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Germanium microparticles as optically induced oscillators in optical tweezers
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Oscillatory dynamics is a key tool in optical tweezer applications. It is usually implemented by mechanical
interventions that cannot be optically controlled. In this paper, we show that germanium semiconductor beads
behave as optically induced oscillators when subjected to a highly focused laser beam. In turn, the well-defined
direction of oscillations can be manipulated by the polarization of the light beam. Such unusual motion is due
to the competition between the usual optical forces and the radiometric force related to thermal effects, which
pushes the beads from the focal region. We characterize the behavior of the germanium beads in detail and
propose a model accounting for the related forces in good agreement with the experimental data. Such kind
of system can potentially revolutionize the field of optical manipulation, contributing to the design of single
molecule machines and to the application of oscillatory forces in fundamental physics, cellular manipulation,
fluid dynamics, and other soft-matter systems.

DOI: 10.1103/PhysRevResearch.1.033119

I. INTRODUCTION

Optical tweezers (OTs) work by shining a highly focused
laser beam onto small beads. Radiation pressure and radio-
metric forces push the particle away from the optical axis,
while gradient forces, related to refraction effects, attract the
object to the laser focus [1–4]. A metallic particle is usually
pushed away, once light is mostly reflected and/or absorbed
by the material. On the other hand, a dielectric microparticle
suspended in water is usually observed to be trapped by the
laser beam, since gradient forces overcome radiation pressure
and radiometric forces [5–8]. OTs have applications in ar-
eas such as biochemistry, biophysics, microfluidics, colloidal
sciences, and others, allowing mechanical studies of small
soft-matter systems [5,9–16]. From an electric conducting
point of view, semiconductor materials interpolate between
dielectrics and metals, being the main ingredients for micro-
electronics technology. Consider shining light onto a semi-
conductor microparticle. What dynamics could we expect for
it? Would it be trapped, like a dielectric, or drifted away, as
occurs to metallic beads? To address these questions, we have
conducted an experimental study upon the optical trapping
and manipulation of germanium (Ge) microspheres (diameter
around a few micrometers) under the action of a highly
focused Gaussian laser beam OT.
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In turn, over 100 years after its discovery, Ge continues to
attract tremendous attention in different areas of condensed-
matter physics and materials science. Due to its suppression
of spin relaxation, group IV semiconductors, such as Ge
and Si, have aroused interest in timely research branches,
like spintronics [17–21]. Furthermore, compared with Si, Ge
possesses a much higher carrier mobility [20]. In this way,
the solid-state device research community is returning to
investigate the high-mobility Ge to improve the performance
of transistors based on this material [21]. Nowadays, Ge has
applications in optical fibers, polymerization catalysts, and
Si-Ge alloys in microchip manufacturing, with feature sizes
on the chips reaching 7 nm (<60 Ge atoms) [21,22]. However,
to our best knowledge, the trapping of Ge microparticles in
OTs has not been investigated so far.

Surprisingly, Ge beads are observed to oscillate in a plane
perpendicular to the optical axis with relatively well-defined
amplitude and frequency controllable by the laser power.
Figure 1(a) shows our experimental setup, in which the parti-
cles are located around z ∼ −5 μm below the focal plane. The
position of a 3 μm-diameter Ge particle relative to the optical
axis as function of time is shown in the inset, illustrating
their typical oscillatory dynamics. In addition, we show that
laser polarization can be used to easily guide the oscillations
to a preferential direction, an appealing feature for practical
applications. Such an oscillatory motion has the potential
of extending usual OT setup capabilities for investigating
dynamical properties of macromolecules and small systems,
like DNA molecules and biological membranes.

Our paper is structured as follows. In Sec. II, we describe
the syntheses and characterization of our Ge particles, the
experimental setup of our OT, the experimental procedures
and the data analysis to obtain the forces involved. In Sec. III,
we present our experimental results and propose an effective
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FIG. 1. (a) Experimental setup yielding the optically induced oscillations of Ge microspheres. The beads are suspended in deionized water
and subjected to a Gaussian laser beam OT. The sample chamber consists of an o-ring glued in a microscope coverslip. We have observed
that, after placing the beads in the sample chamber with deionized water, they remain suspended around 4 μm above the coverslip surface,
before and during the laser incidence. The inset shows the radial displacement of a bead, relative to the optical axis of the laser. (b) Scanning
electron microscopy (SEM) of Ge microspheres obtained by the laser ablation technique. The particles present a well-defined spherical shape
with smooth and homogeneous surface.

theoretical model to explain the observations. We also provide
a comparison between theory and experiment and a discussion
of the results. Finally, Sec. IV brings our conclusions and
perspectives for future investigations.

II. MATERIALS AND METHODS

A. Synthesis and characterization of the Ge microparticles

The microparticles of Ge were synthesized by pulsed laser
ablation technique in liquid solution. Pulsed laser ablation in
liquids was carried out in a Nd:YAG laser Quantel, model
Brilliant B. The laser light used for the ablation was the
second harmonic wave (λ = 532 nm) with a pulse energy
of 70 mJ and 10 Hz in the nanosecond regime. The exper-
imental setup used to synthesize the microparticles consists
of using Ge crystals (99,999%) as a target material immersed
in 10 ml of distilled water as a working liquid for ablation.
The target was ultrasonically cleaned in distilled water before
the process and placed at the bottom of a beaker. The laser
beam was focused onto the Ge surface under a liquid layer of
approximately 10 mm thick with a spot size of about 1 mm
in diameter using focal lens of 50 mm. The target was moved
perpendicularly to the laser beam during 5 minutes to irradiate
fresh surfaces during the whole process. The experiments
were conducted at room temperature (∼295 K) and pressure
of 1 atm.

The high quality of the Ge microparticles was confirmed by
scanning electron microscope [see Fig. 1(b)] and Raman spec-
troscopy analysis has proven that our Ge beads maintained
their chemical structure during the laser ablation process
(Fig. 2). Additional characterizations by energy dispersive
x-ray analysis have also demonstrated that the synthesized
particles have no impurities in their composition.

B. Optical tweezer setup

The OT consists of a 1064-nm ytterbium-doped fiber laser
(IPG Photonics) operating in the TEM00 mode, mounted
on a Nikon Ti-S inverted microscope with a 100× NA 1.4
objective. We have set the laser power at 37 mW, measured
at the objective entrance. The sample chamber consists of an
o-ring glued in a microscope coverslip.

C. Experimental procedures and data analysis
to obtain the forces

For the optical experiment, we have selected those particles
with well-defined spherical shapes. The individual motion
of each Ge microparticle for various oscillation cycles was
recorded using videomicroscopy. We have used a CCD cam-
era (JAI BM-500GE) with a recording rate of 15 frames per
second and a resolution of 29 pixels/μm. An exemplifying
video showing the typical dynamics of a 3 μm diameter Ge-
microsphere under linearly polarized Gaussian laser beam
OTs can be found in the Supplemental Material [23]. Figure 3
shows successive frames of the video, along with a number
of features of the particle oscillatory motion. From the video,
it its evident that whenever a Ge particle is placed near the
optical region, it is naturally impelled to oscillate in a pref-
erential direction, i.e., perpendicular to the light polarization
[Fig. 3(b)]. The video also shows that the Ge microparticles
used in our experiments present a very good spherical shape,
justifying the use of the laser ablation technique.

The videos were analyzed using ImageJ software, which
allows us to obtain the coordinates of the particle centroid as
a function of time. The optical axis position, (x0, y0), can be
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FIG. 2. Representative Raman spectra acquired from the Ge bulk
(red color) and a Ge microparticle (blue color), highlighting the
fundamental unstrained Ge Raman line at ∼300 cm−1, which corre-
sponds to the bulk Ge phonon mode. The Raman spectra indicates
that the particles did not experience chemical changes during the
synthesis process.
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FIG. 3. Ge microparticle of 3.1 μm diameter under a linearly polarized Gaussian laser beam OT. (a) Successive video frames showing the
microsphere oscillating toward the optical axis (origin of the coordinate frame). (b) Direction of light polarization (green arrow), along with
the definition of the azimuthal angle, φ. (c) Radial displacement of the particle, ρ, as function of time. The blue (red) background indicates
oscillations along the y axis (x axis), while the green background points out the transient from one axis to the other. This typical oscillatory
dynamics indicated by the numbers in red correspond to the frames shown in (a). (d) How the azimuthal angle, φ, varies in time. The inset
shows the amplitude of the oscillations versus φ.

obtained by trapping a dielectric particle and taking the time
average of its coordinates. Then, the radial position of the
particle relative to the optical axis can be calculated by ρ =√

(x − x0)2 + (y − y0)2. The velocity (acceleration) necessary
to determine the Stokes (resultant) force is calculated by
taking the first- (second-) order time derivative of the particle
position. To compare the experimental results with the theo-
retical model accounting for radiometric and radiative forces,
one has to subtract the contribution from the Stokes force,

�F = �Fres − �FS, (1)

where �FS = −6πηa d�r
dt and �Fres = 4

3πa3ρGe
d2�r
dt2 are the Stokes

and resultant forces, respectively. η is the medium viscosity
(we have used deionized water, η = 8.9 × 10−4 Pa s), a is the
particle radius and ρGe ≈ 5323 kg/m3 is the Ge density.

The period of oscillation can be estimated by taking
the time difference between two consecutive minimum (or
maximum) displacements from the optical axis. In turn, the
amplitude of oscillation is defined as the distance between the
minimum and the maximum radial displacement of a given
cycle.

III. RESULTS AND DISCUSSIONS

Let us define a cylindrical coordinate system whose origin
is at the laser beam focus, say, x0 = y0 = 0 [see Figs. 3(a) and
3(b)]. The z axis is taken along the optical axis, pointing in the
direction of the laser propagation. We take the y axis along the

polarization direction, and the x axis defined by the right-hand
rule. As usual, the position of the particle is represented by
�r = (ρ, φ, z), where ρ is the radial distance between the par-
ticle and the optical axis, while φ is the azimuthal angle, mea-
sured relative to the x axis. How the particle radial distance,
ρ(x, y) =

√
x2 + y2, varies over time is plotted in Fig. 3(c).

Notice that the particle is initially in a position parallel to the
light polarization, say, along y axis (φ = π/2), where it begins
to oscillate toward the optical axis. However, the oscillation
direction changes with time, eventually reaching a direction
perpendicular to the polarization axis, as shown in Fig. 3(d).
Once there, the oscillatory direction is relatively stable around
the x axis (φ = 0, π ). The amplitude of oscillation appears to
increase linearly with the azimuthal angle, φ, in the range of
[0, π/2] [see inset of Fig. 3(d)]. In addition, the diffraction
pattern of the microparticle changes periodically in time [see
Video.avi [23] and Fig. 3(a)], indicating that it is also subject
to oscillations along the direction of the laser propagation, a
behavior predicted in Ref. [24].

A. Theoretical model

As briefly mentioned before, the oscillatory dynamics of
semitransparent particles in OTs results from a delicate bal-
ance between optical (gradient force and radiation pressure)
and radiometric forces [8]. The former is related to linear mo-
mentum transfer from the light beam to the particle and it has
been extensively investigated in the last decades [2,7,25–28].
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In turn, the radiometric force comes as a consequence of the
temperature gradient induced on the surrounding medium, due
to inhomogeneous heating of the particle, repelling it from the
focal region. A satisfactory microscopic model describing this
effect in a Gaussian laser beam OT is still lacking.

In Ref. [29], the authors extended the Mie-Debye spherical
aberration theory to linearly polarized OTs. They have shown
that linear polarization introduces strong axial asymmetry on
the optical force due to Mie resonance effects. In other words,
the components of the force acquire a sinusoidal dependence
on φ. These effects become particularly important when the
lateral displacement is of the order of the particle radius.
The components of the optical force in a linearly polarized
Gaussian laser beam OT read [29]

Fj (ρ, φ, z) = F ′
j (ρ, z) − F ′′

j (ρ, z) cos(2φ), j = ρ, z

Fφ (ρ, φ, z) = −Fφ (ρ, z) sin(2φ).
(2)

The functions F ′
j and F ′′

j take a factor proportional to the
laser intensity [29],

I (�r) = I0(z) exp

(−2ρ2

w(z)2

)
, (3)

where I0(z) is the intensity at the optical axis, for a height z
above the focal plane. w(z) = w0

√
1 + (z/zR)2 is the beam

waist for a given value of z, with zR = πw2
0/λ. w0 is the beam

waist at the focal plane, and λ is the laser wavelength.
To incorporate these results into the effective model pro-

posed in Ref. [8], F ′
j and F ′′

j ( j = ρ, z) are taken proportional
to ∂ j I (�r). Therefore, the radial component of the gradient
force reads

FGρ = −2ρFGρ exp(1/2)

w(z)(1 + ηρ )
exp

(−2ρ2

w(z)2

)
(1 − ηρ cos 2φ).

(4)
FGρ is the maximum magnitude of FGρ for a given value of z,
which occurs at ρ = w(z)/2 and φ = ±π/2. ηρ is a parameter
that accounts for the relative strength of the asymmetric term.
An analogous calculation for the z component gives

FGz = 2eFGzρ
2

w(z)2(1 + ηz )
exp

(−2ρ2

w(z)2

)
(1 − ηz cos 2φ). (5)

The maximum magnitude of FGz, FGz, occurs at ρ =
w(z)/

√
2 and φ = ±π/2. e is the Euler’s number and ηz

accounts for the relative strength of the asymmetric term.
Finally, Mie scattering theory also predicts a component of
the force along φ̂ [29]:

FGφ = −2ρFGφ exp(1/2)

w(z)
exp

(−2ρ2

w(z)2

)
sin 2φ. (6)

FGφ is the maximum magnitude of FGφ , occurring at ρ =
w(z)/2 and φ = nπ/4, n = ±1,±3,±5,±7.

The radiometric force is related to the temperature gradient
caused by inhomogeneous heating of the particle and its sur-
rounding medium. Such effect is in order due to the spatially
varying intensity profile of the laser beam, which causes the
hemisphere facing the optical axis to be heated more than
the opposite side. Because heating is a consequence of light
absorption, it is present whenever the extinction coefficient
of the particle material is nonzero in the wavelength of the

microscope (λ = 1064 nm, in our experiments), which is
often the case for most metals and semiconductor materials
[2,8]. Developing a microscopic model for the radiometric
force is challenging, but for the purpose of this paper it
suffices to consider it proportional to the intensity of the laser
beam [8,26]:

�FR = FRρρ̂ + FRzẑ = (
FRρρ̂ + FRzẑ

)
exp

(−2ρ2

w(z)2

)
. (7)

Notice that the parameters FG j and FR j are actually functions
of z. In fact, FGz changes its sign as one crosses the focal plane
(FGz > 0 for z < 0 and FGz < 0 for z > 0).

The resultant force exerted the resultant force exerted on
the particle (after subtraction of the Stokes force), �F = �FR +
�FG, reads

�F =
{[

FRρ − 2ρFGρ exp(1/2)

w(z)(1 + ηρ )
(1 − ηρ cos 2φ)

]
ρ̂

+
[
FRz + 2eFGzρ

2

w(z)2(1 + ηz )
(1 − ηz cos 2φ)

]
ẑ

− 2ρFGφ exp(1/2)

w(z)
(sin 2φ)φ̂

}
exp

(−2ρ2

w(z)2

)
(8)

While the radiometric force and radiation pressure tend to
push the particle away, gradient force works as a restoring
action toward the laser beam focus. Depending on the optical
properties of the material from which the particle is made,
three main scenarios emerge: (1) Radiometric force domi-
nates: As occurs to metallic beads, large absorption of the
incident light results in inhomogeneous heating of the medium
and the particles are drifted away. (2) Suitable conditions
favoring optical trapping are accomplished: For example,
a dielectric microsphere in which absorption and reflection
of light are negligible and gradient force dominates. (3) A
special situation takes place whenever both such forces have
comparable magnitudes: The competition between them may
yield oscillatory motion, as we have observed to occur with
Ge microspheres. Actually, similar oscillations also happen
with topological insulator Bi2Te3 and Bi2Se3 beads [8]. Once
such a kind of compound shares some electrical and optical
properties with semiconductors, we may wonder whether
optically induced oscillatory motion is the typical dynamics of
semiconductor beads under the action of focused laser light,
as commonly used in OT setups.

B. Comparison between theory and experiments

We now proceed with the discussion of a very important
aspect of this effective model. In the real experiments, the
local temperature in all points of the system is constantly
varying, heating up and cooling down as the particle os-
cillates. For example, as the particle approaches the optical
axis, its temperature rapidly increases due to light absorption.
When the radiometric force overcomes the gradient force, the
particle is pushed away toward the outermost region of the
beam. During its removal the particle cools down, as heat is
transferred to the surrounding medium. Thermal equilibrium
is achieved when the particle is far from the optical axis, then
the cycle restarts. A precise description beyond our effective
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FIG. 4. (a) Typical vector plot of the resultant force, [Eq. (8)], in the approach regime. We have taken the following numeric values for
the parameters: w(z) = 5.2 μm, FGρ = 3.5 pN, FGφ = 0.7 pN, ηρ = 0.22, FRρ = 7.0 pN, FRz = 1.3 pN, and ηz = 0.1. The in-plane vectors
where plotted using the x and y components of the resultant force, while the color bar represents the total force along z direction, Fz − w, where
�w = −(4/3)πa3(ρGe − ρm )gẑ is the apparent weight of the particle [24]. Fz − w > 0 for red vectors, while blue ones stand for Fz − w < 0.
a ≈ 1.55 μm is the sphere radius, g = 9.8 m/s2 is the acceleration of gravity, ρGe = 5323 kg/m3 and ρm = 997 kg/m3 are the Ge and medium
(deionized water) densities, respectively. (b) Fitting of the radial component of the resultant force, [Eq. (8)], to experimental data in the
approach regime. Red dots are experimental data extracted from the third oscillatory cycle in Fig. 3(c), which takes place mostly along the
polarization direction (y axis, in which the azimuthal component, Fφ , is negligible). The dotted line is the fitting of the radial component of
the resultant force with data from the approach regime. The fitting parameters along with their standard errors read as FRρ = (7.0 ± 1.4) pN,
FRg = (3.59 ± 0.56) pN, and w(z) = (5.20 ± 0.18) μm.

model is much more involved, once the physical parameters
comprised in the resultant force, Eq. (8), are expected to
bear complicated dependence on the microsphere and medium
optical properties at each time instant. Therefore, as the forces
depend on the refractive index, extinction coefficient, and
other temperature sensitive properties, one should not expect
the parameters of the model to be constant along all the
oscillation cycle. An exception would be w0, which is a
characteristic of the laser beam [8]. To simplify our analysis,
we can consider the effective values of the model parameters
(FGρ , FRρ , etc.) to be static, as long as we separate each cycle
into two regimes: approach and removal.

Approach regime refers to the time interval in which the
particle is moving toward the optical axis [e.g., from 1 to
2 in Fig. 3(c)]. The particle is initially at the outermost
part of the optical region, in thermal equilibrium with the
solution. The gradient force attracts the particle toward the
optical axis and heating generates a radiometric force that
opposes to the trapping. Figure 4(a) shows a vector plot of
the resultant force in the approach regime, at a cross section
of height z = −0.5 μm below the focal plane (see caption for
parameters). The color bar represents the subtraction Fz − w,
where �w is the apparent weight of the particle. The vector
plot shows red arrows for Fz − w > 0 and blue arrows for
Fz − w < 0, which explains the small deviations from the
oscillation plane that can be seen in the videos. The strong
axial asymmetry induced by the polarization is evident, and
the particle tends to oscillate in a preferential direction, i.e.,
the x axis. Notice that there are two “stable” points along
this direction, so the particle will be eventually attracted to
one of them. However, for a particle initially placed at the y
axis, the time required for it to reach a stable point is longer
than the oscillation period, so it performs a few oscillations
before displacing to the x axis. Along this direction, the

amplitude of the oscillations decreases whenever compared
to the y axis (notice the smaller modulus of the resultant
force vectors), by virtue of the polarization effect. Figure 4(b)
shows the radial component of the resultant force, Fρ , as
function of the radial position, ρ, for the approach regime
of the third oscillatory cycle in Fig. 3(c). The dashed line
represents a theoretical fitting of Fρ [Eq. (8)] with experi-
mental data. Among the fitting parameters, we have w(z ≈
−5 μm) = (5.20 ± 0.18) μm. From w(z), the experimental
parameter w0−exp = (0.327 ± 0.011) μm is readily obtained,
whose value is in good agreement with its theoretical coun-
terpart w0 = 0.36 μm. [Taking the average over many cycles,
we have obtained 〈w0−exp〉 = (0.31 ± 0.02) μm]. The good
fitting and the small error bars suggest that the approximation
of static parameters works well for the approach regime. As
the particle moves toward the region of higher intensity, the
temperature increases very fast around a particular distance
to the optical axis. As a consequence, radiometric force over-
comes the gradient and the transition to the removal regime
takes place very abruptly, resulting sharp peaks in the particle
position evolution at the points of minimum radial distance
[ρ ∼ 3 μm in Fig. 3(c)].

Removal regime refers to the time interval in which the
particle is moving away from the optical axis [e.g., from 2
to 3 in Fig. 3(c)]. The particle is initially at minimum radial
distance and repulsive radiometric force dominates. Due to
the high temperature gradient, the radiometric force is at its
maximum, and repels the particle away from the optical axis.
The radiometric force overcomes the gradient force along all
the removal regime, until the particle reaches the outermost
part of the optical region. Other effects can also contribute
to repel the particle from the optical axis. We can cite for
example the increase of radiation pressure due to particle
heating, which changes the effective number of charge carriers

033119-5



W. H. CAMPOS et al. PHYSICAL REVIEW RESEARCH 1, 033119 (2019)

FIG. 5. (a) Typical vector plot of the resultant force [Eq. (8)] in the removal regime. The values of the parameters for the gradient force are
the same as those used to generate Fig. 4(a). For the radiometric force, we have taken FRρ = 13 pN and FRz = 7.3 pN. It is clear from the plot
that the radiometric force overcomes the gradient force along all removal of the particle, until it approaches the outermost part of the optical
region and reaches thermal equilibrium with the surrounding medium. (b) Fitting of the radial component of the resultant force [Eq. (8)] to
experimental data, in the removal regime. As the behavior of the experimental data points is much simpler than the general behavior of Eq. (8),
the fitting return parameters with large error bars.

in the semiconductor particle, and a possible inversion in the
direction of the gradient force that can occur due to changes on
the dielectric constant of the particles, which occurs also due
to heating [30,31]. At the end of this regime, the particle cools
down until it reaches thermal equilibrium with the solution
at the point of maximum distance. Thus, smooth transition to
the approach regime takes place, restarting the cycle with the
gradient force dominating the dynamics. Figure 5(a) shows a
vector plot of the resultant force in the removal regime and
Fig. 5(b) shows the fitting of the radial component of the re-
sultant force, Eq. (8), to the experimental data for the removal
regime. The oscillation cycle chosen to extract this data is
the same as for Fig. 4(b). Although the model visually fits
the experimental data, we must be attentive to the large error
bars obtained from the fitting. The simpler behavior of the
experimental data, compared to the general form of Eq. (8),
results in too much freedom for the values extracted from the
fitting. Therefore, the approximation of static parameters is
not very accurate for the removal regime.

An animated image showing the dynamics of the resultant
force field [Eq. (8)] is available in the Supplemental Material
[23]. To generate the animation, we have manually set the
values of FRρ and FRz for each frame, while the parameters
of the gradient force were kept constant [the same used to
generate Fig. 4(a)]. Therefore, it should not be interpreted as a
simulation, but rather as an illustration of the effective model.

We have also observed that fundamental control over pe-
riod and amplitude of oscillations can be achieved by tuning
laser power (see Fig. 6). These observations constitute a very
robust experimental result, measured also for other similar
particles (see, for example, Ref. [8]).

C. Single-particle thermal machine

We believe that the opto-hermal oscillations of Ge mi-
croparticles constitute a very rich scenario for the experi-
mental realization of a single-particle thermal machine (mi-
croscopic engine) [32–34]. It has been recently reported the

realization of a Brownian Carnot engine in which the working
substance is a single polystyrene colloidal particle trapped
in an OT [35]. However, important features make thermal
machines with Ge particles a promising alternative. (1) Ro-
bust dynamics: It depends only on the optical properties of
the particles and the medium. No external perturbation is
necessary to achieve a thermodynamic cycle. (2) Injection of
heat takes place via absorption of light, so the laser beam
itself plays the role of the hot bath. A significant amount
of energy that is usually wasted in conventional traps is
converted into work in such system. (3) The large amplitude
of oscillations is exceptionally appealing when it comes to
practical applications of a thermal machine, such as exerting
dynamic forces on polymers and other microscopic objects.

We may estimate the work done by cycle, W = ∫
cycle

�F ·
d�l , and the efficiency, ηeff , of our Ge microsphere faced as an
optomechanical engine. For that, let us recall that the forces
�FG and �FR have components with magnitudes varying from

FIG. 6. Period (black dots) and amplitude (red squares) of oscil-
lation for different laser power. Vertical bars are standard errors over
averages.
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FGφ = 0.7 pN to FRρ = 7.0 pN (see caption from Fig. 4 for
details). Larger amplitude particle oscillations, Figs. 3(c) and
3(d), cover distances from ρmin ≈ 3μm to ρmax ≈ 9μm, at
frequencies ∼0.5 − 1 Hz. In turn, shorter oscillations, taking
place along the direction perpendicular to the laser polariza-
tion, go from ρmin ≈ 3.5μm to ρmax ≈ 5.5μm, with frequency
∼1 − 2 Hz. Evaluating the integrals is lengthy but after some
algebra we obtain

W ∼ 10−18 up to 10−17J

	⇒ ηeff = W
Uin

∼ 10−15 up to 10−14 ,

where the incident light energy onto the microsphere during
a cycle reads Uin = ∫

cycle Io(z)πa2exp(−2ρ2/w2) dt ∼ 2.5 ×
10−3J (at z ≈ −5μm one has w = w(z) ∼ 5.2μm and I0(z) ≈
5 × 108W/m2). Specifically, the work done during the cycle
presented in Fig. 4(b) gives 4.3 × 10−18J. The performance
of our Ge microsphere engine is comparable to that recently
realized for a light absorbing microparticle whose dynam-
ics comes about by demixing processes [36]. In this case,
the estimated (maximum) work/cycle gives 373kBT (∼1.5 ×
10−18J at room temperature) and efficiency of 1.16 × 10−14.
Such values are also comparable to those obtained for light
absorbing microparticles propelled by explosive bubbles due
to excess heating [37]. For instance, a 1-μm-size bead was
reported to perform work/cycle ∼10−17 J. Above perfor-
mances are higher than those reported for colloidal heat
Brownian-Carnot engine (Wmax = 5kBT ≈ 2.1 × 10−20 J, at
room temperature range) [35] and micrometer-scaled heat
engine (Wmax = 0.3kBT ≈ 1.2 × 10−21 J), see Ref. [38].

It is worth emphasizing that our proposal for a microscopic
engine does not depend on mixing different specific liquids
nor on boiling bubbles that interact with the beads (as it is
the case for Refs. [36,37], respectively). The engine operates
in the simplest possible medium and works at temperatures
below the water boiling temperature. Furthermore, our work
provides direct experimental verification of the results pointed
out in Ref. [29], regarding the asymmetry in the optical force
generated by linear polarization. Our approach suggests an
application for semiconductors, opening an avenue of possi-
bilities for the application of such materials in OTs and single
molecule experiments.

IV. CONCLUSIONS

In summary, Ge microparticles suspended in water are
observed to oscillate whenever subject to a highly focused
laser beam, with remarkable similarity to what occur to Bi2Te3

and Bi2Se3 topological insulator beads [8]. Once such kind of
compound shares some electrical and optical properties with
semiconductors, we may wonder whether optically induced
oscillatory motion is the typical dynamics of semiconductor
beads under the action of focused laser light. More specifi-
cally, Ge particles tend to oscillate in a direction perpendic-
ular to the linear polarization of the laser beam. A possible
explanation for such a dependence on the laser polarization
is based on the theory of charge carriers in crystal lattice
materials: Ge has a considerable density of free carriers inside
its bulk, rendering a strong response to the light polarization.
In contrast, topological insulators compounds have most of
their free electrons lying on the surface, due to the energy
band gap in the bulk of the material. This would justify why
the topological insulator beads are practically insensitive to
light polarization, as reported in Ref. [8]. Our present findings
suggest that semiconductor-type beads tend to oscillate under
the action of highly focused laser beams, as those used in
OT setups. In fact, we also verified the signature of this
behavior for Si microparticles, which indicates that such a
phenomenon may be typical of conventional semiconductor
materials. Therefore, these materials could also find applica-
tion for dynamical measurements of mechanical properties
of small systems, including macromolecules such as DNA,
membranes, and so forth.
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