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Abstract: We investigate the simultaneous trapping and melting of a large 
number of gold (Au) nanorods by using a single focused laser beam at 800 
nm which is in resonance with the longitudinal surface plasmon resonance 
of Au nanorods. The trapping and melting processes were monitored by the 
two-photon luminescence of Au nanorods. A multi-ring-shaped pattern was 
observed in the steady state of the trapping process. In addition, optical 
trapping of clusters of Au nanorods in the orbits circling the focus was 
observed. The morphology of the structure after trapping and melting of Au 
nanorods was characterized by scanning electron microscope. It was 
revealed that Au nanorods were selectively melted in the trapping region. 
While Au nanorods distributed in the dark rings were completely melted, 
those located in the bright rings remain unmelted. The multi-ring-shaped 
pattern formed by the interference between the incident light and the 
scattered light plays an important role in the trapping and melting of Au 
nanorods. 

©2012 Optical Society of America 

OCIS codes: (350.4855) Optical tweezers or optical manipulation; (350.5340) Photothermal 
effects; (140.3390) Laser materials processing. 
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1. Introduction 

With the advance in the nanofabrication and chemical synthesis techniques, metallic particles 
with various shapes have been synthesized, including nanospheres, nanorods, and 
nanotriangles etc. In particular, Au nanorods have been widely applied to various fields of 
science because of the strong absorption and tunability of their longitudinal surface plasmon 
resonance (LSPR). These applications include surface enhanced Raman scattering [1–3], 
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multi-dimensional optical storage [4,5], biomedical imaging [6–8], and biosensing etc [9–11]. 
Accordingly, the manipulation of gold (Au) nanorods and especially the trapping and 
movement of Au nanorods to the designated places becomes increasingly important. Since the 
pioneering work of Ashkin by using a single focused laser beam, optical tweezers have been 
widely used in the trapping of micro- and nanoparticles [12–14]. In the optical trapping of Au 
nanorods, it has been found that trapped Au nanorods are generally aligned along the 
polarization of the laser light [15,16]. This unique property has been employed to investigate 
the rotation of Au nanorods in the optical trap [17]. Due to the strong absorption of laser and 
the significant enhancement of electric field at the LSPR, Au nanorods can emit strong two-
photon luminescence (TPL) when the femtosecond (fs) laser wavelength is in resonance with 
their LSPR. From another point of view, however, the strong absorption of laser light at the 
LSPR of Au nanorods leads to the increase of their temperature and even the melting of Au 
nanorods when the laser fluence exceeds a critical value. In general, the melting of Au 
nanorods is accompanied with the quenching of TPL [4]. This feature enables us to monitor 
the trapping and melting processes of Au nanorods. The melting of Au nanorods into 
nanospheres or smaller nanoparticles has been systematically investigated by El-Sayed et al 
[18–21]. However, the melting of Au nanorods in an optical trap has not been studied. 

In this article, we investigated the optical trapping of a large number of Au nanorods by 
using a single focused laser beam which is in resonance with the LSPR of Au nanorods. The 
subsequent melting of Au nanorods in an optical trap and the optical trapping of Au clusters 
in the orbits circling the melted structure were also studied. The TPL image and spectrum of 
Au nanorods were employed to monitor the trapping and melting processes of Au nanorods. 
A multi-ring-shaped pattern was observed in the steady state of the trapping process. In 
addition, optical trapping of clusters of Au nanorods in the orbits circling the focus was 
observed. The morphology of the structure after trapping and melting of Au nanorods was 
characterized by scanning electron microscope (SEM). It was revealed that Au nanorods were 
selectively melted in the trapping region. While Au nanorods distributed in the dark rings 
were completely melted, those located in the bright rings remain unmelted. It is suggested that 
the multi-ring-shaped pattern was formed by the interference between the incident light and 
the scattered light. 

2. Sample preparation and experimental details 

The Au nanorods used in the experiments were purchased from Nanopartz (Salt Lake City, 
UT). The diameter and length of Au nanorods are 10 and 41 nm, giving a LSPR at ~808 nm. 
The aqueous solution of Au nanorods with a concentration of 0.0036% (or a molar 
concentration of 979 pM) was sonicated and injected into a sample cell with a thickness of 50 
μm. The sample cell was made of two glass slides. While a conventional cover glass slide was 
used as the bottom wall of the sample cell, a conductive glass slide was chosen as the upper 
wall because Au nanorods were going to be trapped and melted at the upper wall of the 
sample cell and the subsequent morphology characterization by using SEM would become 
convenient. By doing so, the sputtering of Au, which may affect the morphology of the Au-
nanorod-related structure, is not required for SEM observation. The reason why the optical 
trap for Au nanorods is designed at the upper wall of the sample cell is that the large 
absorption force acting on Au nanorods in the forward direction has to be balanced by using 
the upper wall of the sample cell in order to realize steady trapping. The schematic showing 
the trapping of Au nanorods by fs laser light at the upper wall of the sample cell is shown in 
Fig. 1. The 800-nm light from a Ti: sapphire laser (Mira 900, Coherent) with a duration of 
130 fs and a repetition of 76 MHz was introduced into an inverted microscope (Axio 
Observer A1, Zeiss) and focused with a 100 × objective lens (NA = 1.43) on the upper wall of 
the sample cell or on the lower surface of the conductive glass slide. The TPL emitted from 
Au nanorods was collected by the same objective lens and analyzed in a spectrometer (SR-
500i-B1, Andor) with charge-coupled device (CCD). The trapping and melting processes can 
be easily monitored by using either the dark-field mode of the microscope or the CCD. Since 
the laser beam was focused into the aqueous solution of Au nanorods by using an oil-
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immersion objective lens, the intensity distribution of the laser beam at the focused spot was 
examined by using the TPL from the dilute aqueous solution of rhodamine B. A Gaussian 
distribution of light intensity was observed, implying that both the spherical aberration of the 
objective lens and the interference between the incident light and the reflected light from the 
conductive glass can be neglected. 

 

Fig. 1. Schematic showing the trapping of Au nanorods by fs laser light at the upper wall of the 
sample cell. The arrows indicate the optical forces acting on Au nanorods. 

3. Results and discussion 

3.1 TPL from trapped Au nanorods 

TPL emitted by the Au nanorods when the excitation wavelength is set at their LSPR can be 
used to monitor the Au nanorods entering into the optical trap. The TPL spectra recorded at 
different times after the switching-on of the laser light are shown in Fig. 2. It can be seen that 
the TPL intensity of Au nanorods increases rapidly at ~10 s after turning on the laser light. 
After 30 s, the TPL intensity increases nearly one order of magnitude as compared to that at 
10 s. It implies that many Au nanorods have been trapped at the focus by the optical forces 
including gradient forces in the transverse and longitudinal directions and absorption and 
scattering forces. Of course, the absorption of laser light leads to an increase in the 
temperature of Au nanorods and the surrounding water, producing a temperature gradient. 
However, the Soret coefficient of Au nanorods was found to be positive [22,23], implying 
that Au nanorods will be driven out of the focus due to thermophoresis. Based on 
experimental observation, the optical forces seem to play a dominant role in determining the 
movement of Au nanorods and the effects of thermophoresis can be neglected in our 
experiments. 
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Fig. 2. TPL spectra of trapped Au nanorods recorded at different times after switching on the fs 
laser. 

Relying on the TPL of Au nanorods, the trapping and melting processes of Au nanorods 
can be monitored by using CCD. The CCD images recorded at different times after switching 
on the laser light are shown in Fig. 3. Here, it should be emphasized that only Au nanorods 
oriented in the polarization direction of the laser light can emit strong TPL. At the initial 
stage, we can see several bright spots moving toward the focus, as shown in Fig. 3(a). The 
number of bright spots increases rapidly with time and these bright spots tend to form a ring 
structure, as shown in Figs. 3(b) and 3(c). Finally, a multi-ring-shaped pattern composed of 
bright and dark rings is observed, as can be seen in Fig. 3(d) where one can find a bright spot 
surrounded by two bright rings. In most cases, however, the central part of the focus appears 
to be dark. 

 

Fig. 3. CCD images without illumination recorded at different times after switching on the 
laser light, showing the TPL from trapped Au nanorods. 

3.2 Trapping of Au-nanorod-related clusters in the orbits circling the melted structure 

When Au nanorods are trapped at the focus, the high power density of the laser light may lead 
to the melting of Au nanorods into shorter Au nanorods or Au nanospheres and thus to the 
significant reduction in TPL because of the blueshift of their LSPR. During this process, the 
resulting Au nanospheres may coalesce into a big particle at the focus and the subsequent 
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melting processes will increase the size of this particle. Au nanorods that later enter into the 
optical trap can only accumulate at the edges of the big particle where the power density is 
low. Thus, these Au nanorods will remain unmelted and emit strong TPL. This seems the 
reason why a ring structure with a dark central part is generally observed. At this time, it was 
found that some clusters of Au nanorods could be steadily trapped in the orbits circling the 
central particle. In Fig. 4(a), we indicate the central particle and the trapped Au clusters by 
yellow and red arrows, respectively. It can be seen that the central part of the focus appears to 
be dark and it is surrounded by a bright ring. In this case, the trapped Au cluster was observed 
to move randomly in the orbit. We monitored the movement of the trapped Au cluster and 
noticed that its location was independent of the polarization of the laser light. It was found 
that Au clusters would be steadily trapped in the orbit once they occasionally entered into the 
orbit. The steady trapping of two and three Au clusters are shown in Figs. 4(b)-4(d). It seems 
that there exists a repulsive interaction between the trapped Au clusters, preventing them from 
coalescing into a large cluster. 

 

Fig. 4. CCD images with illumination showing one (a), two (b), and three (c and d) Au clusters 
trapped in the orbit circling the central particle. In each case, the orbit is indicated by a dashed 
circle. 

With increasing time, more and more Au clusters were observed to be trapped in the orbit, 
as clearly shown in Fig. 5. Apart from the repulsive interaction between the trapped Au 
clusters that prevents them from coalescing, it was also noticed that there exits an attractive 
interaction that makes them move as a whole in the orbit. This behavior is clearly shown in 
Fig. 5 where several Au clusters separated with almost equal distance were observed to move 
together in the orbit. Similar attraction was observed previously in the optical trapping of 
dielectric particles and it is referred to as optical binding [24–26]. The physical origin of 
optical binding is the interference between the trapping light and the scattered light by the 
particles. A calculation of radial distribution of light field for measurement geometry similar 
to our setup has shown that the electric field distribution results in formation of rings due to 
the standing wave pattern that depends on the thickness of the sample cell or the stratified 
medium [27]. Optical binding plays a crucial role in the formation of optical matters [25,28]. 
In Figs. 5(c) and 5(d), one can see a cluster with a larger size approaching the orbit. It got 
trapped in the orbit for some time (see Fig. 5(e)) and eventually became detrapped (see Fig. 
5(f)). 
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Fig. 5. CCD images with illumination. (a) and (b): two groups of Au clusters that are trapped 
in the orbit. Each group contains three Au clusters and moves as a whole in the orbit. (c)-(f): A 
cluster with a larger size (indicated by arrows) approached the orbit ((c) and (d)), got trapped 
for some time (e) and became detrapped eventually (f). 

3.3 Selective melting of Au nanorods 

In order to gain a deep insight into the trapping and melting of Au nanorods in the optical 
trap, we have carried out a series of trapping experiments. Once the trapping experiments 
were completed, the upper glass slide of the sample cell was removed and the morphologies 
of the formed structures were examined by using the dark-field mode of the microscope and 
SEM. 

Figure 6(a) shows the SEM image of a typical structure formed by trapping and melting of 
Au nanorods. A magnified image showing the central part of the structure is presented in Fig. 
6(b). A large particle with a diameter of about 500 nm is observed at the centre. It is thought 
to originate from the merger of a number of melted Au nanorods. Around this large particle, 
we can see Au clusters with much smaller size and even some unmelted Au nanorods. The 
distribution of these clusters and nanorods forms two ring structures that surround the central 
particle. On the two rings indicated by arrows, only clusters formed by melted nanorods are 
observed. Interestingly, one can easily find unmelted Au nanorods with a very low area 
density in the space between the central particle and the first ring and that between the two 
rings. This observation in combination with the TPL pattern of the trapped Au nanorods and 
the steady trapping of Au clusters around the central particle indicate that the distribution of 
electric field in the sample cell is a multi-ring-shaped pattern [27]. This unique pattern of 
electric field distribution creates an optical potential well (or optical trap) of the same shape 
and leads to the selective trapping, accumulation and melting of Au nanorods in the optical 
trap. 

Very recently, a ripple-like electric field distribution was found by Obara et al. around an 
Au nanosphere irradiated by fs laser [29–32]. It was suggested that such a field distribution 
originates from the interference between the incident light and the light scattered by the Au 
nanosphere. A further investigation revealed that electric field distributions with various 
patterns could be achieved by utilizing particles or structures with different shapes [29–32]. 
This unique feature can be employed to fabricate micro- or nanostructures by fs laser 
ablation. This mechanism was also used by us to successfully explain the high spatial 
frequency periodic surface structures formed on metal surface [33]. 

In our experiments, a large number of Au nanorods were trapped and subsequently melted 
at the focus when the laser light was turned on, forming a large particle at the centre of the 
focus. The size of the central particle increased with time and it reached rapidly to the 
resonant wavelength of Mie scattering for the trapping light. A ripple-like distribution of 
electric field was created around the central particle, similar to the case discussed in Ref [29]. 
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This kind of field distribution will dominate the following trapping and melting processes of 
Au nanorods and clusters. Since the shape of the central particle is not round, the distribution 
and accumulation of Au nanorods and clusters around the central particles (i.e. the shape of 
the rings) is not round, as can be seen in Fig. 6(a). The shape of the central particle also 
influences the shapes of the orbits where Au clusters are trapped, as manifested in Figs. 4 and 
5. Although the laser light with linear polarization was used in the trapping experiments, we 
could not identify the alignment of single Au nanorods during the trapping processes. When 
the trapping and melting experiments were completed, we did not observe the preferential 
alignment of Au nanorods on the conductive glass because the distribution and alignment of 
Au nanorods was eventually determined by the interfering optical field. 

 

Fig. 6. (a) SEM image of a typical structure formed by trapping and melting of Au nanorods. It 
shows a large particle at the centre surrounded by two rings. (b) A further magnification of (a) 
showing the existence of unmelted Au nanorods in between the central particle and the first 
ring. 

4. Summary 

We have investigated the trapping and melting of a large number of Au nanorods by using a 
single focused fs laser light which is in resonance with the LSPR of Au nanorods. The TPL 
from the trapped Au nanorods was utilized to monitor the trapping and melting processes of 
Au nanorods. A multi-ring-shaped pattern was observed in the steady state and the central 
part of the focus generally appeared to be dark. Steady trapping of Au clusters in the orbits 
circling the focus was observed. In addition to the repulsive interaction that prevents the Au 
clusters from coalescing, an attractive interaction that makes them move as a whole in the 
orbit was also found. The SEM observation confirms the existence of a large particle at the 
centre of the focus and the ring-like distribution of Au clusters around the central particle. All 
the phenomena can be interpreted by the ripple-like electric field distribution formed in the 
experimental setup. It is supported by unmelted Au nanorods found in the space between the 
central particle and that between the two neighboring rings. The results presented in this work 
are helpful for understanding the trapping and melting of a large number of Au nanorods that 
may find applications in the fabrication of nanophotonic functional materials and devices. 
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