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ABSTRACT: We present both theoretical and experimental
studies of the sound velocity anisotropy and laser-induced
multiple acoustic phonon oscillations in silver nanoprisms. A
large-scale simulation method based on molecular dynamics
and group theory for nanoprisms with C;, symmetry was
developed. We observed the most prominent planar modes
and the less studied vertical modes and found that the
anisotropic vibrational properties of silver nanoprisms strongly
depend on the particle’s aspect ratio (bisector length over
thickness). For the case of a smaller aspect ratio, we identified
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these modes as the A; modes with a larger in-phase radial atomic displacement. These modes can be classified into three main
types: breathing modes and totally symmetric modes which are planar modes and thickness-related vertical modes. Due to the
strong coupling with laterally confined modes, a broad band of thickness-related modes is found (in contrast to a single sharp
peak for thin films), which leads to a fast decaying component in the oscillation spectrum. The calculated results and the sound
velocity anisotropy along different crystal axes are in good agreement with our transient optical absorption experiments.

B INTRODUCTION

Over recent years, laser-induced ultrafast structural dynamics in
nanomaterials such as nanoparticles or nanocrystals of semi-
conductors and metals have been a subject of considerable study
using time-resolved optical pump—probe techniques.'™ The
remarkable dynamic phenomena due to transient responses of
electrons and phonons in nanomaterials have been attractive to
researchers. The thermal properties of nanomaterials such as
thermal conductivity and capacity are associated with the
confined phonon oscillations." In particular, complex confined
phonon modes can be excited in low-symmetry metallic
nanoparticles such as nanorods, nanocubes, nanoprisms, and
nanodisks, and the complexity depends not only on their shapes
and sizes but also on their realistic crystalline structure.*” ">

For time-resolved pump—probe experiments, the oscillation
frequencies of metallic nanoparticles are obtained from the
analysis of the transient signals, and the measured signals are
influenced strongly by several experimental conditions such as
the pump power and wavelength of pump and probe beams,
etc.”'>'* Furthermore, only vibrational modes with a large
amplitude can be identified by fitting the experimental data.
Several previous experiments showed that two planar-like modes
were observed in metal nanoprisms, and the involved modes
have been calculated by Bonacina et al.* and Burgin et al.® using a
numerical method based on an isotropic elastic model and the
two dominant modes which were observed in experiment could
be identified phenomenologically. However, in such a continuum
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model, the nanoprism is treated as a homogeneous isotropic
elastic matter with D, symmetry, and thus, the anisotropic effect
of the crystal structure is ignored in these calculations. Recently,
the weaker thickness-related modes of gold nanoplates or
nanoprisms with various thicknesses have been studied by several
experimental works.>'>~'” When the bisector length is far larger
than the thickness, the thickness-related mode of nanoprisms is
similar to the out-of-plane mode observed in thin metal films.
However, when L is close to T, the out-of-plane oscillation has a
strong coupling with the in-plane oscillation, and therefore, the
effect due to thickness and anisotropy of silver nanoprisms has
significant impacts on the characteristics of phonon modes. It
implies that one cannot simply draw a satisfactory conclusion
from experimental studies alone. Instead, a detailed theoretical
model including structural properties of nanomaterials and
appropriate experimental conditions is needed.

In this paper, we report detailed analyses of experimental data via a
theoretical study of laser-induced multiple vibrational modes in
anisotropic silver nanoprisms (which contain up to 10° atoms) using
the symmetric molecular dynamics (SMD) method, which is capable
of describing the bulk phonon dispersion relations accurately.'® The
SMD method is an atomistic method based on molecular dynamics
(MD) method and group theory. The interatomic interactions are
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described by the long-range empirical potential (LREP), ie, tight-
binding potential based on the second-moment approximation
(TB-SMA).” To simulate large-scale nanoprisms, group theory is
applied to increase the computational efficiency in MD simula-
tions.”>*! We found that the vibrational properties of silver nanoprisms
are strongly dependent on the aspect ratio of the nanoprism k, which is
defined as the ratio between the bisector length L and the thickness T'
(L/T). For nanoprisms with a large aspect ratio, their oscillation
spectra are consistent with the previous studies as mentioned above.
For the smaller aspect ratio, more than two dominant oscillations can
be identified due to strong coupling of the in-plane and out-of-plane
oscillations, and the higher-frequency modes distributed widely around
the thickness-related mode of the silver thin film.

B METHOD

Theoretical Section. Simulation Model. A single silver
nanoprism has an fcc structure that has a (111) lattice plane and
C;, symmetry, as shown in Figure 1. According to the group

Figure 1. A single silver nanoprism that has a (111) lattice plane and C;,
symmetry. L and T are the bisector length and thickness of the
nanoprisms, respectively.

theory, the C;, group has the following symmetry operations: the
identity E, two 3-fold axes C;, and three vertical reflection planes
0,. The vibrational modes in silver nanoprisms can be divided
into three symmetry types, associated with representations A,
A,, and E. Only the A modes can be excited by the symmetric
sudden thermal expansion. It should be noted that, for the
calculations based on a continuum model, the silver nanoprism is
treated as an isotropic structure with Dj;, symmetry, and the
displacement patterns on different planes (along the z-axis) are
the same since Ds;, symmetry has a horizontal reflection plane
perpendicular to the z-axis; for the atomistic method, the real
nanoprism actually has a lower symmetry C,, (compared to Dy;,)
after considering the crystal structure, and according to the group
theory, the nanoprism can have different displacement patterns
along the z-axis due to the anisotropy of fcc structures.

The laser heating process is an important but complicated
issue for our SMD simulations, because the excitation of phonon
modes in nanoprisms strongly depends on the initial conditions
(or experimental conditions). We assume that a silver nanoprism
is illuminated uniformly by a pulsed laser and the energy of laser
light is absorbed by conduction electrons (electron expansion)
and then transferred to the lattice (lattice expansion) by
electron—phonon coupling within a very short time 7,, (less
than a few ps). The lattice temperature can reach about 450 K

theoretically at equilibrium.*> The heat effect causes the nearest-
neighbor distance in the lattice to increase approximately by Ar =
0.01 A at 450 K.** The nearest-neighbor distance restores back to
ro with a characteristic time 7, as t — o0, since the heat is
dissipated to the surrounding environment. The thermal
expansion of nanoprisms is described as a time-dependent
change of the TB-SMA potential (see eq 1). Since silver has the
highest thermal conductivity of any noble metal, the thermal
gradient in nanoprisms after the first few ps can be ignored, and
the expansion can be treated as a symmetric sudden expansion. In
the SMD simulation, our study focused on the long-time
oscillation behavior of silver nanoprisms, and thus, the thermal
expansion process including hot-electron pressure for t < 7., is
excluded in the simulation. Therefore, our simulations always
start after the electrons and lattice reached quasi-thermal
equilibrium for the hot electrons with the lattice (¢ > Tep), and the
effect due to hot-electron pressure, which has significant contribution
to the phase and amplitude of the oscillation pattern at short times,
has been ignored in our model."*** The equations of motion of
atoms are solved using the velocity Verlet algorithm, and the time step
At is set to be 4 fs. In order to have a higher resolution oscillation
spectrum, the total simulation time for each case is 1.76 ns.
Symmetric Molecular Dynamics Method. In the SMD
method, we choose one atom from each shell (in group theory,
the atoms whose positions can be transformed into one to
another by the six symmetry operations for the C;, point group
belong to the same shell) as the representative atom to
participate in the MD simulation. These representative atoms
form an irreducible segment of the nanoprism. Only the
positions and velocities of atoms in the irreducible segment are
calculated in the simulation, and the corresponding results for
other atoms can be obtained by applying the six symmetry
operations on these representative atoms. Compared with the
standard MD method, group theory can help not only reduce the
cost of computational time and memory but also increase the
numerical stability. To further improve the computational
efficiency for SMD simulations, the graphics processing unit
(GPU) parallel computing technique is implemented. The
calculation for each atom in the irreducible segment can be
accelerated significantly, and therefore, the modeling of a
nanoprism of up to 10° atoms can be achieved on a personal
computer with a GPU card. The long-range empirical potential
(LREP) with a new set of fitting parameters (see Table 1) is

Table 1. Fitting Parameters of the LREP Model for Bulk Silver

m 4

n 6

ra () 6.185728

ra (A) 7.651708

x, (eVA™) 0.1700981
x, (eV A1) —0.1558156
x, (eVA™2) 0.052233055
x; (1072 eV A™"73) —0.74555622
x; (107 eV A7) 3.6332160

a (107 eV2 A7) 093295035
p 3.489679

ro (A) 2.892067

applied to describe the interatomic force between silver atoms.'®
The LREP model with our new fitting parameters can obtain an
accurate phonon dispersion curve for bulk silver; therefore, the
phonon oscillation of silver nanoprisms can be modeled reliably
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via the SMD simulation. The total time-dependent model
potential ET can be written as

N

E'= ) [E’+E"]
i=1 (1)
where
N
EiR = l Z (”ij - ’cl)m(xo +x1; + ‘xzrijz + x3’ij3 + x4’ij4)
jH

EiB(t) = —\P (t)

N
/’i(t) — z 0‘(",-; _ rcz)ne—ﬂ((r,,/rm(t))—l)
j#i

E}is a repulsive interaction term for atom i due to the interaction
with its neighboring atoms (r,j <r,), and r; is the interatomic
distance. E} is an attractive many-body term due to attractive
interaction between the valence electrons of atom i and its
neighboring ions (r; <7,). m, 1, 1.y, 1op) Koy Xy %5, X3, X4y @, By and
ro are the 12 empirical parameters used in the LREP model. It is
noted that the nearest-neighbor distance in the lattice as given in
ref 19 is modified according to the expression ry — r,, =1, + Ar
exp(—t/.). According to our previous study,'® the laser-induced
vibrational modes are not sensitive to the characteristic time, and
thus, 7 is set to be 1 ps in our simulations.

Before running a SMD simulation, a symmetric relaxation
method is applied to find the equilibrium position of each atom
in the nanoprism. This method can guarantee the symmetry of
nanoprisms. In our simulation, the surface atoms are allowed to
move freely (free boundary condition). The equation of motion
for an atom i with velocity v; and mass m; is given by
L T —=d

i @)
where 1_5'? is the total force on the atom i andj‘,-d is a frictional force.
The damping of the acoustic oscillation of nanospheres has been
studied in several experimental works.'***** Since the damping
rate is influenced by the surrounding medium of the nanoprisms,
to simulate the damping in a MD simulation, a frictional force
f& = @, is included empirically in the eguation of motion.
According to a previous study of Yu et al,*® the corresponding
constant ¢ ranges from 107> to 107 for different particle sizes. In
our calculation, we choose ¢ = 10™° (in units of eV-ps/A?) to
simulate a damped behavior in the oscillation of silver
nanoprisms and to improve the numerical stability of the MD
simulation due to insufficiently short-time step. The velocity—
velocity autocorrelation function (C(t)) is calculated to obtain
the periodic patterns of the oscillations and (C(t)) is defined by

() = —— ¥ U@ N
ik 3

where N and M are the number of atoms and the new time origin
7, respectively. ,(t) is the velocity of atom i at time t. The
oscillation spectra g(w) are obtained by calculating the Fourier
transform of the velocity—velocity autocorrelation function.
Confined Phonon Modes in Silver Nanoprisms: Classifica-
tion and Analysis Using Group Theory. To identify the confined
phonon modes excited by the symmetry expansion in silver
nanoprisms, all eigenmodes of a nanoprism of N atoms are

calculated by solving a 3N X 3N eigenvalue equation of the
dynamic matrix D™, In our study, particles consisting of over 10°
atoms are modeled. It is difficult to diagonalize a large-size D"
directly by present computers. To reduce the computational
effort, the theory of point groups is applied to decompose the
large-size matrix into several smaller matrices, and then we can
solve them separately. D" of a nanoprism with Cy, symmetry can
be decomposed into three smaller matrices for three different
irreducible representations A}, A,, and E of the C;, point group.
Since the number of phonon modes is large, all modes are
classified according to these irreducible representations, and only
A, modes are discussed with the symmetric expansion as an initial
condition of SMD simulations. For example, consider a silver
nanoprism of L = 19.6 nm and T = 7.8 nm, and the dimensions of
the dynamics matrix are 322353 X 322353. By using group
theory, the matrix size for the A; modes becomes 54400 X 54400.
The computational effort can be reduced dramatically. The large-
size matrix is transformed into several block-diagonal matrices
with new basis functions, and the new basis functions can be
constructed straightforwardly using the projection operator
technique.”' The symmetrized basis functions can be obtained by
the linear combinations of p-like orbitals & (a = «, y, z) at sites
within a shell. For the C;, point group, the a orbitals transform
like I'; (z-component) and I'; (x- and y-component), while linear
combinations of sites can transform according to I'yoon Here,
I''=A,T,=A,, and I'; = E. Using the direct-product table in ref
20, we have

r

position

xL=G+L+0) x ([ +1)
=2 + 2, + 41 )

and the coupling coefficients can be obtained.

Experimental Section. Synthesis and Characterizations.
A wet chemical method developed by Mirkin and his colleague
was applied to synthesize silver nanoprisms.”’ An aqueous
solution of silver nitrite, AgNO; (0.1 mM, 100 mL), trosodium
citrate, Na;C¢H;O, (30 mM, 6 mL), poly(vinylpyrrolidone)
(PVP M,, 55 000 g/mol, 0.7 mM, 6 mL), and hydrogen peroxide,
H,0, (35 wt %, 240 uL) was added in sequence and vigorously
stirred at 23 °C. Finally, a 100 mM sodium borohydride, NaBH,,
was injected into the mixture in the amounts of 500 L in order
to control the synthesized thickness of the nanoprisms. For about
20—40 min, silver triangle nanoprisms were synthesized with the
indication that the yellow mixtures became blue. The concentration
of the suspended silver triangle nanoprisms was estimated to be
about 0.31 nM in water solution after centrifugation (9000 prm, 8
min). The images of the synthesized nanoprisms were observed by a
transmission electron microscope (TEM, Hitachi H-7100) operated
at 75 kV. All UV—vis absorption spectra of the silver nanoprism
solutions were measured by a spectrophotometer (JASCO V-670)
with a 10 mm light path of a cell.

Time-Resolved Transient Absorption Measurements. For
the transient absorption measurements, the single color pump—
probe technique was employed with the detailed experimental
setup given elsewhere. A 100 fs visible tunable laser provided by
an optical parametric amplifier (TOPAS, Spectra Physics, Inc.)
with a repetition rate of 1 kHz was applied to the nanoprisms for
single color pump—probe measurements. Here, the OPA laser
was generated by an amplifier of a Ti:sapphire laser system
(Spitfire, Spectra Physics, Inc.), in which a amplifier laser was
pumped and seeded by an diode laser (Spectra Physics, Inc.) and
an oscillator of the Ti:sapphire laser system (Tsunami, Spectra
Physics, Inc.). A translational stage was performed to control the
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Figure 2. Normalized oscillation spectra for silver nanoprisms: (a) for nanoprisms with T = 6.8 nm and different bisector lengths L and (b) for
nanoprisms with L = 19.6 nm and different T. The black dashed line denoted the oscillation frequencies in silver thin films with different thickness
excited by the symmetric expansion. The dominant peaks correspond to planar-like oscillations. The several weaker peaks which depend on the

thickness are observed.

Figure 3. Laser-induced vibrational modes in silver nanoprisms can be classified into two planar modes: (a) breathing modes and (b) totally symmetric
modes, and (c) thickness-related (vertically confined) modes. The regions of the larger displacement of atoms are denoted in red color.

delay time between the pump and probe beams, which were
focused on the samples with a laser energy ratio of 100 to 1. The
probe beam was detected by a photodiode detector (2001-FC,
New Focus Inc.), and acquired by a personal computer through a
lock-in amplifier (SR830, Stanford Research Inc.). A perpendic-
ular polarization between the two beams was employed to filter
out the scattered light of the pump beam which was chopped
with a frequency of 1 kHz. Here, the samples were stored in an ice
bath and a dark environment and circulated in a flow cell in a
1 mm optical light path to reduce the photodegradation during
the measurements.

B RESULTS AND DISCUSSION

The computed normalized oscillation spectra for silver nano-
prisms of varying particle sizes are shown in Figure 2a and b. For
each case, the spectrum is normalized with respect to the largest
amplitude of that case, and the frequency resolution is 0.000 417
THz. In Figure 2a, T is fixed to be 6.8 nm and L > 34 nm (k > S);
two dominant oscillation frequencies are observed in the spectra.
According to previous experimental observations,*® the first
frequency corresponds to the breathing mode and the second
frequency corresponds to the totally symmetric mode. According
to the characteristics of these modes, the breathing mode
corresponds to a large in-plane displacement at the three
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corners (Figure 3a), and the totally symmetric mode corres-
ponds to a large in-plane displacement at the edge centers
(Figure 3b). In general, the amplitude of the first mode is larger
than that of the second mode. However, the amplitude ratio
cannot be calculated quantitatively from our oscillation spectra
due to the frequency resolution of discrete Fourier transform,
and the amplitude of each excited mode is influenced strongly by
the initial condition of the SMD simulations. These two modes
exhibit planar-like oscillation (oscillation in the x—y plane), and
our simulated results are consistent with the previous experimental
observation.

For L < 34 nm (k < 5), multiple oscillation frequencies can be
observed and their contribution becomes obvious when L is
decreased. For the nanoprism of L = 19.6 nm (bottom of Figure 2a),
four main oscillation frequencies can be found (0.09125, 0.1100,
0.1575, and 0.1737 THz). The modes at 0.1100 and 0.1575 THz
can be found in nanoprisms with a larger L, and the other two
frequencies are observed only in nanoprisms with a smaller k. For
nanoprisms with a smaller k, the four dominant modes
correspond to two closely spaced breathing modes and two
closely spaced totally symmetric modes, both with about 0.01—
0.018 THz frequency difference. For nanoprisms with fixed L =
19.6 nm, the frequencies of the breathing and totally symmetric
modes which are observed only in nanoprisms with a larger x

dx.doi.org/10.1021/jp403684x | J. Phys. Chem. C 2013, 117, 13697—13707
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Figure 4. (a) TEM image of the silver nanoprisms. (b) Absorption spectrum of the silver nanoprisms. (c, d) The size distributions of the bisector length

and thickness.

are shifted slightly (Af = 0.067—0.094 THz), when the
T is increased from 4.9 to 7.8 nm (Figure 2b). We found that,
when T was increased to 7.8 nm, the two closely spaced breathing
modes made dominant contributions to the spectrum, while the
two closely spaced totally symmetric modes become weaker.
Such behavior could be understood from the laser-induced
oscillation of nanocubes or nanospheres. When k approaches 1,
a nanoprism becomes more similar to a cube-like nanoparticle,
and the predominant modes excited by laser-induced heating are
the breathing modes.”®

Figure 2 shows that multiple weaker oscillation frequencies
could be found in the higher-frequency region (f > 0.2 THz).
These frequencies are associated with the thickness-related mode
of nanoprisms (Figure 3c). In Figure 2a, the weaker oscillation
frequencies are densely distributed around the thickness-related
mode (vertically confined mode) of a silver thin film with
thickness T = 6.8 nm (denoted by a black dashed line), and for
every frequency, it seems to converge to the oscillation frequency
(0.295 THz) of a thin film as the bisector length L increases, due
to increasing decoupling of the laterally and vertically confined
modes. Figure 2b shows that the lower-frequency modes (which
depend on the bisector length) do not have significant changes,
but the higher-frequency modes and the thickness-related mode
of the silver thin film have similar frequency shifting as the
thickness T increases. Figure 2 indicates that the contribution of
the thickness-related modes to oscillation spectra becomes
significant for nanoprisms with a smaller «.

Next, we compare our calculated results with the experimental
data. The silver nanoprisms were synthesized by us using a wet
chemical method described previously. The out-of-plane
quadrupole resonance at 340 nm, in-plane quadrupole resonance
at 470 nm and broad in-plane dipole resonance at 660 nm are
clearly observed in the extinction spectrum of nanoprisms, as
shown in Figure 4b. The dimensions of synthesized silver
nanoprisms with 43.1 & 8.6 nm bisector length and 7.0 + 0.8 nm
thickness were determined from TEM images (Figure 4a), and
the histograms of the bisector length and thickness are shown in
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Figure 5. (a) The observed transient absorption trace with an excitation
wavelength at 670 nm at a pump power of 0.5 4J. The red curve is fitted by
eq S with periods of 22.8 + 0.16 and 13.0 + 0.29 ps corresponding to the
breathing mode and the totally symmetric mode, respectively. The inset
shows the high frequency mode with a period of 2.96 & 0.085 ps. (b) The
normalized oscillation spectrum for the silver nanoprism with L = 44.5 nm
and T = 6.8 nm. The group of thickness-related oscillations is fitted by a
Lorentzian function with fwhm = 0.028 THz (shown as a red curve in part b).

Figure 4c and d. The transient absorption time traces for silver
nanoprisms with an excitation and probe wavelength at 670 nm
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Figure 6. The observed transient absorption time trace with different excitation wavelengths at a pump power of 0.5 uJ. The red curve is fitted by eq 5.

and a pump power of 0.5 yJ are shown in Figure Sa. Our
experimental data curves were fitted by the following equation:

A, exp(—t/7,_y) + A exp(=t/7_g,)
+ Ay, cos(2mt/7,, + ¢br) exp(—t/7q,)
+ A, cos(2nt/7,, + qbtot) exp(—t/Tor)
+ Ay, cos(2nt/zy + ¢th) exp(—t/7y,) (s)

Several parameters were used in the above equation, including
the electron—phonon coupling time constant 7., thermal
dissipation decay time 7y,_,, periods Ty, damping times
Tabr/dtot/ddy and phases @i/, for three damped oscillations.
The oscillation periods were determined by ignoring the last
term in eq S first and fitting the data with 7, = 22.8 + 0.16 ps for
the breathing mode and 7,,, = 13.0 + 0.29 ps for the totally
symmetric mode. In Figure Sb, the oscillation spectrum of a
relaxed silver nanoprism of L = 44.5 nm and T = 6.8 nm shows
that the calculated periods are 7y, = 22.4 ps and 7., = 13.5 ps,
respectively. The calculated results are in excellent agreement
with experimental data. After subtracting the above two main
components from the observed time trace, the high-frequency
oscillation component with a period 7y, = 2.96 ps (0.338 THz)
and 74y, = 6.65 & 2.77 ps can be identified as shown in the inset of
Figure Sa, and the component corresponds to the thickness-
related mode of the nanoprism. Here, a short 74, corresponds to
a broad peak in frequency domain with a full width at half-
maximum (fwhm) of Af = 0.048 + 0.013 THz. The calculated
average period for the group of thickness-related modes shown in

Figure Sb is estimated to be 3.29 ps (0.304 THz) with a fwhm of
Af=0.028 + 0.002 THz. It should be noted that the theoretical
results are calculated on the basis of the oscillation of a single
nanoprism with a smaller friction, and thus, the homogeneous
and inhomogeneous damping were not included. Therefore, the
experimental results (which are taken from a collection of nanoprisms
in water solution) are broader as compared with theoretical results
and 74, includes the combined effect due to homogeneous and
inhomogeneous contributions, and the spread of thickness-related
modes. Both experimental and calculated results show that the
frequency of the thickness-related mode in the nanoprism is higher
than in a 6.8 nm thin film. This behavior can be ascribed to the strong
coupling of the out-of-plane oscillation associated with a thickness
confined mode with many laterally confined modes.

The transient absorption traces of different probe wavelengths
and the deduced high frequency oscillation components within 8 ps
are shown in Figures 6 and 7, respectively. The period versus probe
wavelength results for the breathing mode, totally symmetric mode,
and thickness-related mode are presented in Figure 8. The periods
of the breathing mode and totally symmetric mode clearly increase
as the probe laser is tuned from short to longer wavelength, which
could be attributed to that longer wavelength light interrogate larger
nanoprisms (i.e, longer edge length and bisector) in the
inhomogeneous samples. Similar results were observed in gold
nanorods."* In contrast, for the thickness-related mode, the period is
relatively insensitive to the probe wavelength.

For a crystalline silver nanoprism, the oscillations for the
breathing modes, the totally symmetric modes, and the thickness-
related modes correspond to sound wave propagating along the
[121], [101], and [111] directions, respectively. The estimated
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Figure 8. Period versus pump—probe laser wavelength for silver
nanoprisms. The periods of the breathing mode and totally symmetric
mode increase as the probe wavelength increases. The thickness-related
mode is insensitive to the probe wavelength.

transverse (V1) and longitudinal (V) sound velocities obtained
from the LREP model for silver vibrational modes along these
directions are shown in Table 2. According to our previous 2D
study, the estimated sound velocity for the breathing mode in our
experimental sample V}, is about 3786 + 755 m/s and that for the
totally symmetric mode V, is about 3829 + 796 m/s. The error of
sound speeds mainly results from the size distribution of the sample.
On the basis of Figure Sb, the theoretical Vy, and V,, are 3968 and
3811 m/s, respectively. The results are consistent with the
longitudinal sound wave propagating along the [121] and [101]
directions (Table 2), and these velocities are faster than the
longitudinal velocity for polycrystalline silver (3650 m/s). The
results indicate that the sound velocity anisotropy along different
crystal axes can be observed experimentally and theoretically.
Although the estimated sound velocity for the high-frequency
oscillation component Vy, is about 4730 + 558 m/s which is 16%
faster than V| along the [111] direction due to the collective
effect of multiple thickness-related modes, however, according to

Table 2. The Transverse (V) and Longitudinal (V;) Sound
Velocities (m/s) Calculated from the LREP Model®

symmetry direction LREP model Expt. (at 0 K)
[10T] Vi 1297 1268
Vi, 2102 2192
143 3905 3945
[121] Vi 1570 1581
Vi 1873 1934
W 3922 3967
[111] Vi 1611 1635
Vg 1611 1635
Vi 4020 4078

“The experimental values are calculated from the experimental elastic
constants.”

Figure 2a, we expect that the Vi will converge to V; along the
[111] direction as L (k) increases. On the basis of Figure 2b, the
estimated sound velocity for the vertical mode in a thin silver film
is about 3993 m/s. We have also found that with a large aspect
ratio the ratio of the oscillation periods for the breathing mode
versus the totally symmetric mode is close to /3, yet this ratio
becomes smaller than /3 if the triangle side length decreases.

To obtain a detailed understanding about the influence of
anisotropy of silver nanoprisms with a smaller aspect ratio on the
characteristic of vibrational modes, we have to identify and
analyze the vibrational modes involved in the oscillation spectra.
The eigenfrequencies of nanoprisms with various sizes are
obtained by diagonalizing the dynamic matrix D" By employing
point group theory, all vibrational modes are classified according
to three irreducible representations of the C;, group, and only the
modes with A; symmetry are considered in this study when the
symmetric expansion as an initial condition of the SMD
simulations. The comparison between the total density of states
(TDOS), projected density of states (PDOS), and oscillation
spectra is shown in Figure 9. The nanoprism sizes are the same as
in Figure 2b. A Gaussian broadening of 0.00125 THz is used in
the calculation of density of states.
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Figure 9. Oscillation spectra (blue lines), radial projected density of states PDOS,,, (red lines), and total density of states TDOS (black lines) of
vibrational modes with A, symmetry for silver nanoprisms of L = 19.6 nm and (a) T = 4.9 nm, (b) T = 5.9 nm, (c) T = 6.8 nm, and (d) T = 7.8 nm,
respectively. The dominant frequencies in the oscillation spectra correspond to the vibrational modes with a larger in-phase radial displacement.

Since the few lowest A; modes (<0.2 THz) look like discrete
states, well separated in frequency from other states, the
vibrational modes corresponding to the dominant oscillation
frequencies can be easily identified from TDOS. However, for
higher-frequency modes (>0.2 THz), the density of states of
those vibrational modes tends to form a continuous spectrum
(black lines in Figure 9). To identify the involved modes
accurately, a detailed analysis of the properties of the modes such
as the displacement of atoms is required. We assume that the
vibrational modes observed in oscillation spectra should possess
a larger in-phase radial displacement, so the radial projected
density of states PDOS,,, are calculated by the following:

PDOS, . (0) = Y P(0)5(w — @)
j (6)
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N
p(w) = 13 7(7)-

where P; is the radial projection coefficient and 7/;(7;\) is the

displacement of the atom i associated with frequency w;. The
vibrational mode with index j is labeled as v

From comparison between oscillation spectra (blue lines) and
PDOS,,, (red lines) in Figure 9, vibrational modes correspond-
ing to the dominant modes and thickness-related modes can be
identified accurately after considering the characteristics of
vibrational modes. Figure 9 shows their dominant oscillation
frequencies in spectra associated with the v,, v3, V4, and v; modes
(vy v3, and v; for T = 4.9 nm, v, 13, Vg, and 5 for T = 5.9 and
6.8 nm, and v, 13, and v for T = 7.8 nm). These results verify
that the v, and v; modes are the two closely spaced breathing
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Figure 10. Normalized PDOS,,, (black lines), PDOS,, (blue lines), and PDOS, (red lines) of vibrational modes with A; symmetry for silver nanoprisms
of L =19.6 nmand (a) T =4.9 nm, (b) T =59 nm, (c) T = 6.8 nm, and (d) T = 7.8 nm. The weaker PDOS, has been magnified 30 times. The
contribution of weaker thickness-related modes increases when T is increased due to the enhanced coupling between the in-plane and out-of-plane

oscillations.

modes and the 14 and v, modes are the two closely spaced totally
symmetric modes in Figure 2b. It should be noted that the lowest
vibrational mode in each nanoprism with different particle sizes is
an “invisible” high-angular momentum mode, which cannot be
excited by the totally symmetric expansion due to their much
smaller in-phase radial displacement."®

To illustrate the properties of involved modes in detail, the
projected density of states for the in-plane (PDOS,,) and out-of-
plane (PDOS,) displacements for four different thicknesses are
shown in Figure 10. PDOS,, and PDOS, are normalized with
respect to the largest amplitude of PDOS,,,. The comparison
between PDOS,,, (black lines) and PDOS,, indicates that the
dominant modes are the in-plane modes, and the out-of-plane
component has a minor effect on PDOS,,.. PDOS, shows that
the thickness-related higher-frequency modes have a significant
out-of-plane component, and thus, they correspond to confined

13705

longitudinal modes. PDOS,, and PDOS, show that the
contribution of weaker higher-frequency modes becomes
significant when T is increased due to the strong coupling
between the in-plane and out-of-plane modes. The results are
consistent with the observation in Figure 2.

The normalized displacement patterns for v,, 13, Vg, and v,
modes in a silver nanoprism with L = 19.6 nm and T'= 5.9 nm at
different z values are presented in Figure 11. The displacement
patterns are divided into two parts: an in-plane component
(Figure 11a) and an out-of-plane component (Figure 11b), and
the largest in-plane and out-of-plane components in each mode
are normalized to 1, separately. As illustrated in Figure 11a, each
layer exhibits different in-plane displacement patterns, since the
C;, group has no horizontal reflection plane perpendicular to the
z-axis. The displacement pattern for a C;, nanoprism presented
at the top (z = 0) and bottom (z = 5.9 nm) layers shows a larger

dx.doi.org/10.1021/jp403684x | J. Phys. Chem. C 2013, 117, 13697—13707
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Figure 11. (2) In-plane component and (b) out-of-plane component of normalized displacement patterns of four dominant vibrational modes in a silver
nanoprism with L = 19.6 nm and T = 5.9 nm at different z values. Each layer exhibits different displacement patterns, since the nanoprism with C;,
symmetry does not have a horizontal reflection plane perpendicular to the z axis.

difference from the patterns for a Dy, nanoprism using the
isotropic elastic model.* It is indicated that the anisotropy of
silver nanoprisms has a significant impact on the displacement of
the atoms on the largest nanoprism surface. However, for the
patterns at z = 2, 3, and 4 nm, in general, the v, and v; modes
correspond to a large displacement at the three corners, and the
Vs and v; modes correspond to a large in-plane displacement at
the edge centers. These observations are similar to Bonacina’s
results. We conclude that, even though multiple dominant modes
can be observed in nanoprisms with a smaller k, these modes can
still be classified as breathing modes or totally symmetric modes.
In Figure 11b, the diversity of the out-of-plane component
pattern between each layer seems smaller than the in-plane
component, especially for v, and v; breathing modes. The v, and
v; modes have a large out-of-plane displacement at the center of
the largest nanoprism surface and the triangular tips, while the 4
and v, modes have the large displacement concentrated at the
tips only. It is noted that the out-of-plane component is not
always weaker than the in-plane component; however, these out-
of-plane components correspond to smaller in-phase oscillations.
Thus, the out-of-plane component has a minor impact on the
PDOS,,., as shown in Figure 10.

B CONCLUSIONS

A large-scale realistic SMD method has been proposed to study
the laser-induced structural dynamics of silver nanoprisms. The
reliability of this method has been verified experimentally by our
time-resolved pump—probe measurements. We determined the
mode frequencies for the most prominent planar and vertical
modes which are related to the sound velocity along different
crystal axes are different from the usual angle-averaged bulk value
obtained for polycrystalline samples. The calculated results
indicated that the lattice oscillations of silver nanoprisms induced
by the symmetric expansion correspond to the excitation of the
A; modes with the largest in-phase radial displacement of the
atoms, and these involved modes can be classified into three main
types: the breathing modes, the totally symmetric modes, and the
thickness-related modes. For nanoprisms with a larger aspect ratio,
the observation is consistent with calculations for the isotropic
elastic model with Dy, symmetry. However, multiple dominant
modes and the anisotropic effect can appear in the vibrational
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pattern of the nanoprisms with a smaller aspect ratio. A group of
highly concentrated thickness-related modes can be excited in
silver nanoprisms. A broad oscillation peak, which has been
observed in our experiment as a damped oscillation with period, is
consistent with our model calculation.
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