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The response of single crystal, cubic silver particles to ultrafast laser-induced heating has been
examined experimentally and theoretically. The transient absorption traces display clear
modulations due to coherently excited vibrational modes. Nanocube samples with edge lengths
smaller than 50 nm show a single modulation, whereas samples larger than 50 nm show two
vibrational modes. The results are compared to finite element calculations, where the cubes are
modeled as having cubic crystal symmetry with the principal axes parallel to the sides of the
particle. The action of the laser pulse is treated in two ways, first, as creating a uniform initial strain.
In this case the predominant mode excited is the breathing mode. The period of this mode is in
reasonable agreement with the vibrational periods measured for the smaller cubes and with the
higher frequency modulation observed for the larger cubes. A nonuniform initial strain is also
considered, which could arise from nonuniform heating for particles larger than the optical skin
depth of the metal. In this case the predominant mode excited is a nontotally symmetric mode. The
calculated periods from this analysis are in reasonable agreement with the lower frequency
modulations observed for the larger samples. The results from this study show that, to within the
accuracy of these measurements, the elastic constants of cubic silver nanoparticles are the same as
bulk silver. © 2007 American Institute of Physics. �DOI: 10.1063/1.2672907�

I. INTRODUCTION

Understanding how the properties of materials change
with size has been a long-standing problem in physical
science—dating back to the turn of the last century.1 The
properties that have been studied include phase transition
temperatures2–4 and pressures,5,6 changes in the band gap for
semiconductors,7,8 and the catalytic activity of small metal
particles.9–11 These studies have been traditionally limited to
particles that have roughly spherical symmetry. Recently, a
number of synthetic techniques have been developed to pro-
duce high quality �narrow size distribution� samples of
rods,12–14 triangles,15,16 and cubes and boxes,17 as well as
more exotic shapes such as tetrapods,18,19 branched
particles,20 and stars.21 These particles grow with very spe-
cific crystalline structures, which allows exploration of how
shape and crystal structure, as well as size, affects the prop-
erties of materials.

Over the past several years we, and several other groups,
have used time-resolved spectroscopy to examine the elastic
properties of nanoparticles.22–26 In these experiments ul-
trafast laser-induced heating coherently excites the vibra-
tional modes of the particle that map onto the expansion
coordinate. These modes produce a modulation in the tran-
sient absorption traces.22,23 Comparing the measured periods
to continuum mechanics calculations yields information
about the elastic constants of the particles, if the size and
shape are known.22–26 Most studies have been concerned
with metallic systems,22,23,25,26 although similar experiments
can be performed on semiconductors.24,27 For spherical metal
particles these experiments show that the elastic constants
are the same as the bulk material.22,23 These particles are
polycrystalline and, therefore, elastically isotropic.28 Coher-
ently excited vibrational modes have also been observed for
triangular silver particles,26 which grow as single crystals.15

A good match was found between the experimentally mea-
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sured periods and the periods calculated using the bulk elas-
tic constant data. In contrast, experiments with gold nano-
rods show that the value of Young’s modulus for these
materials is approximately 20%–30% lower than that for
bulk gold.23,29,30 The nanorods grow in very specific
ways—as either single crystals with a �100� growth
direction31–33 or as pentatwinned crystals with a �110� growth
direction.34–36 The transient absorption results are difficult to
explain in terms of the structure of the nanorods, which has
motivated us to study other single crystal nanoparticle sys-
tems of different shapes.

In this paper we present experimental transient absorp-
tion data and theory for silver nanocubes. These particles are
single crystals with �100� facets.17 They have edge lengths
between 30 and 100 nm, with typical standard deviations for
the size distribution of 10%–15%. Coherently excited vibra-
tional modes can be clearly seen in the transient absorption
traces. The results from the experiments are compared to
numerical calculations, which are described in detail below.
The calculations predict that the dominant mode excited in
these experiments should be the breathing mode of the cube.
However, the experimental data for the larger samples show
two modulations. The high frequency motion is consistent
with the breathing mode. The low frequency motion is as-
signed to a nontotally symmetric mode that is excited by
nonuniform heating of the particles. Such an effect may arise
from the finite optical penetration depth of the pump laser.37

II. EXPERIMENTAL PROCEDURES

The silver nanocubes were prepared using a slightly
modified version of the polyol synthesis described in Ref. 38.
Briefly, 5 ml of ethylene glycol �EG� �J. T. Baker� was added
to a disposable 6 dram glass scintillation vial �VWR interna-
tional� and heated in an oil bath at 145 °C for 1 h. 0.5 ml of
a 3 mM solution of HCl �J. T. Baker� in EG was then added.
After 10 min, solutions of AgNO3 �1.5 ml of a 94 mM solu-
tion in EG, Aldrich� and poly�vinyl pyrrolidone� �PVP�
�1.5 ml of a 147 mM solution in EG, molecular weight
�55 000, Aldrich� were injected at a rate of 22.5 ml/h using
a dual channel syringe pump �KDS-200, Stoelting, Wood
Dale, IL�. Following injection of the AgNO3 and PVP the
vial was loosely capped. The solution was left in this state
for over a day, at which point the vial was sealed. After
sealing, the solution gradually turned dark yellow, then
reddish-brown, and finally thick greenish-gray. The final size
is determined by the total reaction time.38 Magnetic stirring
at 350 rpm was applied throughout the synthesis. The prod-
uct was washed and collected by centrifugation for 30 min at
3900 rpm, first with acetone to remove EG then at least
twice with water to remove excess PVP. Cubes were the
primary product in this synthesis ��95% �, and they formed
stable suspensions in water without any additional stabiliz-
ers.

The samples were analyzed by scanning electron micros-
copy �SEM� and transmission electron microscopy �TEM�.
Specimens for SEM were prepared by placing small drops of
the dispersions of metal nanoparticles on silicon substrates
�Silicon Valley Microelectronics, San Jose, CA�. Copper

grids coated with amorphous carbon �Ted Pella, Redding,
CA� were used for TEM. The samples were allowed to dry at
room temperature in a fume hood. The SEM images were
obtained using a field-emission microscope �Sirion XL, FEI,
Hillsboro, OR� operated at 15 kV. The TEM images were
taken using a Philips 420 electron transmission microscope
operated at 120 kV. UV-vis absorption spectra were taken
with a Cary 50 UV-vis spectrometer.

The transient absorption experiments were performed
with a regeneratively amplified Ti:sapphire �Clark-MXR,
CPA-1000�. Pump pulses at 400 nm were produced by sec-
ond harmonic generation and probe pulses in the visible re-
gion were obtained from a white-light continuum. Transient
absorption traces at specific probe wavelengths were col-
lected as a function of pump-probe delay. Fluctuations in the
intensity of the probe were normalized on a shot-to-shot ba-
sis using boxcars integrators, in combination with an ana-
logue division integrated circuit and a lock-in amplifier. Time
and wavelength resolved data were also collected using an
Ultrafast Systems UV-visible femtosecond spectrometer,
with a Clark-MXR CPA-2010 laser as the pump source.

The samples were contained in 1 mm path length cu-
vettes for the transient absorption experiments, and the ex-
periments were performed without flowing. The laser spot
size at the sample in these experiments was between 2 and
4 mm2. The transient absorption signal showed a slight de-
crease in magnitude, but no change in form during the course
of the experiments, indicating that laser-induced damage of
the samples in not significant. The period of the coherently
excited vibrational modes was obtained by fitting the modu-
lated portion of the data to a damped cosine function with a
decaying offset, using the “SOLVER” routine in MICROSOFT

EXCEL. Note that the ability to collect time and wavelength
resolved data with the Ultrafast Systems spectrometer is a
tremendous advantage for assigning signals in these experi-
ments. However, the ultimate signal to noise in this system is
not as good as that of the single wavelength detection
scheme. This is primarily because the single wavelength
scheme employs shot-to-shot normalization. Thus, the major-
ity of the data in this paper were collected with the single
wavelength detection scheme.

III. RESULTS AND ANALYSIS

A. Experimental results

Figure 1 shows representative SEM and TEM images of
the nanocubes used in the transient absorption experiments
�note the different scale bars for the different images�. The
average dimensions of the particles determined from analysis
of the TEM images are collected in Table I. Approximately
200—400 particles were counted for each sample �the exact
number is given in Table I�. The errors given for the size in
Table I represent the standard deviation. The samples are
fairly uniform in size, with standard deviations on the order
of 10%–20%. Figure 2 shows UV-vis absorption spectra of
selected cube samples �samples S1, S4, S5, and S6�. The
spectra show a broad band in the visible region due to the
surface plasmon resonance �SPR� of the cubes. The SPR
shifts to the red and broadens as the size of the particles
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increases—consistent with increasing contributions from re-
tardation effects and radiation damping with increasing
size.39

Figure 3 shows time and wavelength resolved transient
absorption data for sample S4. The top panel shows the full
contour plot of the data and the bottom panel shows a tran-
sient absorption trace at 448 nm �extracted from the data in
Fig. 3�a��. Modulations that correspond to coherently excited
vibrational modes can be clearly seen in both the contour
plot and the single wavelength trace.22,23,26,40 The contour
plot shows a complicated behavior. At wavelengths to the red
of 500 nm a single modulation is observed. The period de-
creases slightly as the probe wavelength decreases. This de-
crease is attributed to the polydispersity in the sample.41

Larger cubes absorb in the red part of the spectrum and
smaller cubes absorb at blue wavelengths �see Fig. 2�,42 thus,
as the probe wavelength is tuned from the red to the blue we
select smaller cubes and see a faster period. At probe wave-
lengths less than 500 nm two modulations are observed. This
is illustrated in the 448 nm trace presented in Fig. 3�b�. This
trace cannot be fitted using a single cosine function. The two
cosine terms extracted by the fitting procedure are shown
above the experimental data. The two modulations have
similar amplitudes, but a different phase at this wavelength
�phase difference=120°�. Also note that the damping time of
the modulations is faster for the higher frequency compo-
nent.

Figure 4 shows transient absorption traces for sample S6
�the largest sample�. Two modulations can also be clearly
seen in this trace. In comparison to sample S4, the ampli-
tudes for the two modulations are again similar, but they are
in phase at this probe wavelength �the phase difference is
only 10° for this trace�. The higher frequency modulation for
sample S6 has a faster decay time compared to the lower
frequency component, similar to that observed for sample
S4. Sample S5 also shows two modulations �data not pre-
sented�, however, the lower frequency component is much
weaker in this case. The average periods determined from
analysis of the experimental data are given in Table I, and are
plotted against the average dimensions of the particles in Fig.
5. The errors reported in Table I and Fig. 5 are the standard
deviations for the size and period measurements. The periods
of both the modes are clearly proportional to the edge length.

B. Finite element analysis

In this section, we calculate the vibrational response of a
silver cube following excitation by a thermal pulse. This is
achieved in an analogous manner to that performed for rods
in Ref. 43, by decomposing the initial strain into the natural
vibration modes of the cube, which are calculated numeri-
cally. Finite element analysis is used44 and the Fourier coef-
ficients for both the deformation and change in volume are
obtained. We consider a cube composed of a linearly elastic
material that is anisotropic with cubic crystal symmetry. The
principal crystal axes of the cube are parallel to the edges—
which is appropriate for cubes with �100� faces.17

TABLE I. Average values of the edge length and period for the different
nanocube samples. The samples are arranged in order of increasing edge
length. The errors represent the standard deviation. The number of particles
counted in the TEM measurements for samples S1-S6 were 421, 271, 284,
415, 188, and 465.

Sample Length �nm� Period �ps�

S1 35.5±3.4 19±1
S2 38.6±3.9 22±1
S3 48.1±7.5 28±1
S4 54.2±11.2 30±3

38±2
S5 72.1±11.2 44±1

57±2
S6 85.6±18.1 42±4

62±1

FIG. 1. SEM and TEM images �inserts� of the different nanocube samples
used in these experiments. Panels A–F correspond to samples S1–S6. Note
the different sizes of the scale bars in the images. The average edge lengths
for each sample are collected in Table I.

FIG. 2. UV-vis absorption spectra of selected nanocube samples S1, S4, S5,
and S6. The average edge lengths for the samples are 35, 54, 72, and 86 nm,
respectively.

094709-3 Time-resolved spectroscopy of silver nanocubes J. Chem. Phys. 126, 094709 �2007�
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As in Ref. 43, we consider the thermal pulse to be of
infinitesimal duration, since the characteristic time for vibra-
tion greatly exceeds the time scale for energy flow from the
hot-electron distribution created by the pump laser into the
lattice �several picoseconds�. In addition, since the time scale
for heat transfer from the particle to the surroundings is
much longer than the vibration period,45 the cube is consid-
ered to remain at constant temperature following excitation.
We initially assume that the thermal pulse acts to heat the
cube uniformly, as such the initial state of the cube relative to
its final state after application of the pulse is that of a uni-
form strain, i.e.,

Ut−0 = − ��xx̂ + yŷ + zẑ� , �1�

where U is the displacement vector, x, y, and z are the com-
ponents of the Cartesian coordinate, x̂, ŷ and ẑ are the unit
vectors for each Cartesian axis, � is the magnitude of the
initial strain, and t is time. Importantly, the displacement

vector is taken with respect to the final equilibrium state,
which coincides with the average shape of the cube follow-
ing excitation. We will later relax the assumption of uniform
initial strain to investigate the effect of nonuniform heating
resulting from the finite penetration depth of the pump laser.

To evaluate the contributions for different modes, we
note that the vibrational modes form a complete orthogonal
basis set. We may therefore express the displacement of the
cube as a linear combination over all modes:

U�x,y,z,t� = �
n

�nun�x,y,z�exp�− i�nt� , �2�

where the subscript n refers to the n-th mode, un�x ,y ,z� is
the spatial displacement vector of each mode, �n is the radial
resonant frequency of the nth mode, and �n is the Fourier
coefficient of the nth mode which is given by

FIG. 3. �Color� �a� Top: contour plot of the wavelength vs time response for
sample S4. Blue/purple=positive signal and red=negative signal. �b� Tran-
sient absorption trace at �=448 nm extracted from the data in �a�. The solid
lines show a fit to the data using two cosine terms and exponential decays
for electron-phonon coupling and heat dissipation. The two cosine compo-
nents extracted from the fit are shown above the experimental trace.

FIG. 4. Transient absorption data for sample S6 recorded at �=520 nm. The
solid line shows a fit to the data using two cosine terms and exponential
decays to describe electron-phonon coupling and heat dissipation. The two
cosine components extracted from the fit are shown below the experimental
trace.

FIG. 5. Average period vs average edge length for all the samples examined.
The solid lines are the calculated periods for the dominant modes excited by
a uniform initial strain ��17�a� and �42�a��. The dashed lines are the calcu-
lated periods for the dominant modes excited by a nonuniform initial strain
��5�t� and �8�t��. The error bars indicate the standard deviation of the
measurements.

094709-4 Petrova et al. J. Chem. Phys. 126, 094709 �2007�
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�n = 	
V

un · Ut=0dV , �3�

where the integral is performed over the volume of the cube
and the modes are normalized such that 
V�un�2 dV=1.

Noting that displacements are infinitesimal within the
framework of the theory of linear elasticity,28 it then follows
that the temporal response of the change in volume is given
by

�V

V
= �

n

�n exp�− i�nt� , �4�

where �V is the change in volume, V is the initial volume of
the, cube and

�n =
�n

a3	
S

n̂ · undS , �5�

where n̂ is the outward normal unit vector to the surface of
the cube, a is its side length, and the integration is performed
over the surface of the cube. Since the change in the optical
absorption spectrum in the measurements will be dictated by
both deformation and volume changes, we present results
from both these contributions. The integrals in Eqs. �2�–�5�
were evaluated numerically by calculating the modes using
finite element analysis. The finite element analysis requires
the density, Young’s modulus �E�, Shear modulus �G�, and
Poisson’s ratio ��� for the different crystal directions in the
cube. The specific formulas for E�ij�, G�ij�, and ��ij� are28

Exx = Eyy = Ezz =
�C11 − C12��C11 + 2C12�

�C11 + C12�
, �6a�

Gxy = Gyz = Gxz = C44, �6b�

�xy = �yz = �xz =
C12

C11 + C12
, �6c�

where the Cij are elastic constants of crystalline silver. The
values used are C11=122.27 GPa, C12=91.77 GPa, and C44

=46.06 GPa and density 	=10.5 g/cm3.46 The density is
taken to be isotropic.

The above analysis makes no assumptions regarding the
importance of different modes and, therefore, implicitly de-
termines the relative contribution of all modes. In the follow-
ing, the modes are labeled by whether they are singly �a�,
doubly �e�, or triply degenerate �t�, and numbered according
to increasing energy. This nomenclature is appropriate for the
Oh point group of the cubes.47 We present Fourier coeffi-
cients for the relative contribution of all modes to the dis-
placement, as given by �n, and to the change in volume, as
given by �n. Figure 6 shows the Fourier coefficients of de-
formation and of change in volume versus normalized fre-
quency �̄=�L�	 /E from the theoretical analysis for the ini-
tial uniform strain. These results show that the deformation
and volume changes are dominated by two distinct modes:
mode �17�a�, which has a normalized eigenfrequency of �̄
=6.04, and mode �42�a�, which has a normalized eigenfre-
quency of �̄=9.31. The shapes of these two modes are pre-

sented in Fig. 7. It is clear that these modes correspond to the
fundamental and overtone breathing vibrations. The periods
corresponding to these two modes are plotted in Fig. 5 as the
solid lines for the actual dimensions of the cubes studied.

Since the optical penetration depth in metals is typically
of the order of 10–20 nm,37 nonuniform heating effects can
occur in our experiments,48–50 especially for the larger par-
ticles. Nonuniform heating produces a nonuniform initial
stress field, which induces a nonuniform initial strain
field.48–50 Importantly, the time scale for thermal diffusion in
the interior of the cube is small in comparison to the time
scale of the fundamental resonant vibrations. As such, any
nonuniform excitation in this system will rapidly relax into
uniform excitation before any significant vibrational dis-
placement occurs. This feature then allows the nonuniform
heating to be modeled by an impulsive strain. In the fre-
quency domain, this impulsive strain in time becomes a fre-
quency independent strain. As such, the dominant modes ex-
cited by this nonuniform impulsive excitation can be
obtained in an analogous manner to that for uniform excita-
tion, by imposing a spatially varying strain field in the fre-

FIG. 6. Fourier coefficients for the displacement �n and volume change �n

associated with the nth mode vs normalized frequency �̄=�L�	 /E for a
uniform initial strain.

FIG. 7. Mode shapes for the two dominant modes observed in Fig. 6. �a�
Mode shape of the 17th eigenmode, which has a normalized eigenfrequency
of �̄=6.04. �b� Mode shape of the 42nd eigenmode, which has a normalized
eigenfrequency of �̄=9.31.

094709-5 Time-resolved spectroscopy of silver nanocubes J. Chem. Phys. 126, 094709 �2007�
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quency domain. We model this effect here by considering
that the initial strain decays exponentially with distance from
one side of the cube.51 The specific displacement field used is

Ut=0 =  0 , x 
 0

�
22x − 1

2
�ŷ + ẑ� , x � 0. � �7�

The modes excited are then evaluated in an identical manner
to that of uniform heating by use of Eqs. �3� and �5�.

Note that Eq. �7� corresponds to a situation where the
pump laser beam is normal to a surface of the particle. How-
ever, in solution the cubes are randomly orientated and so, in
principle, many different nonuniform initial strain fields
should be considered. However, the simple model given in
Eq. �7� is expected to capture the basic physics of this situ-
ation and allow determination of the modes excited by non-
uniform heating. Results of the analysis using the initial
strain field described by Eq. �7� are given in Fig. 8.

Comparing Figs. 6 and 8, we observe that the modes
excited by nonuniform heating differ considerably to those
for uniform heating. This is not surprising, since the uniform
initial strain only excites totally symmetric vibrational
modes, whereas the nonuniform strain excites nontotally
symmetric modes. The two dominant modes that appear in
the deformation and volume change for nonuniform heating
are both triply degenerate: mode �5�t� with a normalized
eigenfrequency of �̄=3.38 and mode �8�t� which has an
eigenfrequency of �̄=4.14. A triply degenerate mode has
three mode shapes, which have the same shape but different
direction. One component of the two dominant degenerate
modes ��5�t� and �8�t�� is shown in Fig. 9. Note that these
modes possess frequencies that are significantly lower than
those of the symmetric modes excited by uniform heating,
and the mode shapes for uniform and nonuniform excitations

also differ considerably. The periods for the main modes ex-
cited by nonuniform heating are shown in Fig. 5 as the
dashed lines.

IV. DISCUSSION

Inspection of Fig. 5 shows that the higher frequency
modulations observed for the cubes can be assigned to the
breathing mode ��17�a��, and the lower frequency modula-
tions can be assigned to a mode that arises from nonuniform
heating ��8�t��. A more quantitative comparison of theory
and experiment can be made by using the experimental data
to calculate normalized eigenfrequencies. We find �̄
=5.60±0.15 for the high frequency mode and �̄
=4.25±0.08 for the low frequency mode. These values are
essentially within experimental error of the calculated values
of �̄=6.04 for �17�a� and �̄=4.14 for �8�t�. This shows that
the vibrational response of cubic particles to ultrafast laser-
induced heating can be well described by continuum me-
chanics, and that the elastic constants of the particles are the
same as bulk silver �to within the accuracy of our measure-
ments�. This is the main result of this paper, and is in agree-
ment with the recent study of the vibrational response of
single crystal Ag triangles by Bonacina et al.26 However, the
observation of bulk elastic properties for nanoparticles is in
contrast to our experiments with gold nanorods, where we
found that the value of Young’s modulus for the rods was
significantly smaller than the value for bulk gold.29,30,43 At
this point it is not clear why the nanorods show different
properties compared to bulk material.

The relative phase of the vibrational modulations ob-
served in Figs. 3 and 4 is also an interesting issue in these
experiments. The phase depends on whether the vibrations
are excited by a displacive �step-function-like�52 or an impul-
sive �delta-function-like� mechanism.53,54 Whether the initial
strains caused by laser-induced-induced heating are displa-
cive or impulsive depends on the time scale for their decay
compared to the periods of the vibrational modes. The uni-
form initial strain decays via heat dissipation in the surround-
ings, which is a long time scale process.45 Thus, this effect
corresponds to a displacive excitation. The nonuniform ini-
tial strain decays via internal heat diffusion in the particle,
the time scale of which is given by �=L2 /D, where D
=� /C is the thermal diffusivity, � is the thermal conductiv-

FIG. 8. Fourier coefficients for the displacement �n and volume change �n

associated with the nth mode vs normalized frequency �̄=�L�	 /E for a
nonuniform initial strain �as given by Eq. �7��.

FIG. 9. Mode shapes for the two dominant modes observed in Fig. 8. �a�
Mode shape of the fifth eigenmode, which has a normalized eigenfrequency
of �̄=3.38. �b� Mode shape of the eighth mode, which has a normalized
eigenfrequency of �̄=4.14. Both these modes are triply degenerate and only
one component is shown.
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ity, and C is the heat capacity.48–50 The thermal diffusivity
for silver is approximately 170 nm2/ps,55 thus, for our par-
ticles the internal heat diffusion time is faster than the period
of the low frequency modes ��5�t� and �8�t�� for all sizes
�L=30–100 nm�. This implies that the nonuniform strain
gives an impulsive excitation mechanism and, therefore, that
the vibrational motions excited by the uniform and nonuni-
form strains should be 90° out of phase.26,53,54 This is indeed
observed for sample S4 in Fig. 3, where the average phase
difference over all the wavelengths where the two modula-
tions are observed is 95°. However, the phase of the modu-
lations detected in the transient absorption traces also de-
pends on the details of how the excited mode affects the
optical spectrum and the specific probe wavelength.40,56

Thus, the observation that the phases of the two vibrational
modes are similar for sample S6 does not necessarily dis-
prove that the nontotally symmetric mode ��8�t�� is excited
by an impulsive mechanism. For this sample we may simply
be at a wavelength where the two phases are equal.26 Unfor-
tunately, we were not able to record high quality transient
absorption traces over a wide range of wavelengths for this
sample.

Multiple coherently excited vibrational modes with dif-
ferent phases, arising from impulsive versus displacive exci-
tation, have recently been observed for silver triangles.26

However, in these experiments the two modes had the same
symmetry �totally symmetric�. The lower frequency mode
�which mainly involves motion in the plane of the triangle�
was excited by laser-induced thermal expansion �displacive�.
The higher frequency mode �out-of-plane motion� was ex-
cited by hot-electron pressure.26 Hot-electron pressure gives
an impulsive excitation mechanism.53,54 This effect is more
important for the out-of-plane motion because the thickness
of the triangles is much less than their edge length, and is
less than the mean free path of the electrons.54 This result is
somewhat different than our case, where the excited modes
have different symmetries, and the proposed excitation
mechanisms involve a uniform initial strain versus a nonuni-
form initial strain. A nonuniform initial strain may also be
responsible for the excitation of nontotally symmetric vibra-
tional modes observed in the single particle experiments on
spherical gold particles by van Dijk et al.57

The last point considered here is the decay time of the
two vibrational modes. For both samples S4 and S6 the life-
time of the higher frequency mode is much shorter than that
of the lower frequency mode. If the decay times were solely
determined by polydispersity, then one would expect the ra-
tio of the decay time ��� to the period �T� to be constant:
specifically, it can be shown that � /T= �L� /�2�L where �L

is the standard deviation for the dimension L.58 This expres-
sion does not correctly describe the present experiments. The
high frequency mode decays much faster than expected �see
Figs. 3 and 4�. This suggests that the higher frequency mo-
tions for the cubes may be subjected to additional decay
mechanisms, such as internal vibrational energy redistribu-
tion �energy flow out of high frequency modes into low fre-
quency modes�. Experiments are currently underway to in-
vestigate the vibrational lifetimes in these systems.

V. SUMMARY AND CONCLUSIONS

Time-resolved spectroscopy has been used to investigate
the response of silver nanocubes to ultrafast laser-induced
heating. Modulations due to two vibrational modes appear in
the experimental traces. Comparing the experimental results
to finite element calculations allows us to assign the higher
frequency mode to the breathing mode of the particles
��17�a�� and the lower frequency mode to a nontotally sym-
metric mode �which we label as �8�t��. The breathing mode
is excited by the uniform initial strain created by lattice heat-
ing, which persists for much longer than the time scale of the
vibrational motion �its decay is controlled by heat dissipation
in the environment�. This corresponds to the usual displacive
excitation mechanism seen in these types of experiments.22,23

On the other hand, we believe that the nontotally symmetric
mode is excited by a nonuniform initial strain that is gener-
ated from uneven pump laser absorption �this mode is only
observed for particles much larger than the optical skin depth
of the pump laser�. A nonuniform initial strain will decay on
a very fast time scale due to internal heat diffusion and,
therefore, should give rise to an impulsive excitation mecha-
nism. However, the sample polydispersity and the compli-
cated nature of the vibrational motions do not allow this
effect to be quantitatively analyzed in these experiments.
Overall, the good agreement between the calculated and ex-
perimental vibrational frequencies shows that the elastic con-
stants of these particles are the same as bulk silver.
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