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The acoustic vibrations of individual single-crystal and penta-twinned gold nanorods with widths from
~7 to ~26 nm are studied using atomic-level simulations and finite element calculations. It is
demonstrated that the continuum model in the limit of an infinite rod length could be used to describe
the breathing periods of nanorods with an aspect ratio as small as ~2.5, in combination with bulk
material elastic constants. The elastic moduli of gold nanorods are determined via their atomistically
simulated extensional periods and the dispersion relation based on long-wavelength approximation. The
twinned nanorods become stiffer as the width is reduced, which is in contrast to the size dependence

Received 11th May 2016, of the modulus in single-crystal nanorods. Further finite element calculations for the breathing periods

Accepted 22nd July 2016 of nanorods are performed using isotropic elastic constants of bulk gold. We find that the breathing
DOI: 10.1039/c6cp03182j vibrations of the penta-twinned nanorods are more affected by the crystal structure effect than those of

single-crystal nanorods, because a smaller range of crystal directions perpendicular to the long axis is
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1. Introduction

Since their first synthesis in the 1990s,"* the fabrication capabi-
lities of gold nanorods have been significantly enhanced in terms
of the yield and quality of nanorods,”” promoting numerous
efforts devoted to exploring their optical, electronic and mecha-
nical properties.>” Acoustic vibrations of gold nanorods have
been the subject of an increasing amount of research.®° This
is mainly motivated by the promising potential of vibrating
nanorods in the applications of ultrasensitive sensing and
nano-optics.’*** Moreover, vibrational responses of gold nano-
rods provide accurate information of their mechanical pro-
perties,>'®'* which is of crucial importance, both from a
fundamental point of view to understand the effects of sizes
and crystal structures on the mechanical properties of nano-
objects, and from a practical viewpoint to design gold nanorod-
based sensors and devices.

The optical method based on ultrafast time-resolved spectro-
scopy has been widely used to study the vibrations of gold nano-
rods.’*™® Many studies have been focused on the measurements
of the vibrational responses of ensembles of gold nanorods."®>°
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involved in the breathing vibrations of twinned nanorods.

However, ensemble measurements provide the average responses
of nanorods, and thus obscure a deeper perspective on the size-
and shape-dependent mechanical properties of gold nanorods
due to the inevitable inhomogeneity in the size and shape of
samples. To overcome this limitation in ensemble measurements,
a growing number of time-resolved spectroscopic studies have
been conducted on single gold nanorods.”’>* Although single-
particle measurements could effectively eliminate the problems
resulting from the sample heterogeneity, they suffer from a
weaker signal-to-noise ratio as compared with ensemble studies.
Thus, it is a challenging task to measure the vibrational responses
of single gold nanorods with a small width (e.g:, less than 30 nm).
Recently, atomistic modeling has been used to study the laser-
excited extensional vibrations of individual gold nanorods with
widths from ~7 to ~24 nm, and shown to be a powerful means
complementary to time-resolved spectroscopy for investigating
the vibrations of small single nanorods.>**®

So far, the extensional vibration of gold nanorods has been
well studied and understood, while there are rare reports on the
size and crystal structure dependence of the breathing vibration
of gold nanorods. In addition, although the elastic properties of
gold nanorods have been intensively investigated, most studies
have concentrated on single-crystal nanorods, and there is a lack
of a systematic investigation for penta-twinned nanorods. Hence,
our understanding is limited with respect to the impact of the
crystal structure on the mechanical properties of gold nanorods,
especially for small gold nanorods of less than 30 nm width.
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Here we study the ultrafast laser-excited breathing vibrations
and the elastic properties of different-sized individual single-
crystal and penta-twinned gold nanorods, by means of atomis-
tic simulations and finite element (FE) calculations. It is shown
that the breathing periods of gold nanorods with an aspect ratio
down to ~ 2.5 could be well predicted by the continuum elastic
model in the limit of an infinitely long rod, with the use of
elastic constants of bulk gold. Furthermore, we determine the
Young’s modulus of penta-twinned gold nanorods through
their extensional periods, in combination with a continuum
mechanics model, and find that the Young’s modulus of penta-
twinned nanorods increases as the rod width decreases, which is
contrary to the size dependence of elastic modulus of single-crystal
nanorods. The FE calculations with isotropic and anisotropic
bulk material properties reveal that the breathing vibrations
of penta-twinned gold nanorods are more impacted by the
crystal structure.

2. Simulation method

The acoustic vibrations of free single gold nanorods in a vacuum
induced by femtosecond laser irradiation are considered in this
study. By following the previous work,” > the ultrafast laser
excitation of gold nanorods is simulated using a hybrid method
that couples the two-temperature model (TTM)*® into the molecular
dynamics (MD) with neglecting energy loss to the surrounding
environment and assuming homogeneous laser heating of nano-
rods. Here we give a brief description of the integrated TTM-MD
method, in which the governing equations are*”*

oT,
Ce(Te) ot = 7G(Te - Tl) + S (1)
dzl’,' T
mim =F; — &myv; (2)

where C is the heat capacity, T is the temperature, ¢ is the time,
G is the electron-lattice coupling parameter, S is the volumetric

x {100} [110]
[ —
Z
S S
L

«

View Article Online

PCCP

absorbed laser energy per unit time, m;, r; and v} are the mass,
position and thermal velocity of atom i, respectively, F; is the total
interatomic forces acting on atom i with the subscript i looping
over all atoms, ¢ is a variable characterizing the electron-lattice
energy exchange, and the subscripts e and 1 denote the quantities
for the electrons and the lattice, respectively.

The laser energy source S is expressed as a temporal Gaussian
profile*®?°

J, =26\
S =094 exp | —2.77(—=2 (3)
Iz 11
p p

with J.ps denoting the volumetric absorbed energy by the
nanorod, and ¢, being the full width at half maximum duration
of a laser pulse. The explicit finite difference (FD) scheme is used to
solve eqn (1) for the electron temperature. In each MD integration
step, an integer number of 7 FD iterations are performed. Thus, the
variable ¢ is calculated by’

1 n )
“Var . G(Ty — T))
n j=1

&= (4)
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where 7T, represents the electron temperature at the jth FD
iteration, and Vyr and Nygr are the volume and total atom
number of the nanorod, respectively. In this work, the FD and
MD time steps are 0.005 and 2.5 fs, respectively, leading to
n = 500 FD iterations within one MD step.

3. Results and discussion

The vibrations of both the single-crystal and penta-twinned gold
nanorods are taken into account so that the crystal structure
effect can be also examined. The all-atom MD models for gold
nanorods are created according to the experimentally analyzed
crystal structures,®’* as schematically illustrated in Fig. 1. For
single-crystal nanorods, four {100} and four {110} side facets are
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Fig. 1 Schematic illustrations for the shapes and crystal structures of gold nanorods: (a) penta-twinned nanorods with a [100] growth direction. The
nanorods are constructed from five single-crystal triangular prisms radially arranged along a common [110] axis. In each of them, the local [-, m- and
n-axes are along the [110], [-110] and [001] crystallographic directions, respectively. (b) Single-crystal nanorod with a [100] growth direction.
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Table 1 Dimensions of simulated gold nanorods. The length L and width
W are the average values during the time period 20 ps after laser irradia-
tion. The samples are labeled with S and P denoting single-crystal and
penta-twinned structures, respectively

Sample L (nm) W (nm) Aspect ratio (L/W)
S1 24.57 7.15 3.43
S2 42.94 12.44 3.45
S3 57.22 16.52 3.46
S4 71.44 20.63 3.46
S5 85.73 24.70 3.47
S6 17.70 7.15 2.48
S7 40.91 16.52 2.48
S8 20.98 7.16 2.93
S9 49.32 16.63 2.97
T1 26.25 7.54 3.48
T2 39.58 11.30 3.50
T3 52.90 15.09 3.50
T4 69.56 19.78 3.52
T5 79.47 22.68 3.50
Té 92.73 26.47 3.50
T7 19.05 7.53 2.53
T8 38.21 15.06 2.54
T9 22.79 7.54 3.02
T10 45.69 15.06 3.03

parallel to the [100] growth direction, and two {001} facets are
located at the ends. Penta-twinned nanorods with a [110]
growth direction have five {100} side facets and two {110} end
facets. In all nanorod models, the side facets have an approxi-
mately equal area. The z-axis is set along the rod axis and the
x- and y-axes are positioned in the cross-section plane, as shown
in Fig. 1. The vibrations of totally 19 nanorods, with their
detailed dimensions as given in Table 1, are investigated.

The interatomic interactions between gold atoms are described
using the embedded atom method (EAM) potential formulated
in ref. 34. This EAM potential predicts the elastic constants of
c11 = 204.7 GPa, ¢;, = 170.66 GPa and ¢4, = 43.39 GPa for bulk
single-crystal gold at 298 K,** which are in good agreement with
the experimental values of ¢;; = 192.34 GPa, ¢;, = 163.14 GPa
and ¢,y = 41.95 GPa.*® The thermophysical parameters of
C. and G for gold in ref. 37 are used and the free surface
conditions are applied in all directions. Once the nanorod
models are built, they are equilibrated for 2 ns in the NVT
ensemble using the Nosé-Hoover thermostat.*®*° The equili-
brated temperature is set at 50 K to achieve a high signal-to-
noise level for the vibration responses at ~298 K. Thereafter,
the 100-fs laser irradiation of nanorods is simulated in the
NVE ensemble. As suggested in ref. 25 and 26, specific values
of J.bs corresponding to the absorbed molar energy of
~6.3 k] mol ' are adopted for attaining a final equilibrium
temperature at ~298 K.

In addition to the modulations in optical responses, the
laser-excited vibrations of gold nanorods also result in the
oscillations of local displacements and internal pressure as
well as the volume changes. Existing experiments generally
measured the optical responses of nanorods to identify their
vibration periods and damping.®'®'® It seems that the vibra-
tions of gold nanorods could be investigated via their volume
changes. For atomistic nanorods in vibration, however, it is not
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easy to accurately compute their volumes. Furthermore, at
~298 K, the thermal oscillations of atoms could lead to a
significantly lower signal-to-noise ratio for the volume changes
of nanorods as compared with that for the dynamic pressures
of nanorods. Alternatively, we study the vibrational responses
of nanorods through the internal pressure-related quantities
P, g, defined as follows:*’

e ViaVip 1
Py =D | =t 3 2 nidin (5)
J=1

i=1

where o, f = x, y, z; v;, and v;3 are the momentum components
of atom 7 in the o« and f directions, respectively; r;;, is the
component of the position vector between atoms 7 and j in the o
direction; fj;s is the component of the interatomic force vector
on atom i due to atom in the f§ direction; N; is the total number
of the neighboring atoms of atom i within the distance cutoff.
Note that the oscillations of lateral P, and P, in nanorods are
mainly contributed by the breathing vibration of nanorods. The
breathing periods of single nanorods are thus obtained via the
spectral analysis of Ps = (Py. + P)y)/2.

We firstly focus on the breathing mode of single-crystal
nanorods S1-S5. Fig. 2a and b present the time-histories and
the power spectra of Ps in nanorods S1 and S3, respectively. The
dominant peaks with a high amplitude in the power spectra are
assigned to the fundamental breathing mode of gold nanorods,
as discussed below.

By the FE calculations, the fundamental breathing mode of
the octagonal cross-section of single-crystal nanorods charac-
terized by the motion at the vertices is obtained, as shown in
Fig. 2c. The cross-sectional dimensions of nanorods in the FE
calculations follow those listed in Table 1 and the plain strain
assumption is applied. Moreover, the FE calculations are con-
ducted using the material properties for bulk fec-crystal gold,
including the density of 19300 kg m™* and the anisotropic
elastic constants of ¢;; = 204.7 GPa, ¢y, = 170.66 GPa and
c44 = 43.39 GPa predicted by the adopted EAM potential. As
demonstrated in Fig. 2d, the FE-calculated breathing periods of
nanorods agree well with the periods corresponding to the
peaks in the power spectrum of P.

Fig. 2c also presents the top-view atomic pictures of half-cut
nanorods S3 at time ¢ = 22.5 ps with the atoms colored by their
values of dy = \/d? + d,?, where d, and d, denote the atomic
displacements along the x- and y-axes, respectively, and are
computed by the subtraction between the initial and current
atomic coordinates. It is evidently seen that the distributions
of d; by the atomistic simulations are consistent with the
FE-calculated fundamental breathing mode corresponding to
the vertex motion. Therefore, not only is the assignment of
dominant peaks in the power spectra to the fundamental
breathing mode confirmed, but also the use of bulk elastic
constants for the breathing mode of single-crystal gold nano-
rods is validated. Moreover, a lower-frequency peak with much
lower amplitude appears in the power spectrum of the smaller
sample S1. It actually corresponds to the fundamental exten-
sional mode of the nanorod.

This journal is © the Owner Societies 2016
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(a) Transient Ps in single-crystal nanorods S1 and S3. (b) The power spectrum of Pg in samples S1 and S3. (c) FE-calculated fundamental breathing

mode with vertex motion and the top-view atomic snapshot of half-cut nanorod S3 at 22.5 ps. The atoms in the snapshot are colored according to ds.
(d) Comparisons of breathing periods of nanorods S1-S5 obtained using the FE and atomistic simulations. The anisotropic and isotropic elastic constants
of bulk gold obtained by the adopted EAM potential are both used in the FE calculations.

The breathing vibrations of penta-twinned nanorods T1-T6
are further analyzed using the same methodology and pro-
cedure. The transient P in twinned nanorods T1 and T3 and
the corresponding power spectra are separately shown in
Fig. 3a and b. Again, the lower-frequency peak for the funda-
mental extensional mode appears in the power spectrum of the
smaller twinned nanorod T1. As can be seen from Fig. 3b, two
distinct breathing modes of penta-twinned nanorods with close
frequencies are excited. The lower-frequency mode corresponds
to the motion at the vertices, while the higher-frequency mode
is associated with the motion at the edges of the pentagonal
cross-section. These attributions can be proved by Fig. 3c and d,
which compare the cross-sectional motions and vibrational
periods by the FE and atomistic simulations, respectively.

It is shown in Fig. 3¢ and d that, in addition to a good
agreement in the breathing periods, the atomic displacement
patterns in the cross-sectional plane reasonably match two
breathing modes with the motions at the vertices and edges of
the pentagon as revealed by the FE study. Based on the scheme in
Fig. 1a, the FE models for the cross-sections of twinned nanorods
are constructed by five triangles with the same material proper-
ties. For each triangle, the anisotropic elastic constants in the
local I-m-n coordinate system are derived from cy4, €1, and c¢y4 Of
bulk fec-crystal gold by the tensor transformation*' and used in
the FE calculations. It is worth mentioning that these two

This journal is © the Owner Societies 2016

breathing modes have also been observed in a recent experiment
on the vibrations of single gold nanorods with an average width
of ~45 nm.** In view of the results in Fig. 2 and 3, it is pointed
out that the breathing periods of single gold nanorods in either
the single-crystal or penta-twinned structure could be well des-
cribed using the macroscopic elastic model, together with the
bulk material elastic constants.

The elastic moduli of penta-twinned gold nanorods are
studied next, for which the fundamental extensional periods
of gold nanorods Ty are required. Basically, the fundamental
extensional periods of nanorods can be found through the
spectral analysis of P,, or the quantities containing P,,. However,
the frequency resolution of spectral analysis might not be high
enough to guarantee the accuracy of extensional periods, espe-
cially for long nanorods. Therefore, the extensional periods of all
gold nanorods are obtained by fitting the transient z-axial
displacement of the center-of-mass (COM) in a 1.2 nm-thick slab
at the sample end, dcowm, to a cosine function, as proposed in our
previous work.>®

Fig. 4a shows the cosine curves fitted to the transient dcom
data for samples T1 and T3 at the time 20 ps after the laser
irradiation, which are calculated by subtracting the averaged
z-coordinate of the slab COM over the simulation time period
from the transient z-coordinate. It has been proved that the
dispersion relation based on the long-wavelength limit is valid

Phys. Chem. Chem. Phys., 2016, 18, 22590-22598 | 22593
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(a) Time-histories of Ps in penta-twinned nanorods T1 and T3. (b) The power spectrum of Ps in samples T1 and T3. (c) FE-calculated fundamental

breathing modes corresponding to motion at the vertices and the edges of the pentagon and the top-view atomic snapshots of the half-cut nanorod T3
at 22.5 and 25.25 ps. The atoms are colored based on ds. (d) Comparisons of breathing periods of nanorods T1-T6 obtained by the FE and atomistic
analysis. The anisotropic and isotropic elastic constants of bulk gold predicted by the EAM potential are both used in the FE calculations. The star symbols
in (d) represent the periods for the fundamental breathing mode (the edge motion panel) and the five-fold surface mode (the vertex motion panel) of the
isotropic elastic cylinder with the same radius as that for the incircle of the pentagon cross-section of twinned nanorods.

for the fundamental extensional vibration of metallic nanorods
with an aspect ratio as small as ~2.4.'%'7?%%> Ag a result,
we determine the elastic moduli of gold nanorods Eyg using
the dispersion relation of T = 2L/ VEnr/p, with density
p =19300 kg m 7, length L in Table 1, and extensional period
Text derived by fitting dcom. Fig. 4b displays the relationship
between the modulus Exg and the rod width W for samples T1-Té.
The dependence of the Young’s moduli of nanorods S1-S5 on their
width is also included in Fig. 4b, for showing the crystal structure
effect on the mechanical properties of gold nanorods. In contrast
to the size effect in single-crystal nanorods, the penta-twinned
gold nanorods become stiffer with the decrease of the width.
For example, the Young’s moduli of the twinned nanorods
T1 (W= ~7.54 nm), T2 (W= ~11.3 nm) and T3 (W = ~15.1 nm)
are ~11%, ~8% and ~6% larger than the modulus of bulk

22594 | Phys. Chem. Chem. Phys., 2016, 18, 22590-22598

gold in the [110] direction Ej;0}, respectively. Indeed, the hard-
ening with the decreasing width is also suggested in the atomistic
simulations of penta-twinned metallic nanowires under tension.*’
With the increasing W, the elastic modulus of twinned nanorods
is closer to the bulk value Ej1.

The stiffening or softening of gold nanorods as shown in
Fig. 4 could be, in general, attributed to the constraints by the
five-fold twinned structure and/or the nonlinear elasticity of the
nanorod core due to surface stress. It has been shown that
the nonlinear core elasticity predominantly accounts for the
decreasing or increasing Young’s modulus of gold nanorods
with the decrease of their width, depending on the orientation
of nanorods.**** Specifically, the softening is exhibited for the
(100) oriented nanorods whereas the (110) oriented nanorods
stiffens. Therefore, the softening of single-crystal gold nanorods

This journal is © the Owner Societies 2016
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crystal gold nanorods and their widths. The red lines indicate the Young's moduli of bulk gold along the growth direction of nanorods that are calculated
using the EAM potential in the atomistic simulations. The aspect ratios of all nanorods are ~ 3.5 (see Table 1).

([100] orientation) mainly results from the nonlinear elasticity
within the nanorod cores. For the twinned gold nanorods ([110]
orientation), in addition to the nonlinear core elasticity influence,
the constraints due to the twinned structure also contribute to
their stiffening.*® On the other hand, the dispersion relation
indicates that the longitudinal wave velocity is proportional to the
square root of Young’s modulus. The dependence of the atomis-
tically simulated extensional periods of nanorods on their width
actually reflects the size-dependent Young’s modulus of nano-
rods due to the constraints by the twinned structure and/or the
nonlinear core elasticity, and does not contradict the dispersion
relation by the long-wavelength approximation. Furthermore,
by the FE calculations (see the ESIt), we find that the dispersion
relation based on the long-wavelength limit could be used for
the twinned nanorods with an aspect ratio as small as 2.5.
The aspect ratios of nanorods in Fig. 4b are all ~3.5. Thus, a
correction analogous to the Rayleigh correction is not required
for the dispersion relation.

By fitting the simulated transient P = (P, + P,y + P,;)/3 to a sum
of damped cosine functions (see the ESIt), we have determined
the damping time 7 of the vibrational motions for nanorods S1-S5
and T1-T6. Tables 2 and 3 give the corresponding intrinsic quality
factors Qi calculated by Qi = mt/T with T being the vibrational
period. Except Q;,, for the extensional mode of twinned nanorods,
the other intrinsic quality factors of single-crystal and twinned
nanorods are close, and favorably agree with the measured values
of 90 + 29.% This implies the insignificant crystal-structure effect

Table 2 Intrinsic quality factors (Qi.) for single-crystal gold nanorods S1-S5.
The error quoted for the average Qj is the standard error

Table 3

Intrinsic quality factors (Qjn) for penta-twinned gold nanorods

T1-T6. The error quoted for the average Q. is the standard error

Breathing mode

Sample # Extensional mode Vertex motion Edge motion
T1 114.4 125.9 31.4

T2 147.7 81.5 86.8

T3 167.5 76.0 86.7

T4 237.9 96.6 103.4

T5 230.3 83.0 108.4

9 112.8 79.2 111.7
Average 168.4 £+ 22.4 90.4 £ 7.7 88 + 12.1

Sample # Extensional mode Breathing mode
S1 65.2 114.1

S2 74.4 92.6

S3 98.6 89.6

S4 115.3 82.7

S5 98.7 102.5

Average 90.4 £9 96.3 £ 5.5

This journal is © the Owner Societies 2016

on the damping for the breathing mode of gold nanorods. The
larger Q.. for the extensional mode of twinned nanorods is
possibly due to the constraints by the five-fold twinned structure.
It is worth mentioning that large rod-to-rod variations in the
calculated Q.. are observed in Tables 2 and 3, and that a single
simulation run has been performed for each sample in this work.
However, the varying distributions of initial atomic velocities
could lead to the changes in the transient pressures of nanorods,
which, in turn, would cause the non-negligible variations in the
fitted damping times of nanorods. It is suggested that future
efforts be made to perform the combined TTM-MD simulations
based on different distributions of initial atomic velocities for
each nanorod, toward an improved quantitative analysis of the
damping of gold nanorods.

The plane-strain continuum model in our FE analysis strictly
holds in the limit of the infinite aspect ratio. The good agree-
ments of breathing periods in Fig. 2d and 3d imply that this
model could also be applicable to gold nanorods of finite aspect
ratios. The breathing periods of single-crystal (S6-S9) and
penta-twinned (T7-T10) nanorods with aspect ratios of ~2.5
and ~ 3 and widths from ~7 to ~16.5 nm are further probed
by the combined TTM-MD approach, and compared with the FE
predictions in Fig. 5. Overall, the FE results are in a good match
with the periods by the atomistic simulations (within ~5%),
showing that the adopted continuum model based on the
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Fig. 5 Comparisons of the breathing periods of gold nanorods with different
aspect ratios by the FE calculations and the coupled TTM—-MD simulations:
(a) single-crystal nanorods and (b) penta-twinned nanorods.

vibrations of an infinitely long rod could be used for gold
nanorods with an aspect ratio down to ~2.5.

It has been reported that there is a trivial crystal structure
effect on the breathing mode of metal nanospheres.*” It is
interesting to know whether the breathing periods of gold
nanorods are also little influenced by the crystal structure. In
light of the relations between polycrystalline and monocrystalline
elastic constants,”® the Young’s modulus £ = 78.74 GPa and
Poisson’s ratio v = 0.43 for isotropic bulk gold are derived from
€11, €12, and cyy for bulk fec-crystal gold as obtained by the
interatomic EAM potential used above. The breathing periods
of samples S1-S5 and T1-T6 via the FE calculations with isotropic
E and v are also presented in Fig. 2d and 3d.

As can be found from the above figures, the use of isotropic
elastic constants does not significantly affect the FE predictions
of the breathing periods of the single-crystal nanorods (~1.6%
difference), suggesting a small crystal structure effect on the
breathing mode of the single-crystal nanorods. In comparison,
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Fig. 6 (a) Fundamental breathing mode and (b) the five-fold surface
mode of an isotropic elastic cylinder. The isotropic Young's modulus
E = 78.74 GPa and Poisson’s ratio v = 0.43 obtained by the EAM potential
are used in the FE calculations.
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for twinned nanorods, there is some discrepancy between the
breathing periods obtained via FE computations with the aniso-
tropic and isotropic bulk elastic constants. Specifically, the differ-
ences are ~7% and ~5% for the modes with the motion at the
vertices and edges of the pentagonal cross-section, respectively.
The breathing periods of nanorods depend on the average speed
of sound in the crystal directions perpendicular to the long axis
of nanorods.*' The penta-twinned gold nanorods are composed
of five single-crystal triangular prisms stacked together along a
common [110] axis (see Fig. 1a). As compared with single-crystal
gold nanorods, penta-twinned nanorods contain a smaller range
of crystal directions perpendicular to the long axis, causing a
larger deviation of the crystal direction averaged speed of sound
from the speed of sound in isotropic polycrystalline gold. Hence,
the breathing vibrations of twinned gold nanorods are more
influenced by the crystal structure effect than those of the single-
crystal nanorods, and the use of isotropic elastic constants is less
favorable for twinned gold nanorods.

Finally, we studied the vibrations of infinitely long isotropic
elastic cylinders with the same radii as those corresponding to
the inscribed circles of the pentagonal cross-sections of nanorods
T1-T6. Fig. 6 illustrates the fundamental breathing mode and the
five-fold surface mode of an isotropic cylinder, which are similar
to the breathing modes of twinned gold nanorods with the edge
and vertex motion, respectively. In addition, their periods are
found close to those for the breathing modes of the twinned
gold nanorods determined by the coupled TTM-MD simulations
(less than 5% error), as shown in Fig. 3d. This confirms the claim
by Major et al.*® that the two breathing modes of penta-twinned
gold nanorods arise from the mixture between the breathing mode
of the circular cylinder and the five-fold “whispering-gallery”
like surface mode.

4. Conclusions

Ultrafast laser-induced vibrations of individual single-crystal
and penta-twinned gold nanorods have been investigated using
the continuum and atomistic methods. It is clearly demon-
strated that the continuum model based on the vibrations of
rods with an infinite length is able to predict well the breathing
periods of gold nanorods with a width as small as ~7 nm and
an aspect ratio down to ~2.5, together with the bulk elastic
constants. The Young’s moduli of gold nanorods are derived via

This journal is © the Owner Societies 2016
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their atomistically simulated extensional periods and the dis-
persion relation by the long-wavelength approximation. The
elastic modulus of the twinned gold nanorods increases with
decreasing width, showing a size effect opposite to that for single-
crystal nanorods. In addition, the FE calculations with isotropic
and anisotropic elastic constants indicate that the breathing
vibrations of the twinned nanorods are more affected by the
crystal structure effect than those of the single-crystal nanorods,
because less crystal directions perpendicular to the long axis of
twinned nanorods are involved in their breathing modes.

The present study provides new insights into the breathing
vibrations and mechanical properties of single gold nanorods
with different sizes and crystal structures, and demonstrates
the coupled TTM-MD method as a robust complement to the
current experimental approaches for investigating the vibrations
of small metallic nanostructures. It is suggested that future
efforts utilizing a similar methodology be made to explore the
acoustic vibrations of gold nanorods in liquids. The effects of
nanoscale solid-fluid interactions on the vibrational period and
damping of nanorods and on the non-Newtonian viscoelastic
behaviors of high-viscosity liquids would be of particular
interest.>>>**
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