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Abstract: We demonstrate optical trapping of rare earth-doped NaYF4:Er/Yb nanorods of high
aspect ratio (length 1.47 µm and diameter 140 nm) using a quasi Bessel beam (QBB) generated
by positive axicon optical fiber tips. Propulsion or trapping of the nanorods is demonstrated
using either single or dual fiber nano-tip geometries. The optical force exerted on the trapped
nanorods, their velocities, and their positions have been analyzed. We determine the trap stiffness
for a single nanorod to be 0.12 pN/µm (0.003 pN/µm) by power spectrum analysis and 0.13
pN/µm (0.015 pN/µm) by Boltzmann statistics in the direction perpendicular to (along) the fiber
axes for an average optical power of 34 mW. The experiments illustrate the advantage of using a
QBB for multiple nanorod trapping over a large distance of up to 30 µm.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Since their earliest demonstrations [1], optical tweezers have found many applications in physics,
biology, chemistry and medical research; a very comprehensive review of the field is contained
in [2]. There have been numerous research efforts to optically manipulate particles of different
shapes, sizes, materials, and even using different optical arrangements [3–6] compared to the
original configuration that used a high numerical aperture (NA) lens to create a single beam,
gradient trap. Due to their small footprint, ease of alignment, and integration with existing optical
setups, trapping experiments with optical fibers are one specific platform that has seen strong
progress in recent years. Different fiber configurations have been developed including tapered
optical fibers [7–12], structured optical fibers [13–15], single fibre tips [16,17], tapered fiber tips
[18–22], and lensed fiber tips [23,24].

Considering the wide application of rare earth elements in bioimaging, biosensing, and
therapeutics, trapping rare earth-doped nanoparticles is of particular interest. For example,
NaYF4:Er/Yb nanorods, due to their up-conversion fluorescence emissions, are potential can-
didates for realizing single photon sources, bio-imaging, or in single-molecule spectroscopy
[25,26]. However, three-dimensional manipulation and motion control of such particles is key to
many of the potential applications. In 2018, Leménager et al. [27] demonstrated trapping of such
co-doped NaYF4 nanorods using a single and dual fiber tip optical tweezers and, more recently,
europium-doped NaYF4 nanorods (of average length 1.2 µm and diameter 120 nm) have been
trapped using a single fiber tip optical tweezers [22] for an orientation-resolved spectroscopic
study on the nanorod’s photoluminescence. This work also indicates the challenges in using
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tapered fiber tips, as the particles were attracted toward the tip and trapped in contact with it,
rendering a study on the photoluminescence polarization through the fiber impossible.

While optical fiber tip trapping generally relies on Gaussian beam profiles, recent works
indicate that non-Gaussian beams also hold promise for efficient particle trapping [28–30]. One
type of non-Gaussian beam that can be considered is the quasi Bessel beam (QBB). It can be
exploited for three-dimensional trapping of particles that have a high aspect ratio and asymmetry
due to the large depth-of-focus offered [31,32]. The challenge lies in designing optical elements
that can efficiently generate QBBs with the desired optical properties for trapping. Different
approaches can be used [30,32,33] and a modified optical fiber tip [30,34] has proven to convert
a Gaussian beam into a QBB with very low divergence and a very small spot size, while being
very easily integrated into experimental setups. Such fibre-based QBBs have already been used
for micro- and nanoparticle trapping [28,35].

In this work, we demonstrate optical trapping of NaYF4:Er/Yb single and multiple nanorods
with a high aspect ratio using a customized dual tip optical fiber tweezers setup. A Gaussian
beam is converted into a QBB via a positive axicon structure on the fiber nano-tip [34]. The
properties of the optical trap are studied by applying the power spectrum analysis (PSA) [36,37]
or the Boltzmann statistics method to the particle position fluctuations [38].

2. Experimental details

2.1. Optical fiber tips for quasi Bessel beam generation

Although Bessel beams can be generated using free-space optics [31], this can add bulkiness
and alignment issues to the design of optical tweezers. An alternative approach to generate
QBBs is to structure the tip of an optical fiber; the fiber can then be used for optical trapping
[28,35]. For the work reported herein, we fabricate an axicon by chemical wet-etching of highly
germanium-doped optical fibers (StokerYale PS-1550-Y3 with a N.A. of 0.17, mode field diameter
of 7 µm and cladding diameter of 125 µm) [39], see [34] for details. The etching and tip shape
are determined by surface tension, capillary action, and the different etching rates for the fiber
core and cladding materials. A simple etching mechanism is used; the fiber is vertically aligned
and dipped for 40 minutes inside a polymer coated tube containing 48% hydrofluoric acid with
an elevated meniscus. The meniscus defines the shape of the fiber axicon tip, guided by capillary
action [34,40].

Figure 1(a) is a scanning electron microscope (SEM) image of a typical axicon tip. The fiber
axicon emission properties are studied by mapping the transverse (perpendicular to the fiber axis,
that is along x or y, we generally use the y-direction) and longitudinal (along the fiber axis, z)
beam profiles. The quality of the fabricated tips—thence their suitability for trapping experiments
—is determined from these beam profiles. In Fig. 1(b), the propagation characteristics of the
longitudinal beam profile from a sample axicon tip are shown for laser light at 808 nm propagating
in the fiber. The longitudinal beam profile measurements were taken by collecting the light
from the positive axicon tip using a 50× microscope objective coupled to a CMOS camera. The
objective was fixed in place, whereas the axicon tip was moved towards it, and therefore also
towards the camera, for a distance of 0.02 mm. The emission profile reveals the quasi Bessel like
properties of the beam. In particular, we observe that the central spot of the beam is reasonably
non-diffracting over the short distance of 0.02 mm considered. The inset shows the beam profile
when directed onto a screen, with the image captured by a CMOS camera.

For particle trapping experiments, we use two fibers, each having a positive axicon on its end,
in a tip-to-tip configuration. Before conducting the trapping experiments, we first determine the
optimum fiber tip-to-tip separation that yields the smallest beam waist. This yields the highest
field intensity, or, in other words, the optimum tip-to-tip separation for stable trapping. With
this in mind, we first measure the transmission profile in air. Laser light of wavelength 808 nm
is coupled into the pigtail of one of the optical fibers (the source probe) and the transmitted
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Fig. 1. (a) SEM image of a positive axicon optical fiber tip. (b) Longitudinal emission
profile from a positive axicon tip in air. The y-axis is a transverse direction. The ’0’
point along the longitudinal direction indicates the initial separation between the fibre tip
and the objective. Inset: Quasi Bessel beam profile for 808 nm light. (c) Average beam
waist and intensity as a function of fiber tip-to-tip separation in water. Inset 1: A typical
transverse-plane intensity map for 808 nm light at the waist region for a tip-to-tip distance of
24.69 µm. Inset 2: Two positive axicons with in a tip-to-tip configuration with a separation
of 61 µm as used for transverse mapping and trapping experiments.

light is collected by scanning the position of the second optical fiber (the scanning probe) in
the transverse (xy) plane to generate a map of the beam profile. The beam is directed onto a
screen and the image is captured by a CMOS camera. Next, the beam parameters are measured
by inserting the fiber tips into deionized water since this mimics the actual trapping environment.
Figure 1(c) is a plot of the average measured beam waist and intensity for the transverse directions
as a function of the tip-to-tip separation when light of 808 nm propagates in the fiber. The
beam waist has a minimum value of ∼ 1.64 µm at a tip-to-tip distance of 24.7 µm – beyond this
distance, the waist increases as the distance between the tips increases and the emission angle
is around 2◦. This is about 4 times smaller than for tapered fiber tip optical traps [19]. Inset 1
in Fig. 1(c) is a typical transverse beam profile obtained for a tip-to-tip separation of 24.7 µm,
while the tip-to-tip fiber configuration is shown in Inset 2.

2.2. Fiber-based optical tweezers setup

A schematic of the fiber-based optical tweezers setup is given in Fig. 2. The trapping laser beam
at 808 nm, provided from a diode laser (Lumics LU0808M250), is split into two paths via a 50:50
polarizing beam splitter. Each fiber tweezers tip is mounted on an xyz piezoelectric translation
stage for alignment purposes. A droplet of deionized water solution containing the nanorods is
placed in a custom-designed fluid chamber, see inset to Fig. 2, which consists of an O-ring sealed
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with vacuum grease and placed between two glass slides. The O-ring has two slits for inserting
the fiber tips. An optical microscope consisting of a 50× objective with a long working distance
(13.9 mm) combined with a CMOS camera (Hamamatsu, ORCA FLASH 4.0 LT) is used for
particle imaging. Particle trapping videos are recorded at a frame rate of 200 f/sec and with a
resolution of 96 nm/pixel. A particle tracking algorithm has been developed in the open source
Scilab environment and is used to extract the time-dependent particle positions from the trapping
videos. This algorithm is based on numerical fitting of a two-dimensional Gaussian function to
the particle image of each video frame. The light powers in the following are all measured at the
output of the fibre tip(s).

Fig. 2. Schematic of the fiber-based optical tweezers setup. PD: photodiode, BS: beam
splitter, PBS: polarizing BS, FC: fiber coupler. Inset: Image of the fluid chamber that is
placed at the trapping region between the fiber tips.

2.3. Nanorod preparation and characterization

The NaYF4:Er/Yb nanorods were prepared by 45 mM (1.8 g) of NaOH in 6 ml of water mixed
with 15 ml of ethanol (EtOH) and 30 ml of oleic acid (OA) under stirring. The following were
added to the mixture: 273 mg of Y(Cl)3, 10.1 mg of YbCl, 6.7 mg of ErCl3 and 378 mg of NH4F
dissolved in 4 ml of water. The solution was then transferred to a 75 ml autoclave and heated at
190◦C for 24 hrs under stirring. After cooling down to the ambient temperature, the resulting
nanoparticles were precipitated by the addition of 50 ml of ethanol, collected by centrifugation,
then washed with water and ethanol several times. They were finally dried under vacuum and
kept as a white powder. A scanning electron microscope (SEM) image of the prepared nanorods
is given in Fig. 3, along with their length and diameter distribution.

For the trapping experiments, fonctionalization by ligand exchange is needed to ensure good
dispersion in water. Hence 20 mg of NaYF4 in oleic acid NPs are sonicated and centrifuged three
times with 2 ml aqueous citrate solution (0.2 M), then washed with EtOH and water to remove
the remaining oleic acid molecules; finally the nanorods are well dispersed in water [41–43].
Nanorods used in the trapping experiments reported herein have an average diameter of ∼140 nm
and a length of ∼1.47 µm. For the trapping experiments, the nanorods were diluted in deionized
water at a ratio of 1:2 and injected in the fluid chamber as discussed in Section 2.2.
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Fig. 3. (a) SEM image of the NaYF4:Er/Yb nanorods. (b) Length and (c) diameter
distribution of the nanorods.

3. Optical trapping experiment

3.1. Nanorod manipulation using a single fiber axicon tip

We first studied the nanorod behavior using a single axicon tip to see if they can be stably trapped.
We observed that the nanorods are attracted toward the center of the beam via the gradient force,
while simultaneously being repelled from the fiber tip itself. Aside from the fact that the beam is
non-Gaussian, there are several features that could lead to this behavior, see Fig. 1(c): (i) the
beam is initially converging and later diverging, so particles are not attracted to the fiber tip
compared to in earlier work [22] and (ii) the emission angle is quite low at 2◦, hence the gradient
force is also low compared to that for tapered fiber tips [19]. Previous work by Leménager et al.
[21] showed that stable nanorod trapping is influenced by the length of the nanorods when using
dual or single tapered fiber tips with Gaussian beam transmission profiles. However, we clearly
observe that nanorods cannot be trapped using a single axicon fiber tip, but rather are pushed
away from it.

Figure 4 is a plot of the trajectory of three distinct nanorods as they are pushed away from
the fiber tip at an output power of 45.3 mW. The force acting on the particle in the transverse
direction is small compared to that in the longitudinal (z-) direction. The overall force varies by
about a factor of 4 with distance due to the variation in the quality of the QBB from the source
axicon. The force on the particle is also calculated using the Langevin equation of motion [44] as
the particle is pushed away from the fiber and this is also plotted in Fig. 4 via the color scale
bar. Hence, using a single fiber tip, nanorod manipulation is indeed possible at a distance of
some micron from the fiber tip with a power of 45.3 mW; however, we see no clear evidence of
trapping.

Fig. 4. Trajectory of three distinct nanorods as they are pushed away from a single fiber tip
axicon positioned at (0,0) in the yz plane. The color bar represents the calculated force at
each position of the nanorod where the maximum force applied on the nanorod is about 1.1
pN at 22 µm away from the axicon tip. The power at the output of the fibre is 45.3 mW.
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3.2. Nanorod trapping using two fiber axicon tips

Next, we studied trapping of nanorods by placing the prepared particle sample between two fiber
axicon tips. For the typical trapping experiments reported here, the maximum optical power
measured at the two fiber tips is ∼26.5 mW and ∼41.5 mW. The imbalance in powers is assumed
to arise from the fact that the tips are not identical because of the fabrication process. In the
following, we give the average of the two powers for simplicity unless otherwise stated.

Both single and multiple nanorods were trapped using this configuration, see images in
Figs. 5(a) and 5(b). Figure 5(a) is a bright field image of a single trapped nanorod. The
Er/Yb-doped nanorods are efficiently pumped by the 808 nm trapping laser, allowing us to record
fluorescence images. In Fig. 5(b), we present a fluorescence image of three trapped nanorods.
The transverse displacement of the trapped nanorods relative to each other is also evident and
in future work we would aim to study this in more detail. Using the aforementioned particle
tracking algorithm, the trajectory of a particle in the yz plane during a given time interval can be
plotted, see Fig. 5(c) for a typical trajectory followed by a single trapped nanorod. Figure 5(d)
is the time series of the particle position along the directions longitudinal and transverse with
respect to the fiber axis.

Fig. 5. (a) Image of a singled trapped nanorod with an average power of ∼34 mW at the fibre
outputs. (b) Fluorescence image of multiple trapped nanorods with an average light power
of ∼28.4 mW at the fibre outputs. (c) Particle trajectory for the single trapped nanorod in (a).
(d) Time series of the particle position along the transverse (blue curve) and longitudinal
(red curve) directions at 200 frames/second with an image resolution of 97nm/pixel.

4. Results and discussion

To determine the trapping efficiency, we have calculated the trap stiffness for a trapped particle at
different powers using Boltzmann statistics (BS) and power spectrum analysis (PSA). The trap
stiffness coefficient, κ, of an optical trap defines the relation between the exerted force magnitude,
F, and the displacement, x, of the particle with respect to the trap center, i.e., κ = −F/x. For
calculating the stiffness of the trap, the most reliable and fastest method is based upon PSA
[36,37], where the power spectrum is fitted to a Lorentzian function as follows

P(fk) =
kBT

2π2γ0(f 2
c + f 2

k )
, (1)
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where γ0 is the Stokes’ coefficient for friction, kB is the Boltzmann constant, and T is the
temperature. Considering the geometry of the nanorods, we use a corrected expression for
γ0 = (4πlη)/(ln(l/d)+ 0.84), where η, l, and d are the dynamic viscosity of the host medium, the
nanorod length, and diameter, respectively. We use the following values: η(300K) = 0.865 mPa·s
for water, l = 1.47 µm, and d = 140 nm. The 0.84 term is an end-effect correction valid for
the range of l/d for the nanorods used herein [45]. The corner frequency, fc, is related to the
trap stiffness constant through fc = κ/2πγ0. In Fig. 6(a), a typical power spectrum for trapped
nanorods at an average optical power of 34 mW is plotted. The corresponding trap stiffnesses are
0.122 pN/µm and 0.003 pN/µm in the transverse and longitudinal directions, respectively.

Fig. 6. (a) Power spectra for the transverse (red) and longitudinal (blue) position of a trapped
nanorod at 30 µm tip-to-tip distance(b) Boltzmann distribution of the trapped particles for
different powers as measured in the transverse direction at 30 µm tip-to-tip distance.

An alternative approach to analyze the trap behavior is to use Boltzmann statistics [38]. Here,
the position probability density function, P(x), is used to determine the trapping potential, U(x),
from [35]

P(x) =
1
Z

e
−U(x)
kBT , (2)

where Z is the partition function. For a harmonic trapping potential with U(x) = κx2/2, the
trap stiffness coefficient, κ, is directly obtained by fitting the probability density function to a
Gaussian function P(x) = exp(κx2/2kBT). Hence, we determine trap stiffnesses of 0.130 pN/µm
and 0.015 pN/µm for the transverse and longitudinal directions, respectively, at an average power
of 34 mW, see Fig. 6(b).

Once a nanorod is trapped in the equilibrium position between the two fiber tips, trapping
videos are recorded at different laser powers from 11 mW to 34 mW. The trapped particle position
fluctuations are analyzed and the associated trap stiffnesses are calculated for both the transverse
and longitudinal directions as plotted in Fig. 7. We find reasonable agreement between the values
obtained using the two different methods. The transverse power-normalized trap stiffnesses,
κ̃trans., are 4.4 fN/µm/mW and 3.9 fN/µm/mW for BS and PSA, respectively. In the longitudinal
direction the difference between the two methods is more important (0.6 fN/µm/mW and 0.2
fN/µm/mW), mainly because of the low absolute values, near the experimental resolution. These
values are determined from the slopes of the plots in Fig. 7.

The trapping efficiency is more than nine times higher in the transverse direction than in the
longitudinal direction. A similarly high ratio was already observed in trapping experiments with
similar fibers but using 1 µm polystyrene spheres [35]. It is related to the low dispersion of the
QBB of only 2◦. Using tapered fiber tips with a four times larger emission angle of about 8◦,
results in higher longitudinal trapping efficiencies and a ratio of about three [19]. In general the
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Fig. 7. Trap stiffness of the trapped nanorods along the transverse (upper plots, red shades)
and longitudinal (lower plots, blue shades) directions as a function of the average trap power
calculated using PSA (stars) and BS (squares) methods. The lines represent linear fits to the
data.

trapping efficiency is high enough for maintaining the nanorods inside the trapping volume. The
transverse efficiency is about 20 times lower than for 1 µm spheres, but one has to consider the
23 times lower volume of the nanorod.

5. Conclusion

In conclusion, we have experimentally demonstrated that a dual beam optical fiber tip tweezers
generating quasi Bessel beams with a minimum beam waist of 1.64 µm at 24.7 µm tip-to-tip
distance can be used to trap asymmetric nanorods at different optical powers. Nanorods of
rare earth-doped NaYF4:Er/Yb with an average length of 1.47 µm and diameter of 140 nm
have been successfully trapped. Although the trap stiffness coefficients are low compared to
other dual fiber tip tweezers for nanoparticles (see, for example, [21]), the quasi Bessel beam
allows for a relatively large separation between the tips, thereby enabling long-range trapping
of nanorods using a configuration similar to that for long-range microparticle trapping [35].
This is particularly useful for exploring chains of trapped particles, optical binding effects over
longer distances, and for integration of the fiber tips into existing optical tweezers setups for
spectroscopic studies.
Funding. Council of Scientific and Industrial Research, India (Raman Fellowship); CEFIPRA (Raman Charpak
Fellowship); Agence Nationale de la Recherche (ANR-16-CE24-0014-01).
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