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As optical trapping by a focused laser beam is applied for nanoparticles, multiple particles are grasped in the
focal spot and make an assembly. Gold nanoparticles confined in such a submicrometer optical cage show a
characteristic extinction spectrum depending on laser power. The spectral change can be induced reversibly and
repeatedly by tuning the laser power, demonstrating that the assembly of gold nanoparticles can be controlled
by the gradient force. This is attributed to the soft confinement of nanoparticles dressed in electrostatic
potential barriers.
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I. INTRODUCTION

Colloidal particles are expected to be characteristic mate-
rials for electrical, optical, chemical, and biological applica-
tions. In addition to individual nanoparticles, assemblies of
nanoparticles are interesting research targets due to their col-
lective properties. Weak interparticle interactions, which are
comparable with the thermal energy, give flexibility for col-
loidal assemblies, so that their conformations are easily
changed by temperature, concentration,pH, and so forth. On
the other hand, their flexible but fragile assembling structures
and accompanying properties make their micro- and nano-
fabrication difficult. Many researchers have attempted to fab-
ricate colloidal assemblies by various approaches. Although
self-assembly is one of the most promising techniques to
fabricate micro- or nanostructures of colloidal particles, ar-
bitrary structures cannot be obtained by this approach.
Therefore other methods to fabricate a controlled colloidal
assembly with submicrometer dimensions are desired. Con-
sidering this background, we have proposed optical trapping
of various colloidal materials[1–4].

In the past decade, optical trapping by a focused laser
beam has been used for manipulation of individual micropar-
ticles in solution. Corresponding to developments in nano-
science and nanotechnology, this technique has recently been
developed and extended to nanoparticles. The focused laser
beam makes a strong gradient of the electromagnetic field. A
nanoparticle, which can be regarded as an electric dipole,
experiences an attractive force into the center of the laser
focus where the intensity of the electromagnetic field is at a
maximum(i.e., the potential energy is at a minimum). This
force is called the optical gradient force[5,6]. It is worth
noting that the potential energy produced by the gradient
force is strong enough to confine nanoparticles for a while in
the focal spot, but nanoparticles confined in the focal spot
can rearrange their positions to form the most stable assem-
bly. Therefore we expect that micro- or submicrocolloidal
assemblies with ordered structures on the nanometer scale

can be fabricated by optical trapping. There has so far been
some work studying conformational change of colloidal as-
semblies by means of optical trapping. Jose and Bagchi in-
vestigated the dynamics and structure of molecules under
optical trapping by using a Brownian dynamics simulation
[7], and reported that optical trapping enhances formation of
molecular clusters. Korda and Grier succeeded in defect re-
mediation in a colloidal crystal[8], while the colloidal crys-
tal was produced in a large area spontaneously by using
micrometer-sized particles.

The present work demonstrates that the optical gradient
force can reversibly control the assembly and the color of
colloidal gold nanoparticles confined in the focal spot. We
chose gold nanoparticles because their assemblies are re-
flected in the extinction spectrum. The extinction spectral
measurements of trapped nanoparticles were successful by
using a quasiconfocal system developed for the present
study.

II. EXPERIMENT

The experimental setup is depicted in Fig. 1. A continuous
wave of a Nd3+:YAG (yttrium aluminum garnet) laser
(Spectron, SI-903U; wavelength 1064 nm) was introduced
into an optical microscope(Zeiss, UMSP50). This beam was
focused into the colloidal gold via a microscope objective
(magnification 3100, numerical aperture 1.25). The spot
shape was close to a Gaussian profile with 620 nm full width
at half maximum in the focal plane. The colloidal gold was
dropped on a depression in a slide glass and was sandwiched
between the slide glass and a cover slip. Slightly collimated
white light from a halogen lamp(Nippon P.I., PICL-NEX)
was illuminated onto a sample from the opposite side of the
objective. The transmission spectrum of the white light
through the sample solution was measured by a polychroma-
tor (Oriel Instruments, 77480) with a charge-coupled device
(CCD) camera(Andor, DU420-OE). A pinhole placed at the
conjugate spot of the laser focus limited the detection area of
the transmitted light to a spot 1mm in diameter centered on
the focal point.

Colloidal gold suspended in water(BBInternational,
EM.GC 40; mean diameter 40.5 nm, 931010 particles/ml)
was used without further treatment. Extinction spectra of the
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colloidal sample were measured by using a commercial uv-
visible absorption spectrometer(Shimadzu, UV-3100PC).
They showed a single peak around 530 nm attributed to the
surface plasmon resonance(SPR), and a broadening or an
additional band indicating aggregation or polydispersion was
not observed. This spectral feature proves a monodispersion
of colloidal particles. The size distribution of the sample con-
firmed by means of dynamic light scattering(Otsuka Elec-
tronics, DLS-70SAr) had 7% standard deviation. ThepH and
the zeta potential of the sample were,6.4 and −39 mV,
obtained by apH meter(Horiba, B-212) and a zeta potential
analyzer(Malvern Instruments, Zetasizer Nano-ZS), respec-
tively.

Extinction spectra of trapped gold nanoparticles were ob-
tained as follows. First, the spectrum of the transmitted white
light through the sample,Ibsld, was measured without laser
irradiation. Next, the laser beam was irradiated by opening a
mechanical shutter and another spectrum,I tsld, was mea-
sured 10 s after the start of the laser irradiation. This 10 s is
the waiting time for trapping of enough gold nanoparticles.
I tsld includes a little signal depression, because a part of the
illumination light is absorbed by trapped nanoparticles which
have emerged on the light path. By calculatingfIbsld
− I tsldg / Ibsld, the extinction spectra of the trapped nanopar-
ticles were obtained.

III. RESULTS AND DISCUSSION

Figure 2 shows the extinction spectra of the trapped gold
nanoparticles. Each spectrum is measured for different laser
powers[(a) 0, (b) 100, (c) 150, (d) 200, (e) 300, (f) 450, (g)
600, (h) 750, (i) 900 mW]. Since the gradient force exerted
on a nanoparticle is proportional to the laser power, the num-
ber of trapped particles is reduced with decreasing laser
power. Actually, the spectrum measured with 100 mW[Fig.
2(b)] of laser power is not clear as compared to other ones
measured with higher laser powers, indicating that fewer
nanoparticles are trapped. In the cases of 200(c) and
300 mW (d) of laser power, a single extinction band corre-
sponding to the SPR band is clearly observed. As laser in-
tensity increases further, another extinction band around
700 nm appears and grows. Here it is an experimental arti-
fact that the signal intensity goes down to 0 as the wave-
length approaches 750 nm, because it reflects the specifica-
tions of the dichroic mirror equipped in the microscope.
Therefore the second SPR band around 700 nm may have its
actual peak in the longer wavelength region. However, it is a
fact that the spectral shape, especially the intensity of the
second SPR band in the longer wavelength region, is
strongly dependent on the laser power.

Apart from the precise spectral shape, which could be
determined theoretically if the inner structure of the nanopar-

FIG. 1. A schematic diagram of the experimental setup to mea-
sure the extinction spectrum of the gold-nanoparticle assembly pro-
duced by optical trapping.

FIG. 2. Extinction spectra of
trapped gold nanoparticles. All
spectra measured at different laser
powers[(b) 100, (c) 150, (d) 200,
(e) 300, (f) 450, (g) 600, (h) 750,
and (i) 900 mW] are normalized.
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ticle assembly were known, the general aspect of the extinc-
tion spectral shape and its laser power dependence can be
discussed. It was well known for a long time that such
double peak extinction spectra were due to the aggregation
of gold nanoparticles[9]. According to the generalized Mie
theory, the second extinction band shown in the longer wave-
length region is ascribed to the longitudinal SPR excitation
for nonspherical or aggregated nanoparticles[10]. It should
be noted that not only permanent aggregates, but also just
assembled nanoparticles(located close to each other), show
the second band because of collective electromagnetic oscil-
lations between neighboring nanoparticles. The peak height,
wavelength, and bandwidth of the first and second bands are
strongly dependent on the disposition of nanoparticles and
the interparticle distances in their assembly[11].

First, we consider and discuss the deformation of nano-
particles which may be induced by ablation and melting due
to intense laser irradiation and could be responsible for the
spectral change. Takamiet al. reported the fragmentation of
gold nanoparticles by irradiation with 532 nm nanosecond
laser pulses in colloidal solution[12]. They observed a peak
shift of the SPR band from 531.5 to 517 nm along with the
laser irradiation according to the fragmentation of the gold
nanoparticles. Link and El-Sayed investigated the deforma-
tion of gold nanoparticles induced by irradiation with a fem-
tosecond pulse laser[13]. In their case, rod-shaped nanopar-
ticles changed their conformation into a sphere shape; i.e., a
change from the unstable to the stable shape was induced.
Such deformation led to a spectral change from a double
peak shape to a single peak one, since the rod-shaped gold
nanoparticles show double peak extinction spectra in which
the second band is ascribed to the longitudinal SPR. In these
two works, the authors explained that photothermal heating
induced by pulsed laser irradiation leads to the deformation
of the gold nanoparticles. Since these spectral changes are
totally different from our results, we can exclude the defor-
mation and fragmentation of gold nanoparticles induced by
such a photothermal process.

Another possibility is the aggregation of the colloidal gold
promoted by laser irradiation. Eckstein and Kreibig found
that the formation of aggregates was accelerated by irradia-
tion with visible laser beamss514 nmd [14]. They explained
that the laser beam coupled with SPR caused additional at-
tractive forces between particles via electromagnetic multi-
pole interactions. Kimura and co-workers also reported
photoinduced coagulation of gold nanoparticles suspended in
2-propanol[15,16]. In these past works, the crucial differ-
ence from our work is the wavelength and power of the laser.
Their results were achieved by strong light absorption as-
signed to the SPR of gold nanoparticles, while we performed
under off-resonance conditions by use of a 1064 nm cw la-
ser. In our case, however, the laser power density
s,MW/cm2d is higher than those in other works mentioned
above. Therefore it is supposed that temperature elevation
must take place due to laser absorption of gold nanoparticles
and/or water, even if it does not reach the melting point. In
particular in our case, as gold nanoparticles are gathered by a
focused laser, the local concentration of nanoparticles in-
creases in the focal spot. Such crowding of gold nanopar-
ticles gives many chances to make irreversible aggregates. It

is suspected that a combination of the concentration increase
and temperature elevation could accelerate the formation of
aggregates.

This suspicion about aggregation was excluded by con-
firming reversible changes of extinction spectra. Figure 3
shows the intensity ratios of two peaks plotted as a function
of the laser power. This series of extinction spectra was mea-
sured without interruption of the laser irradiation, as follows.
The first spectrum was measured after 10 s of laser irradia-
tion. Without interruption of the laser irradiation, the laser
intensity was changed quickly to the next power, and imme-
diately a second spectrum was measured with the same inte-
gration time. These procedures were repeated a few times for
three[Fig. 3(a)] and six[Fig. 3(b)] laser powers correspond-
ing to (c)–(i) in Fig. 2. Each spectrum was measured every
17 s and the integration time for each measurement was
10 s. The spectral intensity ratio between the second band
and the first ones660 to 530 nmd is estimated for each spec-
trum and plotted in order of the measurement. Figure 3
shows that the spectral shape follows the laser power revers-
ibly and repeatedly.

Here we summarize the potential energy and shapes in the
present experiment for the sake of later discussion. Since the
gradient force is dominant for optical trapping of a 40 nm
sized gold nanoparticle as proved by Svobada and Block
[17], its potentialU can be expressed by the following equa-
tion:

FIG. 3. Ratios of two bandss660±5.6 to 530±5.6 nmd plotted
as a function of laser power. Letters beside each data point corre-
spond to laser powers used in Fig. 2[i.e.; (c) 150, (e) 300, (f) 450,
(g) 600, (h) 750, (i) 900 mW]. Since each data point is arranged in
the order of measurement time, this indicates the change of the
spectral shape by tuning of the laser power. The laser power was
kept constant during a measurement of each spectrum(for 10 s),
followed by the next measurement after a quick change of the
power. (a) This procedure repeated 15 times between 150 and
900 mW in steps of 150 mW and(b) 12 times between 300 and
900 mW in steps of 300 mW.
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Here c is the velocity of light in vacuum,n and n8 are the
refractive indices of gold and the surrounding medium(wa-
ter), andV is the volume of a gold nanoparticle.I is the laser
intensity(power per unit area, W/m2) with a Gaussian beam
profile, and described in the focal plane as

Isrd >
P

2pr0
2 expS−

r2

2r0
2D , s2d

wherer is the distance from the center of the focal spot and
P is the laser power.r0 was estimated as 440 nm from the
beam profile measurement. The polarizabilitya is estimated
approximately according to the calculation used in[17]. Sub-
stituting Eq.(2) into Eq. (1), the potential energyU is rep-
resented as

Usrd > U0 expS−
r2

2r0
2D , s3d

whereU0 is calculated as,−6.2kT (k is the Bolzmann con-
stant andT is temperature,kT=4.12310−12 J) at 100 mW of
laser power and is proportional to the laser power(i.e.,
−9.3kT at 150 mW, −12.4kT at 200 mW, and so on).

Trapped materials escape from the focal spot with a cer-
tain probability that is determined by the depth and shape of
the trapping potential. Therefore if gold nanoparticles come
in and escape from the focal spot during spectral measure-
ments, the obtained extinction spectra(Figs. 2 and 3) can be
ascribed to many different nanoparticles. As described in
some papers[17,18], the escape time, which is defined by the
time during which one particle stays in the potential well,
can be calculated as,0.46 s in the case of 100 mW of laser
power sU0,−6.2kTd and ,6.8 s in the case of 150 mW
s−9.3kTd, and it increases exponentially with increasing laser
power. Actually, we confirmed that the same extinction spec-
tra were observed over a 1 min period or longer, as long as
the laser beam irradiated continuously with the same power.
Therefore it is supposed that gold nanoparticles once cap-
tured in the focal spot can hardly escape during the series of
spectral measurement in Fig. 3. When the laser power is
changed during optical trapping, if irreversible aggregates
were formed, the second extinction band would not be re-
duced with a decrease of the laser power, because aggregates
once formed cannot be dispersed into single nanoparticles
again. That is, Fig. 3 demonstrates that trapped nanoparticles
were separate from each other without making permanent
aggregates and they were just gathered at the focal point by
the gradient force. This spectral change also indicates the
order of interparticle distances, because the coupling of sur-
face plasmon modes between two gold nanoparticles is ef-
fective only below the order of some tens of nanometers
[19,20].

The size, shape, and inner structure of the assembly are
determined by the trapping potential and interparticle inter-
actions. The depth of the potential energy produced by the
focused laser beam was estimated as,6.2kT (at 100 mW of
laser power) to ,56kT (at 900 mW) as mentioned above. At

the beginning of the discussion about the inner structure, the
number of trapped nanoparticles is roughly estimated from
the optical density of a SPR peak in the extinction spectrum
under the assumption of the Beer-Lambert law. The extinc-
tion cross section of a single gold nanoparticle used in the
present study was 2.33103 nm2 at the SPR peak wave-
length. On the other hand, the optical density of the assembly
trapped in the focal spot was estimated as,0.045 from Fig.
2(e). Under the assumption that the assembly was confined
in a spot 1mm in diameter, the number of nanoparticles
involved in the assembly was estimated as,35. A similar
particle number is obtained from another estimation which is
based on the trapping rate measured by the single particle
counting method[21]. As the effective trapping region is
roughly defined as the beam width at which the potential
depth has decreased tokT, the width of the trapping region is
estimated as,1 mm in the axial and,3 mm in the radial
directions at 100 mW of laser power. This means that the
volume of the trapping region is much larger than that of the
assembly(,35 nanoparticles) trapped in it and the number
of trapped nanoparticles should increase with increasing la-
ser power because there is space to accept another nanopar-
ticle. However, the signal intensity of the extinction spectra
appears to decrease at high laser power as shown in Figs.
2(g)–2(i). This is reasonable because, if such scattering mat-
ter as gold nanoparticles fills the trapping potential, they
strongly disturb the focused laser beam and cannot be sus-
tained by such a disturbed laser spot. Based on these consid-
erations, we have deduced that the number of trapped gold
nanoparticles is not high enough to fill the focal spot even in
the case of high laser power, and the nanoparticles are con-
fined in almost the bottom region of the trapping potential.

Colloidal gold suspended in water is stabilized by the
electrostatic force. Negative charges created by surface-
stabilizing ions form an electric double layer around the par-
ticle surface. The repulsive potential produced by this double
layer and the attractive potential caused by van der Waals
interaction determine the total interaction between colloidal
particles. Generally this total potential(so-called Derjaguin-
Landau-Verwey-Overbeek potential) works as a repulsive in-
teraction when the interparticle distance(surface to surface)
is over a few nanometers, and decreases exponentially within
the order of tens of nanometers, and this potential barrier is
comparable to the energy of the thermal motionkT [14,22].

Let us consider the situation that gold nanoparticles
dressed in electrostatic potential barriers are confined in an
optical microcage produced by a focused laser beam. Figure
4 shows a schematic image of the colloidal assembly formed
by optical trapping. Nanoparticles are gathered in the center
of the focal spot, i.e., the bottom of the trapping potential as
mentioned above, but are separated from each other by elec-
tric double layers. It is noteworthy that the potential depth
around trapped nanoparticles is comparable to and can be
controlled by the order of the interparticle repulsive interac-
tion. If the potential depth of the optical trapping were much
larger than the interparticle interactions, nanoparticles would
be packed tightly into the focal spot without any space to
change their locations. The soft confinement is a key point to
realize reversible control of colloidal assemblies.

Furthermore, the extinction spectral shape gives informa-
tion about the morphology of the assembly also. The relation
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between morphology and optical properties of aggregates
was studied theoretically and experimentally in the past work
[10]. In the case of fast aggregation(e.g., aggregation in-
duced by addition of electrolytes), compact three-
dimensional aggregates with various sizes are formed and
they show broad SPR spectra rather than distinct peaks be-
cause of inhomogeneous broadening[10]. On the other hand,
slow aggregation of stabilized colloids prefers to produce
one-dimensional structures. In this case, after a nanoparticle
bonds with another one, a third one can hardly approach the
connecting point of the doublet due to the strong repulsive
potential of the electric double layers, resulting in a connec-
tion to the head or tail of the doublet and leading to the
formation of linearlike structures[23]. Generally such one-
dimensional aggregates show a distinct double peak feature
in the extinction spectrum that is similar to our results shown
in Fig. 2. In our case, since gold nanoparticles wearing elec-
tric double layers are confined in a microcage of optical trap-
ping, they are forced to make assemblies and take one-
dimensional structures against the repulsive forces.

In addition to the self-assembly, another mechanism can
be considered as a cause to make gold nanoparticles close to
and aligned with each other in the optical microcage. It is the
so-called optical binding effect, which has been proposed
and demonstrated by some research groups[24–26]. This
effect is considered as a dipole-dipole interaction induced by
the strong electromagnetic field of the laser beam. The dipole
moment of trapped gold nanoparticles induced by the fo-

cused laser beam would produce an attractive force and
make a linearlike structure that aligns in parallel with the
laser polarization. Since this force is effective at short dis-
tance and evanescent in far field, optical trapping to confine
nanoparticles densely is indispensable for it. Furthermore,
the trapping potential is modulated by trapped gold nanopar-
ticles because of the scattering of the light. Therefore, strictly
described, nanoparticles are trapped in the sum of incident
and scattered electromagnetic fields produced by themselves.
It is very difficult to solve such a self-consistent field and
further investigation is needed to identify the assembling
structure and mechanism.

IV. CONCLUSION

We have demonstrated that optical trapping can control
the assembly of gold nanoparticles reversibly. An extinction
band ascribed to SPR of assembled nanoparticles appeared
and grew with increase of laser intensity due to conforma-
tional change of the gold-nanoparticle assembly. The feature
of the assembly in the focal spot was discussed on the basis
of spectral shape, trapping potential, and interparticle inter-
actions. This work shows that the optical microcage must be
useful for the microassembly formation of various colloidal
particles stabilized by the electrostatic force. In particular,

FIG. 4. Top and middle: Schematic image of reversible conformational changes of the trapped gold-nanoparticle assembly. Expanded
images of the assembly are illustrated in balloon. Bottom: Profiles of potential produced by the focused laser beam.(i) Nanoparticles prefer
to stay in the focal spot because the potential depth is larger than the energy of Brownian motion. Nanoparticles are separated from each
other, so that an extinction spectrum ascribed to isolated gold-nanoparticles is obtained, as shown in Figs. 2(b)–2(d). (ii ) As laser power
becomes higher, nanoparticles start to approach each other and make small assemblies like doublets or triplets. Assemblies take a kind of
one-dimensional conformation because repulsive interactions between nanoparticles prevent compact morphologies, presenting double peak
spectra like Figs. 2(e) and 2(f). (iii ) Higher laser power produces more compact assemblies consisting of various numbers of nanoparticles
and morphologies, resulting in broader spectra with large components in the longer wavelength region, as shown in Figs. 2(h) and 2(i).
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SPR sensors using gold nanoparticles[27,28] would be a
promising target, since a slight change of the assembly in-
duced by surface adsorption of objective molecules is
strongly reflected in the extinction spectrum. In addition, by
combining with a fixation technique for trapped nanopar-
ticles [4], optical trapping will develop into an integrated
technique for nanomaterials.
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