lock-in amplifier (SR830, Stanford Research, Inc.). A perpendicular
polarizer between the pump and probe beams was employed to
minimize the influence from the pump beam scattered light. Here,
the sample was circulated in a flow cell with 1 mm optical light
path during the measurements.
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Fig. 1. (a) and (b) Schematic illustrations of two lowest vibrational modes in a
triangular nanoprism, i.e., the breathing mode and the totally symmetric mode.
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The transient absorption data for silver nanoprisms is shown in
Fig. 3. The blue1 curve represents the typical pump–probe result.
The large peak that appears before 10 ps is due to photo-induced
hot-electron dynamics, and the following damped sinusoidal oscil-
lations are due to coherent acoustic phonons. We determined from
the fitting an oscillation period T of 29.4 ± 0.05 ps. Using the
approximate relation T = 2h/vs as reported by the Hartland’s group
[3] one could retrieve the bisector of nanoprisms. A slightly larger
bisector of 53.6 nm than the mean of size distribution histogram
was obtained by using the sound speed vs = 3650 m/s. The overes-
timate of the size using the approximate relation was noted in pre-
vious studies using a variational approach to solve the
elastodynamics problem [14,19].

In another recent study, by curve fitting to the oscillations with
a single damped sinusoid, the residue of the fit showed a weak
oscillatory component at a higher frequency which was identified
as the totally symmetric mode [14]. Such an indirect method using
the residue to determine high-order mode is not very robust and it
could be susceptible to noise which has a magnitude on the order
of the residue. To obtain a more accurate determination of the
phase and the amplitude, we presented a better alternative using
two properly delayed pump pulses to suppress the dominant
breathing mode and to selectively excite the much weaker totally
symmetric mode. In addition, this technique has been used by Del
Fatti’s group to detect a weak overtone mode for Ag nanospheres
[7]. Two pump pulses were crossed on the BBO crystal to produce
second harmonic generation and to determine the zero time delay.
Then, the optical path was increased by 4.41 mm for the second
pulse with a corresponding time delay of 14.7 ps with respect to
the first pulse. This time delay was chosen to be equal to the half
period of the breathing mode so that there would be destructive
interference from the undesirable dominant mode. The experimen-
tal data are shown in Fig. 3a. The spikes represent the timing of the
first pump pulse (P1) and the second pump pulse (P2). The extent of
the suppression of the breathing mode could be controlled by
adjusting the power of P2. As prescribed from the green curve in
Fig. 3a, the oscillations are caused mainly by P2 when the power
of P2 is larger than the power of P1. One could also clearly see that
the green and blue curves are out of phase. Furthermore, the
amplitude of the breathing mode decreases as the power of P2 de-
creases. We have obtained an optimized condition when the power
of P2 was about one quarter of the power of P1. As shown from the
red curve in Fig. 3a, the breathing mode was completely sup-
pressed and the faster oscillations from the totally symmetric
mode could be observed.

The oscillations from the totally symmetric mode displayed in
Fig. 3b were fitted to Ae�t=T1 sinðxt þ /Þ þ Be�t=T2 , where x = 2p/T
1 For interpretation of color in Figs. 3 and 4, the reader is referred to the web
version of this article.
and T is the oscillation period. The amplitudes A and B, the damp-
ing time constants T1 and T2, the angular frequency x, and the ini-
tial phase / were determined from the curve fitting. From the
fitted oscillation period of T � 18 ± 0.08 ps we found that the peri-
od of the breathing mode is about
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times of that of the totally
symmetric mode [14]. As shown in Fig. 3a from the comparison be-
tween the red and blue curves, the launching of the second pulse
P2, which is properly delayed with respect to P1 results in out-of-
phase cancellation and suppression of the breathing mode. The
success of such a scheme of selective excitation relies on proper
choice of the pulse timing and power. Since the power of P2 is four
times weaker than the power of P1, this P2 pulse only affects the to-
tally symmetric mode slightly. In order to compare these two
modes, we also used a damped sinusoid to fit the breathing mode
of the blue curve in Fig. 3a. The initial phase difference between
these two modes is 81�, with the initial phase of 148 ± 3.4� and
229 ± 7.25� for the breathing mode and the totally symmetric
mode, respectively. Our experiment result regarding phase differ-
ences is consistent with previous studies [14–18].

Furthermore, here we discuss the dependence of the excitation
power on coherent acoustic oscillations. As shown in Fig. 4a, the
amplitude of the breathing mode depends on the excitation power
which was varied from 0.5 to 2.3 lJ/pulse. The magnitude of the
modulations first increases with the pump power from 0.5 to
1.2 lJ/pulse, but then decreases when the power is higher than
1.2 lJ/pulse. We also observed another characteristic of the breath-
ing mode, as the pump power increases the oscillation pattern
shifts backward in time. Such behavior could be understood from
the thermal heating mechanism of electrons and lattice as dis-
cussed in previous studies [8,20–25]. The dependence of the totally
symmetric mode on pump power is shown in Fig. 4b. The shift of
the oscillation pattern backward in time as the pump power in-
creases is similar to the behavior of the breathing mode in Fig. 4a.

In a colloid sample of nanoparticles, the size of the nanoparti-
cles is not homogeneous. Since the oscillation period depends on
the particle size, a distribution of the sizes or the oscillation peri-
ods would contribute to the damping of the oscillations known
as inhomogeneous broadening [20,26]. The yellow lines in Fig. 4
were fitted by the damped sinusoid as discussed previously with
an invariant damping time of 25 ps for the totally symmetric mode
and 45 ps for the breathing mode obtained. As shown from the
green data dots in Fig. 4b, we also noticed that the magnitude of
the totally symmetric mode drops suddenly when the excitation
power exceeds 1.6 lJ/pulse, and disappeared when the excitation
power exceeded 2.3 lJ/pulse. According to previous studies
[8,27,28], non-uniformity or a gradient of electron temperature
and lattice temperature inside a nanoparticle is essential in con-
tributing to thermal stresses to drive acoustic vibrations. At a high-
er fluence, although the electron temperature increases, the
electron thermal conductivity and the ballistic range also increase.
The temperature gradient or thermal stress does not necessarily in-
crease monotonically with laser fluence. These competing factors
contribute to our experimental finding of an increase in the magni-
tude of the totally symmetric mode from the beginning, and then a
decrease as the laser fluence gets higher. In addition, the tips of
nanoprisms could be truncated at higher laser excitation intensity
[29,30]. Unlike the ideal sharp tips, the snipped tips could cause a
decrease in the optical absorption and a more uniform initial distri-
bution of the electron temperature. Since the peak of SPR is sensi-
tive to snipping [29,30], we could use the absorption spectrum to
estimate the extent of snipped nanoprisms. At the maximum laser
excitation, we found that the peak of SPR was blue-shifted by
about 15 nm, indicating that the nanoprisms were snipped slightly.

In summary, in this study of photoacoustic excitation of silver
nanoprisms, we used two properly timed laser pulses to control
the selective excitation of the much weaker totally symmetric



Fig. 4. (a) The pump power dependence with one pump pulse. (b) The pump power
dependence with two properly timed pump pulses. The data were normalized to
peak signal near 0 ps. The yellow line represents the fit by
Ae�t=T1 sinðxt þ /Þ þ Be�t=T2 .

Fig. 2. (a) UV–visible spectra of the silver nanoprisms. The dashed line represents the wavelength of pump and probe beams. (b) The TEM image of the silver nanoprisms.
Inset is the size distribution of the bisector height.

Fig. 3. (a) The observed transient absorption profiles with an excitation wavelength
at 760 nm at a different pump power: P1 = 0.5 lJ (blue line), P1/P2 = 0.5 (green line),
and P1/P2 = 4 (red line), respectively. (b) Transmission changes of the totally
symmetric mode on an enlarged scale. The red curve is fitted by a damped sinusoid
with a period of 18 ± 0.15 ps. The data were normalized to peak signal near 0 ps.
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mode while suppressing the fundamental breathing mode. In the
usual pump–probe experiments with one single pump pulse, the
presence of the dominant breathing mode is so strong that the sec-
ond mode is hardly detectable. In the past, the much weaker totally
symmetric mode was determined by extracting from the residue in
curve fitting to overall transient data by one damped sinusoidal
function. Such a numerical fitting approach is indirect and would
not too reliable if S/N is poor. As an alternative, this coherent con-
trol technique allows us to observe such a weaker mode directly
and to investigate its pump power dependence more rigorously.
This approach could also be applied in photoacoustic excitation
of nanoparticles with less symmetric shapes. The observation re-
ported here about the roles of hot electrons in ultrafast structural
dynamics of nanoprisms is consistent with the descriptions of
the two-temperature model that has been used by researchers to
model hot-electron dynamics and electron thermal stresses in-
duced by femtosecond laser heating.
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