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ABSTRACT: Laser irradiation has been shown to be an efficient
means to modify structures and shapes of plasmonic nanoparticles
for tuning their properties. Thermomechanical deformations of
single-crystal and penta-twinned gold nanorods by femtosecond
laser irradiations have been studied by classical molecular dynamics
simulations. It is demonstrated that hollow gold nanorods could be
formed by femtosecond laser irradiations under certain conditions
of maximum temperatures in nanorods by laser heating and cooling
rates due to the extrinsic solvent. For a given maximum
temperature and cooling rate, a larger cavity is induced in the
irradiated single-crystal nanorod. The results also indicate that at the same cooling rate a higher threshold of maximum temperature
can be required for producing the cavity in the twinned nanorod. The optical spectra of the laser-irradiated gold nanorods are
calculated, and the shifts in the surface plasmon resonance peak of the nanorods are illustrated due to the thermal reshaping and the
plasmon hybridization mechanism. Moreover, we show the formation of the hollow gold nanorod possessing the surface plasmon
resonance peak in the second near-infrared window and a relatively small aspect ratio (∼2.8), which is highly desirable and suitable
for serving as agents in biomedical imaging and photothermal therapy applications.

1. INTRODUCTION
Noble-metal nanoparticles are one of the important materials
at nanoscale due to their exceptional chemical, plasmonic, and
biocompatible properties and great potential in the fields such
as catalysis, photonics, sensing and imaging, biomedical
diagnosis and therapy.1−8 As compared to solid counterparts,
hollow nanoparticles possess lower density, higher surface-
area-to-volume ratio, and enhanced properties,9,10 which
stimulates an increasing interest in hollow noble-metal
nanoparticles and many efforts to develop the methods to
prepare hollow noble-metal nanoparticles. So far, the
fabrications of hollow nanoparticles by template-mediated
techniques, metal diffusion based on the Kirkendall effect, and
the galvanic replacement method have been reported.11−14 In
addition to chemical synthesis methods, laser irradiation has
recently attracted increasing attention as an effective and
flexible means for the production of hollow nanoparticles.15−18

For example, it was demonstrated that nanosecond laser
irradiation can lead to the formation of hollow gold
nanoparticles, and hollow metal nanospheres were fabricated
by pulsed-laser selective heating of colloidal nanoparticles.15,16

It is worth noting that all existing studies mainly discussed
the laser production of symmetrically shaped hollow nano-
spheres. Compared with spherical nanoparticles, rodlike noble-
metal nanoparticles provide optical anisotropies and show
better performances in the applications illustrated with
nanospheres.19−21 For instance, gold nanorods are a more
advantageous agent with tunable optical response to lights in

the near-infrared (NIR) wavelength region for biomedical
imagining, drug delivery, and thermotherapy.22−25 As a result,
it is of great necessity and interest to investigate the formation
process and properties of hollow noble-metal nanorods by laser
irradiation, both from a fundamental point of view of
understanding the effects of particle shapes and structures on
the production of hollow nanoparticles and from an applied
viewpoint for the use of hollow noble-metal nanorods in the
applications such as biomedicine and energy storage.

Among nanoparticles for different noble-metal elements,
gold nanoparticles are of particular interest for their unique
physical and chemical properties. Here, we report the classical
molecular dynamics (MD) simulations of thermomechanical
deformations of single-crystal and penta-twinned gold nano-
rods by ultrafast laser irradiations, with the consideration of
heat dissipations due to the solvent environments. The
simulations show that the empty cavity can be formed in the
nanorods by ultrafast laser irradiations under certain
conditions of maximum temperatures in nanorods and cooling
rates. With the same chosen cooling rates, a higher threshold of
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maximum temperature is required to induce the formation of a
cavity in the penta-twinned gold nanorod. It is also revealed
that for the same cooling rate and maximum temperature in
nanorod, the volume of the cavity in the laser-irradiated single-
crystal nanorod is larger than that in the irradiated twinned
nanorod, which can be attributed to the different cross-section
shapes of the single-crystal and twinned nanorods. The optical
spectra of the laser-irradiated gold nanorods are calculated
based on the corresponding final MD atomistic configurations.

The shifts of the surface plasmon resonance (SPR) band of the
heated gold nanorods are exhibited due to the thermal
reshaping and the plasmon hybridization mechanism. Partic-
ularly, we demonstrate the formation of the hollow gold
nanorod possessing a longitudinal plasmon band in the second
NIR window as well as relatively small size (less than 200 nm)
and aspect ratio (∼2.8), which is highly desirable and suitable
for serving as agents in the biomedical imaging and
photothermal therapy applications.

Figure 1. MD models of the considered (a) single-crystal and (b) penta-twinned solid gold nanorods. The nanorods are half-cut normal to the long
rod axis to show the cross sections and the internal crystal structures. The fcc, hcp, and disordered atoms are colored green, red, and white,
respectively.

Figure 2. Atomic snapshots of (a) single-crystal and (b) penta-twinned gold nanorods irradiated by femtosecond lasers at different times. (c) Initial
atomic snapshots of single-crystal and penta-twinned gold nanorods. In (c), the nanorods are half-cut and the unit of color legend is Å.
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2. METHOD AND MODEL
The MD simulations on femtosecond laser irradiations of solid
gold nanorods in solvent are conducted using the simulation
tool of LAMMPS.26 Figure 1 shows the atomistic MD models
of single-crystal and penta-twinned solid gold nanorods
considered, both having a width W = 30 nm and an aspect
ratio L/W = 3.5. The single-crystal nanorod as illustrated in
Figure 1a has eight high-index {250} side facets parallel to the
growth direction of [001] and two {001} end facets.27 In the
penta-twinned nanorod as shown in Figure 1b, five {100} side
facets are oriented along the [110] growth direction of the
nanorod and two {100} facets are located at the rod ends.28,29

The femtosecond laser heating of nanorods is mimicked by
linearly increasing the lattice temperature from room temper-
ature of 298 K to a maximum value Tmax between 2000 and
4000 K in the microcanonical ensemble within 7 ps.16 The
rapid cooling of gold nanorods due to the dissipation of heat
from hot nanorods to the surrounding solvent is modeled by
applying a Langevin thermostat in the MD,16,30 which
simulates the interactions of atoms with a background implicit
solvent. Different damping parameters of τ = 60, 120, and 350
ps are used for the Langevin thermostat to describe the rates
for cooling the nanorods in various environmental conditions.
The smaller the damping parameter τ, the faster the cooling of
hot nanorods. An aqueous environment can be represented by
the damping parameter τ = 60 ps,31 while τ = 350 ps
corresponds to the CTAB-capped gold nanorod at the critical
micelle concentration.32 By following ref 16, the value of τ =
120 ps is employed to consider the intermediate heat
dissipation condition. Throughout all MD simulations, the
free boundary condition is applied along all directions and a
time step of 2.5 fs is used. The interatomic interactions
between atoms in the gold nanorods are described using the
embedded-atom method (EAM) potential for gold in ref 33.
Total simulation times are ∼375 ps, ∼625 ps, and ∼1.5 ns for
the cases of τ = 60, 120, and 350 ps, respectively. Prior to the
MD simulations for femtosecond laser irradiations of nano-
rods, the MD models of nanorods are thermally relaxed at
room temperature 298 K for 1 ns in the canonical using the
Nose−Hoover thermostatting algorithm.34

The optical spectra of gold nanorods in a water medium are
calculated using the discrete dipole approximation (DDA)
method considering two orthogonal polarizations of the
incident radiation.35 The models for DDA calculation are
developed from the final MD atomistic configurations of laser-
irradiated gold nanorods by the following two steps. First, the
triangulated surface meshes for the final MD atomistic
configuration of laser-irradiated nanorods are constructed.
Second, the DDA calculation model consisting of an array of
dipole points within the space defined by the constructed
surface meshes is generated via the tools of DDSCAT Convert
or Atomsk.36,37 For each DDA model, there are more than
50 000 dipole points to ensure computational accuracy. In all
DDA calculations, the values of the complex dielectric function
of gold at various wavelengths proposed by Johnson and
Christy are used with the corrections for nanoparticles and the
water has a refractive index of 1.33 + 0i.38,39

3. RESULTS AND DISCUSSION
We first present the transient structural transformations of gold
nanorods induced by femtosecond laser irradiations. Figure
2a,b shows the atomistic snapshots of the laser-irradiated

single-crystal and twinned gold nanorods at different times for
the case of Tmax = 3000 K and τ = 60 ps, respectively, in which
the nanorods are half-cut and the surface mesh is constructed
to better visualize the voids and cavities in the nanorods. At the
early time of 10 ps, small voids in the nanorods can be clearly
observed. With the evolution of time, a growing number of
voids with larger volumes are shown (20 and 25 ps) and merge
into a big cavity (50 and 75 ps), and finally stable hollow gold
nanorods are formed. This structural deformation pattern for
gold nanorods is quite similar to that in femtosecond laser
ablation of metallic targets as previously demonstrated by
MD.40 Femtosecond laser irradiation induces not only the
melting of nanorods but also the building up of high
compressive stress in the nanorods at the early time, as
illustrated in Figure S1. The unloading tensile stress by the
relaxation of the laser-induced compression leads to the
expansion of the melt, forming the cavities inside the nanorods.
Due to the sufficiently fast cooling, the melted nanorods are
resolidified with the preserved cavity, leading to the production
of hollow gold nanorods. During the formation of hollow
nanorods, the atoms in the core region of nanorods undergo
more significant displacements, as shown in Figure 2c of the
initial atomic snapshots of nanorods, where the atoms are
colored with the displacement magnitudes obtained by the
subtraction of the initial position vectors of atoms from those
at 250 ps.

Figure 3 illustrates the snapshots for the final MD atomistic
configurations of gold nanorods irradiated by femtosecond
lasers for different values of Tmax and τ. At a slow cooling rate
with τ = 350 ps, no hollow nanorods are formed (see Figure
S2) because the molten nanorods with an inner cavity have
sufficient time to eventually transform into thermodynamically
stable solid particles before the melt is resolidified. As the
cooling rates are increased using smaller damping time values
of τ = 60 and 120 ps, the hollow nanorods are produced for the
maximum temperatures above 2500 K. It is observed that the
maximum temperature of 2000 K is too low to form hollow
gold nanorods, even for the adopted highest cooling rate with τ
= 60 ps. As displayed in Figure 3, when the maximum
temperature of 2500 K is used, the empty cavities are
eventually preserved in the laser-irradiated single-crystal and
twinned gold nanorod for the highest cooling rate of τ = 60 ps;
moreover, only two very tiny voids are present in the end
regions of the laser-heated twinned nanorod for the cooling
rate of τ = 60 ps. It can thus be inferred that at damping time τ
= 60 ps, a higher threshold of maximum temperature is
required to induce the formation of a cavity in the penta-
twinned gold nanorod. This suggests that in addition to the
maximum temperature and cooling rate, the original nano-
particle structure and geometry are also key factors for the
occurrence of cavity formation in nanoparticles by femto-
second laser irradiation.

We further examine the volumes of the cavity in the laser-
irradiated gold nanorods. For this, the triangulated surface
meshes are constructed to geometrically describe the inner and
outer surfaces of the final MD atomistic configurations of the
irradiated nanorods, and the volume of the empty space
enclosed by the inner surface mesh is calculated and set as the
volume of the cavity inside the nanorods. Figure 4 compares
the volumes of the cavity inside the laser-irradiated gold
nanorods at the cooling rates of τ = 60 and 120 ps. As
expected, the cavity volume increases with the increase of the
maximum temperature Tmax for a given cooling rate, and a
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higher cooling rate yields a larger cavity in the gold nanorods
for a given Tmax. With the same Tmax and τ, the volumes of the
cavity in the irradiated twinned nanorods are smaller than
those in the irradiated single-crystal nanorods. It should be
noted that the gold nanorods studied here have different
crystalline structures and geometrical shapes. Meanwhile, we
notice that the generation of an empty cavity inside gold
nanorods is attributed to the expansion of the melt and that at
the beginning of the melt expansion, the cross-section shapes
of the melted nanorods are similar to the initial ones, as shown
in Figure 5. Therefore, the discrepancies in the volumes of the

cavity within laser-irradiated nanorods as observed in Figure 4
are very likely due to the different cross-section shapes of
nanorods. To illustrate this, we have performed the MD
simulations for femtosecond laser irradiations of the single-
crystal gold nanorod that has the [001] long axis and the same
sizes and pentagon cross section as those of the penta-twinned
nanorod, as shown in Figure S3. It is found that the volumes of
the cavity in the laser-heated single-crystal and twinned
nanorods with the same pentagon cross section are close
(see Figure S4), confirming the role of the nanorod cross-
section shape in the formation of a cavity inside the nanorods.
Likewise, the aforementioned different thresholds of maximum
temperature Tmax for the formation of a cavity in the laser-
irradiated nanorods for τ = 60 ps can also be ascribed to the
difference in the cross-section shapes of nanorods.

In addition to the formation of a cavity, gold nanorods under
femtosecond laser irradiation will also undergo thermal
reshaping, as illustrated in Figure S5 for the aspect ratios of
laser-irradiated nanorods. At a given cooling rate, a smaller
aspect ratio of nanorods is induced using a higher maximum
temperature. It has been demonstrated that the diminishing
aspect ratio of the nanorod is associated with the blue-shift of
the longitudinal SPR band of nanorod.27,41 On the other hand,

Figure 3. Snapshots of the final MD configurations of the laser-
irradiated gold nanorods for different values of Tmax and τ: (a) single-
crystal gold nanorod and (b) penta-twinned gold nanorod. The
nanorods are half-cut and the surface mesh is built for clear
visualization of the cavity.

Figure 4. Comparisons of the volumes of the cavity in the femtosecond laser-irradiated gold nanorods for different values of Tmax and τ: (a) single-
crystal gold nanorods and (b) penta-twinned gold nanorods.

Figure 5. Atomic snapshots for the cross sections of laser-irradiated
(a) single-crystal and (b) penta-twinned gold nanorods at time 7.5 ps.
The corresponding temperatures of nanorods at 7.5 ps are given
below the figures.
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according to the plasmon hybridization model,42 the plasmon
response of hollow nanoparticles can be viewed as the
interaction between particle and cavity plasmons. The strength
of this interaction is dependent on the thickness of the shell
layer of hollow particles. The plasmon energy is red shifted as
the shell thickness is reduced.42 Therefore, thermal reshaping
and plasmon hybridization are two competing mechanisms for
the shifts of the longitudinal SPR band of hollow gold
nanorods.
Figure 6a shows the calculated absorption spectra of the

laser-irradiated single-crystal gold nanorods in an embedded

water medium for the cooling rate of τ = 60 ps. For the
purpose of comparison, the absorption spectrum of the original
gold nanorod in water is also included in the figure. The results
reveal that the nanorods irradiated with the maximum

temperatures of 2000, 2500, and 3000 K show a blue-shift of
the longitudinal SPR wavelength. At Tmax = 2000 K, no cavity
is formed in the nanorod and the observed blue-shift is
consistent with the decreased aspect ratio through thermal
reshaping as shown in Figure S5a. At higher Tmax of 2500 and
3000 K, the cavity inside the nanorods is produced, along with
the further decreased aspect ratio of nanorods. The blue-shifts
of the SPR peak at Tmax = 2500 and 3000 K suggest that the
plasmon hybridization mechanism is surpassed by the thermal
reshaping effect for the optical responses of the formed hollow
nanorods. As the maximum temperature increases to 3500 and
4000 K, the cavity volume is further increased and
consequently, the shell layer of hollow nanorods gets thinner.
Thus, the interaction between particle and cavity plasmons
becomes stronger and plays a dominant role in the plasmonic
responses of hollow nanorods, leading to the red-shifts of the
SPR band of hollow gold nanorods as shown in Figure 6a.

The corresponding calculated absorption spectra of the
laser-irradiated twinned gold nanorods in water are shown in
Figure 6b. For low Tmax of 2000 and 2500 K, very small blue-
shifts of the longitudinal SPR wavelength of the nanorods are
shown. As the maximum temperature is increased from 3000
to 4000 K, the longitudinal SPR band is continuously red
shifted due to the increasing strength of the interaction
between particle and cavity plasmons. In particular, for the
laser irradiation with Tmax of 4000 K, the longitudinal SPR
wavelength of the nanorod is distinctly red shifted to ∼1000
nm and the hollow nanorod is found to have a length of ∼108
nm and an aspect ratio of ∼2.1. Stimulated by this observation,
we further simulated the ultrafast laser irradiation of the penta-
twinned gold nanorod with a higher aspect ratio of 5 and the
same width using the parameters of Tmax = 4000 K and τ = 60
ps. Figure 7 shows the final atomistic snapshot and the
calculated absorption spectrum of the formed hollow nanorod,
which has a length of ∼145 nm and an aspect ratio of ∼2.8.
Moreover, the longitudinal SPR wavelength of this hollow
nanorod is found to be ∼1240 nm.

It is known that the second NIR window of 1000−1350 nm
is more suitable for biological and biomedical applications than
the first NIR window of 650−950 nm due to the greatly
improved signal-to-noise ratio and tissue penetration depth.43

Conventional solid gold nanorods with strong optical
responses in the second NIR window usually have large aspect
ratios or dimensions and are unfavorable for biomedical

Figure 6. Calculated absorption spectra of the ultrafast laser-irradiated
(a) single-crystal and (b) twinned gold nanorods in water for different
maximum temperatures.

Figure 7. (a) Snapshot for the final MD configuration and (b) absorption spectrum of the hollow gold nanorod produced by the ultrafast laser
irradiation of the penta-twinned gold nanorod of the initial W = 30 nm and aspect ratio L/W = 5 with Tmax = 4000 K and τ = 60 ps.
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applications owing to the resulting low thermal stability and
tissue penetration rate, short half-lives in blood, and poor
extravasation.22 For example, nanoparticles larger than 200 nm
are inappropriate for in vivo applications since they can
accumulate in the liver and spleen through intravenous
injection.44 Therefore, the above as-formed hollow gold
nanorod with the SPR peak in the second NIR window and
relatively small size (less than 200 nm) and aspect ratio (∼2.8)
is well suited to serve as agents for biomedical sensing,
imaging, and photothermal therapy applications.11,44

4. CONCLUSIONS
In summary, thermomechanical deformations of single-crystal
and penta-twinned gold nanorods induced by ultrafast laser
irradiations have been simulated using the MD method with
the consideration of the cooling of nanorods due to the
surrounding solvent. It is illustrated that ultrafast laser
irradiation can lead to the formation of a cavity in gold
nanorods under certain conditions of maximum temperatures
in nanorods and cooling rates. For a given maximum
temperature and cooling rate, a larger cavity is produced in
the irradiated single-crystal nanorod. Such discrepancies in the
volumes of the cavity in laser-irradiated gold nanorods can be
attributed to the different cross-section shapes of the nanorods.
The results also show that at the same chosen cooling rate a
higher threshold of maximum temperature can be required for
producing the cavity in the twinned nanorod. The optical
spectra of the laser-irradiated gold nanorods are calculated with
the corresponding final MD atomistic configurations and the
DDA method. The blue- and red-shifts in the longitudinal SPR
wavelength of the laser-heated gold nanorods are shown due to
the thermal reshaping effect and the plasmon hybridization
mechanism. Moreover, the production of the hollow gold
nanorod with the longitudinal SPR band in the second NIR
window and relatively small size and aspect ratio is
demonstrated, which is exceedingly desirable and suitable for
serving as agents in the biomedical in vivo applications of
imaging and photothermal therapy.
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