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Gold nanorods (GNRs) have potential applications ranging from biomedical sciences and emerging nanophoton-
ics. In this paper, we will review some of our recent studies on both microscopic and macroscopic manipulation of
GNRs. Unique properties of GNR nanoparticles, such as efficient surface plasmon amplifications effects, are in-
troduced. The stable trapping, transferring, positioning and patterning of GNRs with nonintrusive optical tweezers
will be shown. Vector beams are further employed to improve the trapping performance. On the other hand, align-
ment of GNRs and their hybrid nanostructures will be described by using a film stretch method, which induces the
anisotropic and enhanced absorptive nonlinearities from aligned GNRs. Realization and engineering of polarized
emission from aligned hybrid GNRs will be further demonstrated, with relative excitation—emission efficiency
significantly enhanced. Our works presented in this review show that optical tweezers possess great potential
in microscopic manipulation of metal nanoparticles and macroscopic alignment of anisotropic nanoparticles
could help the macroscopic samples to flexibly represent the plasmonic properties of single nanoparticles for

fast, cheap, and high-yield applications.
OCIS codes:

http://dx.doi.org/10.1364/PRJ.1.000028

1. INTRODUCTION

Metal nanoparticles have a deep subwavelength size (usually
less than 100 nm) that is much smaller than the wavelength of
incident light. As they interact with incident light, electron
density oscillations, so-called surface plasmons, will be local-
ized around the nanoparticles. When the frequency of light
matches the natural frequency of collective electron oscilla-
tions, localized surface plasmon resonance (SPR) will be
excited [1,2]. The localized SPR modes strongly depend on
three factors [3]: (a) the size, shape, composite, and topology
of the particles; (b) the physical and chemical properties of
the environment where the particles are embedded; and
(c) the feature of the incident light, such as its polarization
and propagation direction relative to the orientation of metal
nanoparticles. When SPR occurs, the interaction of light with
electron gas connected with plasmonic modes is significantly
enhanced, leading to great enhancement of local electric field
intensity and sensitivity of plasmonic mode response to envi-
ronment. A direct consequence of local field enhancement, for
example, is that when molecules located on metal nanopar-
ticles are excited by incident light, their fluorescence and
Raman signals can be significantly enhanced, with a funda-
mental goal to achieve single-molecule detection via these
fingerprint signals [4]. There are many other benefits that
originate from enhanced local field intensity at SPR. For in-
stance, the classical scattering and absorption of light by
metal nanoparticles can be greatly enhanced, leading to very
large scattering and absorption cross sections [5]. Therefore,
based on their unique localized SPR properties, metal nano-
particles have found potential applications ranging from
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biomedical sciences, catalysis, and sensing to information
technology like imaging and data storage [2,6—-10].

Since single metal nanoparticles are normally on a scale of
sub-100-nm and difficult to be manipulated by conventional
methods, studies on metal nanoparticles are normally in-
volved with a lot of randomness in sample preparations
[11]. The wide applications of metal nanoparticles are mainly
based on their assemblies [9], in which the nanoparticles are
randomly distributed. This causes an averaging issue in the
case of anisotropic nanoparticles like gold nanorods (GNRs)
[12], of which the anisotropy is always replaced by a macro-
scopically isotropic format. Meanwhile, recent studies have
found that patterning of metal particles in certain forms could
result in strong plasmonic couplings that generate novel plas-
monic properties like Fano resonances [13-15], which is
extremely sensitive in sensing applications. In these studies,
people have fabricated metallic nanostructures, as the coun-
terparts of metal nanoparticles, by employing traditional
semiconductor nanofabrication techniques like electron
beam lithography and focused ion beam lithography. How-
ever, these techniques are normally low-yield, expensive,
and difficult to fabricate single-crystalline nanostructures
[16]. In such a case, development of controllable methods
to manipulate chemically synthesized metal nanoparticles is
highly desirable.

In this review, we will briefly introduce our recent progress
on the microscopic and macroscopic manipulation of GNRs
with the optical tweezers and film stretch methods, respec-
tively. In the next section, unique features of GNRs, such
as efficient surface plasmon amplification effects, will be
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briefly introduced. In the third section, the stable trapping,
transferring, positioning, and patterning of gold nanoparticles
with optical tweezers will be shown. Alignment of GNRs and
their hybrid nanostructures in a macroscopic polymer film
will be introduced in the fourth section and its applications
on nonlinearity enhancement and polarized emission will also
be demonstrated. Finally, this paper will be summarized in the
fifth section.

2. UNIQUE PROPERTIES OF GOLD
NANORODS

GNR is a cluster of gold atoms in a cylinder shape [12]. It has
two axes, i.e., the transverse axis (along the short axis) and
the longitudinal axis (along the long axis). The anisotropic
shape of GNRs induces a splitting of the SPR into transverse
and longitudinal SPR modes [17], compared with the single
SPR mode of nanospheres, as shown in Figs. 1(a) and 1(b).
Importantly, the longitudinal SPR of GNRs is extremely
sensitive to the wavelength and polarization of the incident
light. Compared with isotropic gold nanoparticles like gold
nanoshells [18] and nanospheres, GNRs have small size and
large optical cross sections at the longitudinal SPR wave-
length, which is widely tunable in the visible to near-infrared
wavelength range [Figs. 1(c) and 1(d)] [17,19]. Moreover,
GNRs are very stable and can be synthesized in large
quantities with various wet-chemical methods [12,19,20].
Therefore, GNRs have been demonstrated for potential
applications ranging from biological imaging, sensing, and
photothermal therapy to optical data storage, fluore-
scence enhancement, and plasmonic coupling devices, etc.
[7,9-11,14,21,22].
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The large optical cross sections but small volumes make
GNRs a desirable candidate for the realization of surface
plasmon amplification effects, i.e., “spaser” (surface plasmon
amplification by stimulated emission of radiation) [23]. Since
this concept was proposed by Bergman and Stockman in 2003
[24], many methods have been advanced to realize lasing
spaser systems [25-28]. One effective method is to utilize
the interaction between metallic nanoparticles and gain
media. For example, gold nanospheres (GNSs) [28], gold
nanocubes [29], and concentric spherical nanoparticles [25]
incorporated with gain materials have been explored for
the generation of spaser-like phenomena. However, the lasing
wavelength of the spherical spaser-based nanolaser is limited
by the narrowband SPR wavelength of the GNS. By utilizing
the strong longitudinal SPR of GNRs, we have shown that
GNRs are more efficient for building an active nanosystem
for spasers with unique wavelength tunability and polarization
sensitivity [23].

As illustrated in Fig. 2(a), the proposed active nanosystem
based on GNRs is composed by GNR encapsulated by a silica
shell doped with gain media. Such nanocomposites can be
synthesized by an aqueous solution-based method [21]. In
calculations, the core-shell particle was exposed in air with
arefractive index n, = 1.0 and the refractive index of the shell
was set as Ny, = 1.5 — 7k. Here the “gain coefficient” k, which
is related to the amplification coefficient of light intensity via
g = 4nk/2 [29], was introduced to describe the interaction
strength between the incident light and the gain media. Under
such a condition, the optical cross sections of extinction
(Cext), scattering (Cg.,), and absorption (C,) for the
GNR-based nanosystem were calculated with different gain
coefficients using the discrete dipole approximation method
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(a) Schematic of plasmon oscillation for a nanosphere [1]. (b) Measured absorbance spectra of a GNR solution. The insets show the

schematic of the transverse and longitudinal SPR modes, which correspond to two absorption peaks, respectively. (¢c) TEM images of as syn-
thesized GNRs with different longitudinal SPR wavelength as noted [17]. (d) Measured absorbance spectra of gold nanospheres (GNSs) and GNRs,

whose SEM images are shown in (c).
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(a) Schematic diagram of the GNR-based active nanosystem. (b) Calculated absorption cross section at the SPR wavelength of GNR as a

function of gain coefficients (k). The spaser threshold is identified at k = 0.0312. (c) Calculated scattering cross section spectra for the nanosystem
with different k as noted. At the spaser threshold, the scattering cross section is enhanced by ~7 x 10* times and the linewidth is compressed by two
orders of magnitude. (d) Calculated absorption cross section at the SPR wavelength of GNS-based nanosystem as a function of k. The spaser
threshold is identified at k¥ = 0.288. (e) Calculated wavelength-tunable spaser realized by varying the aspect ratio of the embedded GNR as

noted [23].

[29]. It was found that Cy, Cseq, and Cyy varied sensitively
with k and there was a critical value of k, = 0.0312, where C
at the SPR wavelength nearly reached the value of zero. At this
critical point, as shown in Fig. 2(b), the absorption cross
section becomes minus with extremely high absolute value
(~600 pm?), which indicates that a strong SPR amplification
occurs. Under this condition, the peak value of Cg.,; reaches
an extreme value of ~600 pm?, which is about 7 x 10* times
the value when k = 0, as plotted in Fig. 2(c). Meanwhile,
the SPR linewidth was significantly compressed by two orders
of magnitude. The value of k, can be called as the “threshold”
for building up the strong amplification of SPR. While for the
core-shell GNR the threshold was 0.0312, it was found that a
similar GNS-based nanosystem has a threshold of 0.288 and at
the threshold, the scattering cross section is only ~3.8 pm?, as
shown in Fig. 2(d).

Figures 2(b) and 2(d) clearly indicate that the spaser
threshold for the core-shell GNR is nearly one order of mag-
nitude lower than that of the core-shell GNS. Meanwhile, at
the spaser state, the absolute magnitude of the scattering
cross section or absorption cross section of the GNR-based
system (~600 pm?) is more than 150 times larger than that

of the GNS system (~3.8 pm?). Therefore it can be inferred
that taking GNR as the basic structure of the core-shell active
nanosystem makes it much easier to realize spaser or great
amplification of SPR. The low threshold of gain coefficient
brings more choices of appropriate gain materials, such as
dye molecules, rare earth ions, and semiconductor quantum
dots. Moreover, it was found that by using the GNR-based
nanosystem, the center wavelength of spasers can be widely
tuned from the visible to near-infrared range via changing the
aspect ratio of GNRs, as demonstrated in Fig. 2(e). In this way,
a flexible wavelength-tunable spaser on nanoscale is possible.

So far, we have theoretically demonstrated the low-
threshold generation of spaser by using GNR-based nanosys-
tems. However, the direct experimental observation of the
amplification effect of surface plasmon polaritons (SPPs)
by the gain medium is still challenging and has aroused vari-
ous ambiguities and controversies. The reason lies in the dif-
ficulties of direct recognition of the spontaneous emission
(SE), amplified spontaneous emission (ASE), and lasing-like
stimulated emission (LSE) of SPPs, as well as the direct pho-
tonic emission from the gain medium. To solve this puzzling
problem, we have conducted experiments based on a typical
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Fig. 3. (a) Schematic diagram of the experimental setup based on a typical Kretschmann system [30,31]. (b) Measured amplified emission spectra
of SPPs decoupled at # = 58.4°. Spectra were measured with different I, as noted (unit: mJ/cm?). The ASE peak is clearly identified at ygz =
592.87 nm [31]. (¢) Normalized emission spectra of SPPs decoupled at 6 = 59.2°, where the spectra are peaked at the ASE wavelength
(Aasg = 592.87 nm). Inset: measured emission spectra of SPPs under different Ip. With the increase of pump intensity, the ASE spectra are nar-
rowed. (d) Angular distribution of SPP emission at wavelength 592.87 nm under different I as noted. It can be seen that with the increase of pump

intensity, the angular response is broadened unusually [32].

Kretschmann configuration [Fig. 3(a)] [30,31]. The direct
experimental evidence of ASE of SPPs (ASEgpp) was observed
at the interface of a silver film and a polymethyl methacrylate
(PMMA) film doped with rhodamine 6G (Rh6G) dye molecules
[Fig. 3(b)]. By carefully conducting a pump-dependent angle-
resolved spectral measurement, the SE and ASE of SPPs, as
well as the emission of Rh6G, have been successfully recog-
nized [31]. The results provided a clear physical picture of
the SPPs amplified by the gain medium. It turned out that
the phenomenon reported in [30] may be actually an ASE
instead of the LSE of SPPs. Moreover, it was found that, with
the increase of pump intensity, the ASE spectra were nar-
rowed as expected and predicted by many other reports,
but the angular response ASE signals were broadened unusu-
ally [32], as shown in Figs. 3(c) and 3(d). These observations
indicate that, although theoretical work can predicate the gen-
eration of spaser, there are still many nonclassical phenomena
that need to be explored and understood. Further work is
needed in this direction to figure out the ambiguities.

3. MICROSCOPIC MANIPULATION OF
GOLD NANOPARTICLES WITH OPTICAL
TWEEZERS

Optical tweezers, formed by a highly focused laser beam, have
intriguing applications in biology and physics due to their
unique characteristics of noncontact and nonintrusive mani-
pulation of cells, subcells, micrometer-sized particles, and
nanoparticles [32-39]. The trapping force is usually on the scale
of piconewtons (10~!2 N), which is very suitable for the
study of dynamic properties of biological macromolecules,

such as DNA [33], RNA [34], and proteins [35]. Moreover, in
the field of physics it can be used for the study of Brownian
motion of micrometer-sized beads, interactions between
like-charge spheres, the motion of microspheres under a
magnetic field, and positioning of GNSs [36—-40]. By using a
spatial light modulator (SLM), we have built up a system of
SLM-based multi-optical traps and imaged the trapped par-
ticles in three dimensions clearly by several CCDs in large mag-
nification, as shown in Fig. 4 [41]. In this system, the
displacement of each particle can be precisely measured
simultaneously and the trap stiffness can be measured by os-
cillating the sample stage in a triangle wave based on Stokes
fluid dynamics [41]. The real-time manipulation and mea-
surement of trapped objects built up a powerful platform for
our studies on trapping of gold nanoparticles with optical
tweezers.

A. Manipulation of GNRs by Optical Tweezers with
Gaussian Beams

GNRs have attracted great interest due to their anisotropic
SPRs, i.e., the longitudinal SPR and the transverse SPR. This
anisotropy in SPR has afforded GNRs versatile advantages in
both fundamental research and application potentials, such as
the studies on plasmon couplings and five-dimensional infor-
mation encodings [10,11]. It is also shown that the anisotropic
GNRs can be stably trapped by a single optical trap [40]. How-
ever, for many applications, besides the trapping process, one
needs to further transfer the GNR to desired targets or
stabilize the GNRs on certain substrates [11,42], which has
not been demonstrated.
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Fig. 4. (a)-(c) Pictures of three trapped polystyrene particles (2 pm in diameter) and their focused images in three dimensions. (d) Eight pictures
of the trapped particles. The index number of each trap is indicated aside the trapped particle [41].

Recently we have successfully demonstrated the noninva-
sive manipulation of GNRs with a dual-optical trap [43].
By using the optical trapping forces formed by focused lin-
early polarized Gaussian beams, we show that GNRs can
not only be freely trapped and transferred in water solution,
but also be stably positioned and patterned on glass sub-
strates. The studies could be helpful for applications of GNRs
in the areas of in vivo biological studies, integrated plasmonic
circuits, and complex plasmonic nanostructures in real
nanoscale. For example, with the help of manipulation and
positioning of GNRs, it is possible to pattern multiple GNRs
with desired geometries that result in hybrid plasmonic
resonances [11].

The setup used for trapping experiments is a home-built,
dual-optical tweezers based on an inverted microscope [43],
as illustrated in Fig. 5. Gold nanoparticles (bought from
STREM) under manipulation by optical tweezers were dis-
persed in a sample chamber. The chamber was made by
one ordinary coverslip (24 x 50 mm) and one polyvinyl alco-
hol (PVA) pretreated coverslip (22 x 22 mm). With the setup,
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Fig. 5. Schematic diagram of the dual optical tweezers system [43].

gold nanoparticles were monitored by the dark field (DF)
imaging system, in which the trapped particles could be moni-
tored by eyepiece and CCD camera and the scattered light
by the trapped particles can also be detected by using a
spectrometer (Ocean Optics, QE 65000) to replace the CCD
camera. As shown in Fig. 6, the DF images of trapped GNRs
can be clearly recorded with the CCD camera. It should be
mentioned that in this dual-optical tweezers system, one trap
(Trap B) can be moved with a nanometer precision in the hori-
zontal plane by rotating the reflecting mirror R2 driven by a
DC servomotor (Newport, LTA-HL Actuator), while the other
(Trap A) is fixed. As shown in Figs. 6(a)-6(c), GNRs can be
stably trapped in Trap B and moved toward Trap A. By chang-
ing the trapping parameters, Trap B can even take over
the originally trapped GNRs in Trap A, as illustrated in
Fig. 6(d). Moreover, this trapping and transferring were
reversible when Trap B was moved in back direction, as
shown in Figs. 6(e)-6(h).

To position the trapped nanoparticles onto the desired sub-
strate, a single GNR is trapped at a position about 10 pm above
the bottom of the chamber, and then the trap moves down to
contact the bottom surface and holds on for several seconds
for the trapped GNR to be fixed on the bottom surface.
Figure 7 shows the DF images of positioned and patterned
gold nanoparticles by continuously transferring and fixing
the trapped nanoparticles onto the substrate [43]. The Chinese
character in Fig. 7(a) and “IOP” in Fig. 7(b) were “written” by
GNRs. It should be mentioned that the patterned GNRs were
very stable and kept unchanged even when one took out the
solution from the chamber, dried the sample, performed other
measurements, and repeated the trapping experiments. For
example, in Fig. 7(b), the red “IOP” was “written” by using
GNRs (25 x 73 nm in size) in the first positioning process
and the green “CAS” was written by GNSs (50 nm in diameter)
in the subsequent positioning process. It should be mentioned
that the SPR peak positions for the GNS and GNRs were
around 550 and 700 nm, respectively. That is why “CAS” made
by nanospheres is green while “IOP” made by GNRs is red.

The sophisticated patterning GNRs on substrates with
the optical traps provides a promising method for one to
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Fig. 6. DF images of trapping and transferring of GNRs with dual optical tweezers in water solution. The Trap B was moved top-down from (a) to

(d) and bottom-up from (d) to (g).

Fig. 7. Microscope images of positioning and patterning of gold nanoparticles. (a) Gray scaled picture of the patterned GNRs by optical trap on the
bottom of the chamber. (b) Color picture of the patterned gold nanoparticles after the sample was dried [43]. The red “IOP” was “written” by GNRs
first and the green “CAS” was “written” by GNSs subsequently on the same substrate.

pattern the GNRs more closely and form complex plasmonic
structures that could lead to hybrid plasmon coupling effects
[11,42]. Figure 8 shows the SEM images, measured DF scat-
tering spectra, and calculated scattering spectra of positioned
single and complex GNRs [43], respectively. It can be seen
that when single GNRs [like in Fig. 8(a)] are manipulated
to form complex structures [like the “T” shape in Fig. 8(d)
and “end-to-end” configuration in Fig. 8(g)], their plasmonic
properties are significantly different. The experimental and
numerical results have clearly shown that complex patterns
based on two GNRs as building blocks have already brought
about many new plasmonic features that a single GNR cannot
generate. These features originate from the coupling and
hybridization of the two longitudinal dipolar modes excited
in the two GNRs. By controlling the relative polarization state
of laser light in the dual-optical tweezers, more controllable
ways to generate complex shapes with small distances can
be made based on two GNRs. In addition, since each GNR
can have different diameters and lengths, a wide variety of
geometric patterns with unique plasmonic properties can
be readily generated by just using our dual-optical tweezers.
In return, the technique can be further harnessed to produce
versatile plasmonic nanostructures designed by computers
based on desired SPR properties. In this regard, the dual-
optical tweezers can become a versatile experimental
“design” tool to create controllable patterns from colloidal
GNRs rather than create the patterns accidentally by spin-
coating a large number of GNRs randomly on a substrate [21].

B. Optical Trapping of Gold Nanoparticles by
Cylindrical Vector Beams

Currently, most works on trapping and patterning gold nano-
particles use focused Gaussian beams. When a focused laser

beam interacts with a small particle, a net momentum transfer
from the laser to the particle produces optical force. The op-
tical forces can be categorized into two types: one is scatter-
ing and absorption forces, which are proportional to the
Poynting vector of the field and point along the direction of
the incident beam, tending to destabilize the trap; the other
is gradient force, which is proportional to the gradient of
the light intensity and points toward the focus. For metallic
particles, three dimensional trapping has been explored with
different types of beams to reduce the negative influence
caused by the scattering and absorption. For example, the
optical forces on metallic particles produced by cylindrical
vector beams have been calculated theoretically [44,45],
and gold particles have been trapped experimentally by a
radially polarized beam [46]. However, a quantitative com-
parison among optical trapping with different laser beams
is still missing.

To experimentally realize stable optical trapping of gold
nanoparticles by radially and azimuthally polarized beams,
vector beams need to be generated first. To this aim, a polari-
zation converter (ARCoptix, Switzerland) was inserted within
the traditional optical tweezers system [47], which converted
the linearly polarized Gaussian beam into a radially or azimu-
thally polarized beam, as shown in Fig. 9. With such a system,
it was found that single 90 nm diameter GNS can be stably
trapped in three dimensions successfully by both radially
and azimuthally polarized beams. For comparisons, the trans-
verse trapping stiffness of linearly, radially, and azimuthally
polarized beams was measured, as shown in Fig. 10(a). The
result shows that the radially polarized beam provides a larger
transverse trapping stiffness than the Gaussian beam, while
the stiffness for the azimuthally polarized beam is smaller
[47]. Meanwhile, for both radially and azimuthally polarized
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Fig. 8. SEM pictures of fixed single and complex GNRs and their scattering spectra [43]. (a) is the SEM picture of a fixed single GNR, (b) is the
measured scattering spectrum of the fixed GNR after the sample was dried, (c) is the calculated scattering spectrum of a single GNR whose shape is
shown in the upper right corner. (d)-(f) and (g)—(i) are the SEM pictures of two couples of the fixed GNRs, the measured scattering spectra and the

calculated scattering spectra of the coupled GNRs.

beams, the transverse trapping stiffness increases linearly
with the laser power [Fig. 10(b)]. The results can be
understood as follows. For the radially polarized beam
focused by a high numerical aperture objective, the electric
field at the focus has an extremely strong axial component.
This strong axial component is a nonpropagating field and
does not contribute to the energy flow along the propagation
direction. Therefore, a focused radially polarized beam
provides a stronger gradient force to pull the gold particles
toward the center of the focus while reducing the scattering
and absorption force. That is why the stiffness is higher with
the radially polarized beam. For the azimuthally polar-
ized beam, the focus shape is a ring [48]. In such a case,
the nanometer-sized gold particles might be trapped in the
annular region of the focus. This successful trapping of gold
nanoparticles by means of cylindrical vector beams and cor-
responding quantitative studies have opened up a new avenue
to control and make use of the optical properties of metallic
particles by means of optical tweezers [47].

4. ALIGNMENT OF GNRS IN
MACROSCOPIC FILMS AND ITS
APPLICATIONS

The studies on single metallic nanoparticles have aroused
great interest due to their direct insight into various macro-
scopic plasmonic properties from a nanoscale point of view,

such as plasmonic absorption, scattering, emission, and field
localization. However, single nanoparticles are normally on a
scale of sub-100-nm and are difficult to manipulate by conven-
tional macroscopic methods. Therefore, wide applications of
metallic nanoparticles are mainly based on their assemblies,
in which the nanoparticles are randomly distributed. This
causes an averaging issue in the case of anisotropic nanopar-
ticles, of which the anisotropy is always replaced by a
macroscopically isotropic format. For example, GNRs have
attracted great attention due to their anisotropic SPR modes,
i.e., the transverse (TSPR) and the longitudinal (LSPR) modes,
which can be excited by light with polarization perpendicular
and parallel to the rod, respectively. In most applications, only
a portion of the GNRs with certain orientations was utilized
because GNRs are naturally randomly oriented and their
LSPR cannot be excited in the direction of incident light
polarization perpendicular to their longitudinal axes. More-
over, the random distribution averages the microscopic
anisotropy of the single GNR and the assembled GNRs behave
like macroscopically isotropic materials. Therefore, macro-
scopically representing or constructively amplifying the aniso-
tropic optical properties of a single GNR could be very
preferable to improve the efficiency of GNR applications.
Recently we found that by utilizing a well-developed film
stretch method, both bare GNRs and hybrid GNRs nanostruc-
tures can be aligned in certain directions [17,49]. We show that
this simple realization of alignment could directly bring out
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columns show the intensity cross sections after inserting the polarization filter, with the arrows denoting the polarization direction [47].

two benefits: enhanced nonlinear absorption (NLA) for bare
GNRs [17] and enhanced excitation—emission efficiency for
hybrid GNRs with gain media [49].

A. Anisotropic and Enhanced Absorptive Nonlinearities
from Aligned GNRs

The alignment of GNRs was realized by using a film stretch
method [17,50]. For sample preparation, GNR water solution
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was synthesized by using a seed-mediated growth method
[Fig. 1(c)] [19]. After the synthesis, the GNRs were purified
and mixed with a 15% aqueous PVA solution by a volume ratio
of 1:1. GNRs/PVA films were prepared by pouring the mixture
into a Petri dish and then drying the samples naturally for 24 h
at room temperature, which resulted in uniform polymer films
with a thickness of ~100 pm [as illustrated in Fig. 11(a), the
final thickness was dependent on the amount of the mixture
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(a) Power spectra of gold spheres with a diameter of 90 nm trapped by radially polarized, azimuthally polarized, and Gaussian beams

measured by analyzing the Brownian motion of the particles. The stiffness in the figure is normalized by laser power. (b) Transverse trapping
stiffness as a function of laser power for 90 nm gold particles trapped by radially and azimuthally polarized beams, respectively [47].
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Fig. 11. (a) Camera picture of three GNRs/PVA films in Petri dish. (b) Schematic diagram of the film stretch process [17].

used]. Finally, the GNRs/PVA films were cut into a rectangular
shape and manually stretched in one direction under heating
at ~65°C [as schematically shown in Fig. 11(b)] until a desired
length was obtained. In our experiments, the final length of
the stretched film was chosen to be ~b times its original
length, which ensures the nearly complete alignment of GNRs
inside the stretched films [50].

During the stretch process, the PVA molecules elongate
along the stretch direction [51], which causes the longitudinal
axes of GNRs orienting along the stretch direction. Because
the LSPR mode is inherently polarized along the longitudinal
axis, the stretched films will show collective LSPR when the
incident light is polarized parallel to the stretch direction. As
shown in Fig. 12(a), a stretched GNRs/PVA film shows distinct
colors when the incident light is polarized parallel and
perpendicular to the stretch direction, respectively, while
the original film shows the same color in both polarization
directions. These color displays are inherently associated with

the corresponding absorption spectra, as plotted in Fig. 12(b).
This splitting of the LSPR and TSPR in the macroscopic films
could find useful applications in polarization-dependent color
display devices [12].

For the nonlinear enhancement experiments, GNRs with
large aspect ratios (~4) were used, of which the alignment
was nearly perfect [Fig. 12(c)] and the LSPR and TSPR were
well separated [Fig. 12(d)]. It should be mentioned that the
measured SPR peaks and linewidth from macroscopic as-
sembled GNRs matched well with the calculation of a single
GNR, as shown in Figs. 12(d) and 12(e), which also indicates
the narrow size distribution and the well alignment of GNRs.

The absorptive nonlinearities of various GNRs/PVA films
were investigated by using the standard open-aperture Z-scan
technique [52]. In the experiments, a pulsed laser (pulsewidth
3 ns) with a wavelength of 800 nm and a repetition rate of
10 Hz was used as the excitation source [17]. As shown
in Fig. 13(a), the original GNRs/PVA film showed similar
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Fig. 12. (a) Optical microscope images of the original and stretched film under white light illumination with polarization parallel (||) and
perpendicular (L) to the stretch direction. (b) Measured absorbance spectra of the GNRs/PVA films corresponding to (a). (c) TEM images of
the aligned GNRs in the PVA film. Scale bar: 100 nm. Dashed lines indicate the direction of stretch. (d) Measured absorbance spectra of another
stretched GNRs/PVA film under excitation polarized parallel (||) and perpendicular (L) to the stretch direction. Solid lines are the corresponding
calculations of a single GNR. (e) Polar plot of the measured absorption intensity at wavelength 800 nm versus the excitation polarization angle. The

solid curve is a fit to the cosine squared function [17].
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(a), (b) Measured transmission of (a) original and (b) stretched GNRs/PVA films upon laser excitation polarized parallel (||) and

perpendicular (L) to the stretch direction, respectively. GNR concentrations (Cgyg) of the films: (a) 3.75 nmol/L and (b) 15 nmol/L. (¢) Normalized
transmission of a stretched GNRs/PVA film excited with different laser intensities. The laser polarization was along the stretch direction. Solid lines
are corresponding fittings with the Z-scan theory. (d) NLA coefficient (-f) as a function of the laser intensity for three samples: (open square)
S1: original film with Cgng = 3.75 nmol/L; (open triangle) S2: stretched film with Cgyg = 3.75 nmol/L; (open circle) S3: stretched film with
Canr = 16 nmol/L. The experimental data and their fittings (solid lines) were multiplied by corresponding numbers as noted for comparison

purpose [17].

transmission responses upon the excitation with two different
polarizations. While the linear absorption dominated in the re-
gion that was far away from the focus, the transmission peaks
appearing at z = ( were caused by the absorption saturation
of the GNRs because of the high laser intensity near the focus.
For a stretched film, on the other hand, there was a big
difference in the Z-scan curves. In the case of parallel-
polarized excitation, the NLA effects were very obvious while
for the perpendicular-polarized excitation the NLA effects
were very weak and difficult to characterize even after in-
creasing the GNR concentration by four times [Fig. 13(b)].

To quantify the absorptive nonlinearity, the experimental
data were normalized (to remove the effects of linear absorp-
tion) and fitted by using the Z-scan equation, with which the
NLA coefficient f can be obtained [17]. f is defined by
a(l) = a+ pI, where a(I) is the intensity-dependent absorp-
tion coefficient including a linear absorption part « and a non-
linear part pI. For example, the fitted g values in Fig. 13(a)
were f = -2.70x 10® m/W and ; = -2.59 x 10® m/W, re-
spectively. Therefore the macroscopic anisotropy factor of
NLA can be evaluated by g,/ = 1.04, which indicates that
this sample was nearly isotropic. Impressively, for the sample
in Fig. 13(b), the anisotropic factor reached as high as ~20
B =-723x 108 m/W, g =-0.37x10"° m/W). Such
strong anisotropy in nonlinearities can be attributed to the
well-aligned GNRs in the stretched PVA films as well as the
narrow size distribution of the colloidal GNRs.

Further experiments indicated that the Z-scan measure-
ment was intensity dependent, as shown in Fig. 13(c). To en-
sure the accuracy in comparisons between different samples,
we performed a series of intensity-dependent Z-scan measure-
ments, deduced the corresponding f values, and fitted the
obtained g data with a formula g = g,/(1 + I/Iyy), where
Po is the initial NLA coefficient under low-irradiance excita-
tion and Iy is the saturation irradiance of the NLA. As plotted
in Fig. 13(d), the measured f values were well fitted with the
formula, from which the values of f, were obtained for
comparisons. For samples (S1 and S2) with the same GNR

concentration it showed that the value of f, was enhanced
by ~9 times by the simple stretch process. Moreover, it
was noticed that the GNR concentration had a strong effect
on the increase of f, value. After increasing the GNR concen-
tration by 4 times, the f, value of the stretched film (sample
S3) reached —127.5 x 10~ m/W, which was about 91 times of
that of the original film (S1).

The results indicated that the absorptive nonlinearities of
the aligned GNRs were more than just the linear summation
of the nonlinearities of individual GNR. This is reasonable be-
cause, besides the linearly summarized effects of separated
GNRs, the plasmonic interaction between adjacent aligned
GNRs is able to strengthen the local electric field and thus
increase the NLA. Therefore, utilizing the plasmonic inter-
actions and local field enhancement inside aligned GNR films
provides an effective way to amplify the nonlinear effects of
single GNRs. This work opened up a way to macroscopically
represent and constructively amplify the optical properties of
a single GNR, such as its anisotropy in nonlinearity enhance-
ment. The enhanced absorptive nonlinearity could find prom-
ising applications in optical limiting, @Q-switching, plasmonic
waveguides, sensor protection, etc. [53-55].

B. Realization and Engineering of Polarized Emission
from Aligned Hybrid GNRs

Polarized light emission is highly desirable in applications
such as conventional light-emitting liquid crystal displays
and emerging polarization-dependent nanophotonic devices
[66-58]. Therefore, the realization of polarized light emission
has been of great interest in the areas of photonics and
material sciences. On one hand, polarized emission has been
achieved by preparing emitting polymeric molecules aligned
in certain direction [57,59,60]. On the other hand, the ad-
vanced development in nanotechnology has brought the
realization of fluorescence polarization to a new regime.
Functional photonic structures, such as photonic crystals
[61] and metallic nanostructures [62], have been successfully
utilized to directionally extract the emission signals from
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various emitters to realize polarized emission. Since the oper-
ation bands of both nanoemitters (such as quantum dots and
quantum rods) and nanostructures are widely tunable, these
new methods are of great potential for the generation
of broadband polarized emission. For example, in 2012
Rodriguez et al. realized polarized light emission from ran-
domly distributed CdSe/CdS core/shell quantum rods by using
silver nanoantenna arrays that were fabricated with substrate
conformal imprint lithography [62]. However, lithographic
methods are normally complicated, expensive, or low-yield.
Therefore fast, simple, and high-yield realization of polarized
emission with chemical methods is very desirable.

Recently we showed that macroscopic polarized light emis-
sion can be simply realized by aligning anisotropic hybrid
GNR nanoparticles [49], which consist of GNRs in the core
and dye molecule-doped silica in the shell. Compared with
previous reports that used lithography and photobleaching
methods, our samples can be prepared with a fast, simple,
and high-yield chemical method. More importantly, by
fully utilizing the LSPR of the hybrid GNRs, the relative
excitation—emission efficiency of the macroscopic film can be
enhanced by ~15 times. Moreover, the macroscopic film
showed flexible polarization engineering capability. For in-
stance, the film can convert circularly polarized light into
broadband linearly polarized emission and tune the polariza-
tion contrast and directions of the linearly polarized emission
[49]. The studies provide a simple but important method for
the realization of polarized emission, as well as the easy
application of active anisotropic nanoparticles.

The hybrid GNR nanoparticles (HGNRs) in our experi-
ments were composed of GNRs in the core and dye molecules
(Oxazine-725)-doped silica in the shell [as shown in the inset
of Fig. 14(a), purchased from Nanoseedz], of which single
nanoparticles have been studied for fluorescence enhance-
ment and plasmon-molecule interactions [21,63,64]. For
sample preparation, we used a film stretch method that we
previously employed to align GNR metal particles [17], as
illustrated in Fig. 11. To check the orientation of the HGNRs
in the PVA films, the original and stretched films were sput-
tered with 15 nm gold and characterized with SEM. Before
the alignment, nanoparticles were randomly distributed in
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the macroscopic films [Fig. 14(a)]. While after the film stretch
process, the HGNRs were well aligned in the stretching
direction, as shown in Figs. 14(b)-14(d). This is also reflected
in Figs. 14(e) and 14(f), where the original film shows two
extinction peaks irrespective of the light polarization direc-
tions while the stretched film possesses only one extinction
peak upon each polarized excitation.

To study the emission properties of the macroscopic film,
the sample was first excited with a circularly polarized pump
at wavelength of 633 nm. It was found that when varying the
angle of the detection polarization (a4.), the measured emis-
sion spectra show strong anisotropy. To avoid the cutoff
effects of the long-pass filter, the emission intensity at the
LSPR wavelength of 742 nm was monitored. As shown in
Fig. 15(a), the emission intensity of the stretched sample
varies periodically and can be well fitted using a cosine
squared function together with an exponential decay that
occurred when the detection polarization angle was continu-
ously increased. This decay in intensity was due to the laser-
induced photobleaching effects [21]. After calibrating the
exponential decays, one can clearly see the dipole-like pattern
in the polar plot of Fig. 15(b), which indicates an emission
polarization close to linear polarization. By comparison, the
emission from the original film shows only an exponential
decay in Fig. 15(a), which is fully isotropic after calibration
of the exponential decay [see Fig. 15(b)]. It should be men-
tioned that this polarized emission from the stretched film
is not only observed at the wavelength of 742 nm but also seen
at other wavelengths ranging from 650 to 880 nm. Therefore,
the stretched macroscopic film could be useful for applica-
tions such as converting circularly polarized light into broad-
band linearly polarized emissions, as depicted in Fig. 15(c).

The aligned HGNRs are not only capable of realizing polar-
ized emission but also helpful for obtaining the maximum
excitation emission efficiency. As shown in Fig. 16(a), by
exciting the sample with a linearly polarized pump (with
polarization angle of 0..), the measured emission spectra
were found to be highly dependent on the values of .
and g as plotted in Fig. 16(b), where the symbols “||” and
“1” denote the angles of 0° and 90°, respectively. To compare
the fluorescence efficiency among the different experimental

1.2 . stretched film

1
500 700 900
Wavelength (nm)

Fig. 14. (a)-(d) Typical SEM images of HGNRs in original (a) and stretched (b)—(d) PVA films. Inset: SEM image of a single core-shell GNR hybrid
nanostructure (HGNR). The GNR in the core is ~95 nm in length and ~45 nm in diameter. After the stretch, most of the HGNRs in the film are
aligned with long axis along the stretching direction (indicated by dash lines). Scale bars are 500 nm. (e) and (f) Measured extinction spectra of (e)
original and (f) stretched film under incident light polarization parallel (0°) and perpendicular (90°) to the stretching direction [49].
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(a) Measured emission intensity at wavelength 742 nm versus detection polarization angle (a4.¢) under excitation with circular polari-

zation for the original and stretched film. The data are fitted with a cosine squared function together with an exponential decay. (b) Polar plot of
the experimental and fitted data in (c¢) after calibrating the exponential decays. (c) Illustration of the applications of the stretched HGNRs for
converting circularly polarized light into broadband linearly polarized emission [49].
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Fig. 16. (a) Schematic setup for emission measurements with different angles of detection polarization (a4.) under certain excitation polarization
angles (0.,). (b) Measured emission spectra of the stretched film with different 6, and a4, as noted. The symbols “||” and “_L” denote the angles of
0° and 90°, respectively. The first and second subscripts represent the values of 6., and ag., respectively. (¢) Relative excitation emission efficiency
of the emission spectra shown in (b). Spectra are normalized to the spectrum of / | . (d) Measured emission intensity at 742 nm versus age; under

excitation with 6., = 0°, 45°, 67.5°, and 90°, respectively [49].

schemes, the relative excitation emission efficiencies of the
sample are calculated by normalizing the fluorescence spectra
to the spectrum of /. As shown in Fig. 16(c), the highest
relative efficiency (~15) is achieved when both the excitation
and emission polarization directions are parallel to the
stretching direction. Both Figs. 16(b) and 16(c) clearly dem-
onstrate that, to obtain maximum polarized fluorescence from
the stretched samples, the selection of both excitation and
emission polarization is critical. The difference between the
maximum (/) and minimum (/) emission intensity can
be as high as 15 times. The underlying physics is that because
both the excitation and emission wavelengths are within
the LSPR band of HGNRs [Fig. 14(f)], the excitation rate is

increased due to the local field enhancement and the emission
rate is enhanced by the increased local densities of optical
states when the LSPRs are excited at both the excitation
and emission wavelengths [63]. Therefore, both excitation
and emission enhancement are induced and a maximum
excitation emission efficiency is achieved.

It should be mentioned that not only the fluorescence effi-
ciency but also the emission polarization can be controlled by
using the aligned HGNRs [49]. Figure 16(d) plots the measured
emission intensity at 742 nm versus ag,; When exciting the
stretched film with different angles of polarization. The polari-
zation factors, simply defined as PF = (Igo — Ig¢°)/(Ige + Igge),
are 0.5, 0.4, 0.01, and -0.4, respectively, for 6., = 0°, 45°,
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67.5° and 90°. This indicates that when 6, increases from 0°
to 45°, the polarization contrast of the emission is decreased,
while at 6., = 67.5° the emission from the macroscopic film
loses its polarization and behaves in an isotropic format
(PF = 0.01). More interestingly, at 6., = 90°, the PF changes
to a minus value, which means that the polarization of the
fluorescence is switched by 90°. This dependence of emission
polarization on the excitation polarization is caused by the
fact that not all GNRs were perfectly aligned during the film
stretch method [17,50], as shown in Figs. 14(b)-14(d). As
calculated from the data in Fig. 16(d) (after calibrating the
background emission [49]), there are equivalently 10% HGNRs
that are orientated in the perpendicular direction (6., = 90°)
other than aligned. The LSPR of these not-aligned HGNRs can
be excited by the perpendicular excitation and therefore
shows different emission polarization from that of the aligned
HGNRs. As a result, the emission polarization of the stretched
film can be changed by varying the excitation polarization
angles. These interesting observations offer the convenient
feasibility to engineer the fluorescence polarization by
controlling the excitation polarization.

5. CONCLUSIONS

In summary, we have introduced the microscopic manipula-
tion of gold nanoparticles by using optical tweezers and the
macroscopic application of GNRs by employing the film
stretch method. On the one hand, our studies have clearly
indicated that optical tweezers can become a noncontact
and nonintrusive manipulation tool that is extremely promis-
ing for microscopic manipulation of metal nanoparticles. With
the feasibility demonstrated in this review, further studies
will focus on enhancing both the trapping stability and the po-
sitioning resolution, which are needed to overcome the neg-
ative effects caused by the Brownian motion and the strong
absorption and scattering of the metal nanoparticles. In this
case, the use of versatile vector beams, as already pointed
out, could be a promising solution. On the other hand, our
studies have convincingly shown that macroscopic alignment
of group GNRs and HGNRs in polymer films can provide a
fast, cheap, and high-yield approach for the applications of
GNRs, such as macroscopic enhancement of absorptive non-
linearity and realization of polarized emission. This provides a
novel idea that could help to macroscopically represent nano-
scale plasmonic properties. More importantly, the idea is also
applicable for a wide range of anisotropic nanoparticles (like
nanorod, nanowires, nanobelts, etc.) made of metals (includ-
ing gold, silver, copper, etc.) and their hybrid nanostructures
incorporated with various active media like quantum dots,
quantum rods, diamond particles, rare-earth ions, etc.
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