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In this study, we report the influence on the center-of-mass translational motion of a levitated nanosphere in
the case of the combination of an elliptical polarization with an elliptical TEM00-mode Gaussian beam. A
fundamental-mode Gaussian laser with a slightly elliptical profile is focused using a high numerical aperture
objective lens for trapping a nanosphere. The field distribution of the strongly focused laser in the focus
region depends on its polarization according to vector diffraction theory. Therefore, the motion of the nano-
sphere depends on the relative orientation and ellipticity of the two ellipses’ parameters. For a linearly po-
larized light field, the eigenfrequencies and corresponding power spectra of the radial motions change
periodically with the rotation of the linear polarization direction relative to the orientation of the elliptical
TEM00-mode Gaussian beam. We further demonstrate that these effects could be enhanced or canceled by
controlling the relative orientation and ellipticity of the two ellipses’ parameters. This work provides a more
flexible method for manipulating an optically levitated nanosphere. Furthermore, the above-mentioned effects
can be used to evaluate a tightly focused laser using the motion of the nanosphere. © 2019 Optical Society of

America

https://doi.org/10.1364/JOSAB.36.002369

1. INTRODUCTION

Optical levitation is a particle-trapping technique that uses
the radiation pressure of light and has been an important
platform in fundamental physical studies, quantum metrol-
ogy, and quantum information processing since the first ex-
periment conducted by Ashkin in 1970 [1]. On the atomic
scale, a single trapped atom can be used to produce single
photons and realize quantum logic gates [2,3]. For microscale
and nanoscale systems, the translational motion of a levitated
dielectric sphere has a high Q factor in high vacuum [4]. This
system is extremely sensitive to certain changes and has been
used to perform some highly precise measurements [5–7] and
even was proposed to realize macroscopic quantum phenom-
ena [8–10]. Recently, center-of-mass motion control, tor-
sional motion, fast spin, and even transverse spin of optically
levitated particles have been reported [11–21]. The temper-
ature of center-of-mass motion was cooled to the micro-
Kelvin region [14], rotational frequency of spin can approach
the gigahertz range [22,23], and the trajectory radius of trans-
verse spin was larger than 1 μm [21]. These studies provide
an opportunity to explore the Casimir torque [24–26], quan-
tum nature of gravity [27,28], and nonequilibrium statistical

mechanics [21]. Furthermore, for a system with an optically
trapped diamond containing nitrogen-vacancy centers, it can
be used to study symmetry-breaking dynamics [29].

The depth of the trapping potential is critical for the optical
levitation technique, which requires a large gradient force, es-
pecially in the longitudinal direction. Consequently, the trap-
ping laser is usually tightly focused using a large numerical
aperture (NA) lens. Considering a linearly polarized laser beam
is concentrated on a small focus point, paraxial approximation
is not applicable, and simultaneously polarization must be
taken into account because the longitudinal component of
the field is no longer zero [30–32]. Theoretical methods of vec-
tor diffraction have been developed to solve these problems
[30,31,33–35] and have been widely applied in high-resolution
imaging [36], optical trapping [37], nanofabrication [38], and
near-field optics [39]. These studies demonstrate that the field
distribution of a strongly focused laser in the focus region is
dependent on polarization [40,41]. Therefore, the field gra-
dient and resulting center-of-mass motion of the particle
trapped relies on polarization [15]. The transfer of spin angular
momentum of circularly and elliptically polarized lasers to a
nanoparticle can induce rotation of the nanoparticle [22,23].
Here, we focus primarily on the influence on the center-of-mass

Research Article Vol. 36, No. 9 / September 2019 / Journal of the Optical Society of America B 2369

0740-3224/19/092369-09 Journal © 2019 Optical Society of America

mailto:jiance_yu@sxu.edu.cn
mailto:jiance_yu@sxu.edu.cn
mailto:jiance_yu@sxu.edu.cn
mailto:jzhang74@yahoo.com
mailto:jzhang74@yahoo.com
https://doi.org/10.1364/JOSAB.36.002369
https://crossmark.crossref.org/dialog/?doi=10.1364/JOSAB.36.002369&amp;domain=pdf&amp;date_stamp=2019-08-05


translational motion of a spherical nanoparticle in the case of
the combination of an elliptical polarization with an elliptical
TEM00-mode Gaussian beam. In our experiment, a TEM00-
mode Gaussian beam with a slightly elliptical profile is focused
by an objective lens with NA � 0.95 for trapping a nanopar-
ticle. It is demonstrated that some effects could be enhanced or
canceled by controlling the relative orientation and ellipticity of
the two ellipses’ parameters. The frequencies and amplitudes of
the motion signals change periodically with the rotation of the
direction of linear polarization. With respect to a circularly po-
larized trapping light field, the radial eigenfrequencies are non-
degenerate. However, the frequency difference can be
eliminated by choosing an appropriate polarization for an ellip-
tically polarized laser.

2. THEORETICAL ANALYSIS

Optical trapping with a single beam has a simple layout, and it
is easy to manipulate [14,42,43]. In our experiment, we use a
single laser to trap the nanosphere. Hence, here we just consider
the single-trapping beam case. Figure 1(a) presents a schematic
diagram of the strong focusing effect of a collimated linearly
polarized light. The light propagates along the optical axis of
a high NA lens. In this figure, α is the diffracted angle with 0 ≤
α < α0 (α0 is the solid angle of the focused light, defined as
α0 � arcsin�NA� in vacuum), β is the azimuth angle and
0 ≤ β < 2π, ~P0 ( ~P) and ~k0 (~k) are the polarization unit vector
and wave vector before (after) the lens. The ray-tracing model
illustrates the focus effect. The blue ray changes its propagation
direction after the lens and bends to the optical axis. Therefore,
the polarization vector ( ~P) after the lens can be decomposed

into three coordinate axes (x, y, and z) of the Cartesian coor-
dinate system, and the power is then split into three parts. The
point of intersection is the geometrical focus, which corre-
sponds to the Abbe’s sine condition. Thus, neglecting spherical
aberration, the rays have the same phase at the geometrical fo-
cus and different phases in regions beyond the focus; this causes
constructive and destructive interference for the components of
the field and determines the intensity distribution in the focus
region. Vector diffraction theory is generally used to solve the
problem of an ideal Gaussian beam [34,35]. Several studies on
the nonparaxial properties of an elliptical Gaussian beam have
also been reported [44,45]. Here, we use the angular spectrum
representation to study the intensity distribution and field
gradient of an elliptical Gaussian laser in the focus region.
Considering the energy conservation condition and using
the Debye integral, the components of the electric field in
the focus region can be written as follows [41,46]:

~E�r,ϕ, z� � ic
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(1)

where r, ϕ, and z are cylindrical coordinates in the focus region,
c is a constant, � ~Px0 , ~Py0 ,

~Pz0�
T is the polarization matrix unit

vector of the input beam, CM is the transformation matrix of
the aplanatic lens [41,46], and Ain is the incident field mode.

Fig. 1. Schematic diagram of the focus effect for a laser tightly focused using a high NA aplanatic lens. (a) Stereogram for linearly polarized light;
(b) incident beam and focus plane intensity distribution. The first column refers to a circular TEM00-mode Gaussian incident beam with different
polarizations. The second to fifth columns refer to the corresponding intensity distributions of the y, x, z components, and the total, respectively.
The x-and y-axes range from −2λ to 2λ.
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Case 1: Circular profile of the incident field. First, we consider
that the incident beam is a fundamental-mode Gaussian light
beam with a circular profile, where Ain has a rotationally sym-
metric Gaussian amplitude distribution in angular spectrum
representation. Detailed theoretical calculations are presented
in the Appendix. Figure 1(b) illustrates the theoretical simula-
tion of the radial intensity distribution in the focus region. If
the polarization direction of a linearly polarized laser beam is
parallel to the y0 axis, the intensity distribution of the y com-
ponent is slightly elliptical. This is because its zero-order term
(related to the zero-order first-kind Bessel function) indepen-
dent of the azimuthal angle (β) is slightly stretched by its small
second-order term (related to the second-order first-kind Bessel
function) along the y axis, which is a cosine function of 2β. The
z component can be separated into two parts by the xz plane
(i.e., one above and one below). The directions of the parts
above and below are opposite one another, which causes de-
structive interference on the x axis and constructive interference
beyond the xz plane. Consequently, the intensity distribution
of the z component in the focus plane has a lobe structure along
the y axis. For the x component, which is also a second-order
term (a second-order first-kind Bessel function) and a sine func-
tion of 2β, the intensity distribution has four blades located in
the four quadrants of the xy plane because of the destructive
interference on the x and y axes. Therefore, the total intensity
distribution in the xy plane, as the sum of the three compo-
nents, is elongated along the polarization direction as the major
axis of the total intensity distribution. However, the main en-
ergy component is in the y component, and the power ratio for
the three components is I x :I y:I z ≈ 0.0015:0.9:0.1 for
NA � 0.95. If the polarization is along the x0 axis, the inten-
sity distributions of the x and y components reverse, and the
lobe structure of the z component becomes horizontal. Thus,
the total radial intensity distribution is stretched along the x
axis. In general, as the linear polarization direction is changed,
the major axis of the total intensity distribution follows the
polarization direction. However, the shape does not change be-
cause of the symmetry of the input field [Fig. 2(a)].

If the incident field is circularly polarized, the polarization
can be split along the x0 and y0 axes with a fixed phase differ-
ence of π∕2 or −π∕2. Thus, the total intensity in the focus
plane is the sum of the two individual parts, and the profile
of the total intensity distribution in the xy plane is circular.

Case 2: Elliptical profile of the incident field. The profile of a
fundamental-mode Gaussian beam in the experiment is ac-
tually not perfectly circular, but is usually elliptical, for instance,
and is caused by noncollinearity of the lens, wavefront aberra-
tion originating from the uneven surfaces of the optical
elements, and birefrigence in the window of the vacuum cham-
ber, and so on. Consequently, the mode of the incident field is
not rotationally symmetric. We assume that the major axis of
the elliptical incident beam is along the x0 axis. The spot size of
the incident beam along the y0 axis is slightly reduced, and the
size along the x0 axis is unchanged relative to the circular in-
cident beam discussed above. Therefore, we can define the
ellipticity as δ � �w0x − w0y�∕w0x . If the ellipticity is very small
(δ ≪ 1), the first-order approximation can be derived as pre-
sented in the Appendix. If the linear polarization direction is

along the y0 axis, the total intensity distribution in the focus
plane becomes longer along the y0 axis than that of the circular
incident beam. This effect is caused by two mechanisms, one in
which the intensity distribution is stretched along the polari-
zation direction mainly due to the longitudinal component,
and the other, which involves the elliptical nature of the inci-
dent beam. In the case above, the ellipses induced by the two
mechanisms are perfectly aligned. If the linear polarization di-
rection is parallel to the x0 axis, the total intensity profile in the
xy plane becomes wider than in the case of circular incident
light because the ellipses induced by the two mechanisms
are orthogonal. Therefore, as the polarization direction is ro-
tated, both the inclination angle and the shape of the radial
intensity distribution are changed. Thus, the major axis of
the radial intensity distribution is not always parallel to the
polarization direction. If the polarization is circular, the inten-
sity distribution in the focus plane is elliptical. Its major axis is
parallel to the minor axis of the input beam, and its minor axis
is parallel to the major axis of the input beam. A schematic
diagram of the intensity distribution is presented in Fig. 3(a)
for different polarizations.

The intensity distribution determines the field gradient.
Here, the size of the silica nanosphere is smaller than the
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Fig. 2. (a) Theoretical calculation results of the intensity distribu-
tions in the focus plane for a circular TEM00-mode Gaussian beam
with different polarizations; (b) corresponding position power spectral
densities of the motions measured by the X and Y detectors, respec-
tively. The dotted lines represent two eigenfrequencies for linear
polarization, while the dotted-dashed lines represent the degenerate
frequency for circular polarization. In the calculations, the power of
the trapping laser is 50 mW, the NA of the aplanatic lens is 0.95,
and the refractive index and density of the nanoparticle are 1.45
and 2.2 g∕cm3.
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wavelength, and the absorption can be neglected for a perfect
dielectric sphere. Rayleigh approximation is thus suitable. In
this case, the gradient force is larger than the scattering force,
and the equilibrium position of the nanoparticle is located ap-
proximately at the geometrical focus. The restoring force is
proportional to the field gradient and is linear near the focus
point. Thus, the system can be seen as a harmonic oscillator in
the small displacement approximation and is governed by a har-
monic oscillation equation [47]. The field gradient can be de-
rived by calculating the derivative of the intensity distribution
function, as discussed in detail in Ref. [48]. For a circular fun-
damental-mode Gaussian light field, the radial intensity distri-
bution in the focus plane has an ellipse-type profile for linear
polarization. Consequently, the radial potential field near the
focus has two eigendirections. One eigendirection is along
the major axis of the intensity distribution ellipse. In this
direction, the spring constant is at its minimum, which

corresponds to the minimum eigenfrequency of the center-
of-mass translational motion. The other eigendirection is
parallel to the minor axis and determines the maximum eigen-
frequency. When the polarization is rotated, the intensity
ellipse follows the rotation of the polarization direction, and
the major axis remains parallel to the polarization direction.
Thus, the corresponding eigenfrequencies of the trapped par-
ticle remain unchanged, but the directions of the motions fol-
low the rotation of the polarization direction. Usually, the
detection axes of the position detection systems in the experi-
ment are fixed; thus, the position detectors X and Y in the
radial direction can simultaneously measure two motion signals
(the schematic diagram of projection measurement is shown in
Fig. 4(b), and a brief formulaic expression is presented in next
subsection). The eigenfrequencies remain unchanged, but the
power spectrum heights of the signals are alternatively changed
when the linear polarization direction is rotated [Fig. 2(b)].

Fig. 3. (a)–(c) Theoretically calculated results. (a) Schematic diagram of the intensity distributions in the focus plane for an elliptical TEM00-
mode Gaussian beam with different polarizations. The ellipticity for input beam is 0.1 in the calculation. (b) Corresponding theoretical calculation
results of the power spectral densities of the motions measured by the X and Y detectors. The dotted curves represent the theoretical simulations of
the eigenfrequencies versus the rotation angle of the linearly polarized light field. The dotted and dotted-dashed straight lines correspond to the
nondegenerate eigenfrequencies for the circularly polarized light field. (c) Radial eigenfrequencies versus θ. The green and red solid lines are the radial
gradient force versus θ for a linearly polarized laser. The green and red dashed lines in the center represent the theoretically simulated results for a
circularly polarized laser. The other parameters in the calculations are the same as Fig. 2. (d)–(e) Experimental results. (d) Power spectra measured by
the position detectors X and Y versus θ for linearly and circularly polarized light fields; (e) radial eigenfrequencies. The top and bottom traces are
periodically variational, corresponding to the experimental data (symbols) and theoretical fittings (solid lines) versus θ, respectively, for a linearly
polarized laser. The green and red dashed lines in the center represent the results for a circularly polarized laser. The air pressure during the mea-
surements was 300 Pa, the resolution bandwidth (RBW) was 10 Hz, and the video bandwidth (VBW) was 10 Hz.
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Contrastingly, for a circularly polarized laser, the radial motions
are degenerate because the intensity distribution is rationally
symmetric and the position detectors obtain the same signal.
If the input beam is an elliptical fundamental-mode
Gaussian light field, the radial eigenfrequencies vary for differ-
ent linear polarizations, and the radial eigendirection of the par-
ticle motion is not always parallel or perpendicular to the
polarization direction. In the position measurement, the power
spectra of the motion signals are changed when altering the
linear polarization direction, which is quite different from
the case of a circular Gaussian beam. The eigenfrequencies
and their amplitudes in the power spectra are varied simulta-
neously, as shown in Fig. 3(b). For circular polarization, the two
motional signals are no longer degenerate, and their frequencies
are located in between two eigenfrequencies in the case of linear
polarization.

3. EXPERIMENTAL SETUP AND RESULTS

Schematic diagrams of the experimental setup and projection
measurement are presented in Figs. 4(a) and 4(b). A TEM00-
mode Gaussian 1064 nm light output from a diode-pumped
single-frequency laser passed through a quarter- and half-wave
plate to adjust the polarization. It was then tightly focused by
an objective lens with NA � 0.95 to produce a harmonic
potential field. The power of the 1064 nm laser was 50 mW.
The strongly focused beam past the objective lens was colli-
mated using another high NA lens. The two lenses were placed
in a vacuum chamber. The droplets containing the nanopar-
ticles were dispersed into the vacuum chamber by an ultrasonic
nebulizer. A silica nanosphere with a radius of about 150 nm
(the mass is aboutm � 3.0 × 10−14 g) was trapped. The output
light from the chamber was divided into three parts for
detecting the three-dimensional displacements. The transverse

displacements were measured via the D-shaped reflective
mirrors. The position detectors utilizing a current subtraction
circuit had a high common mode rejection ratio (CMRR). The
current-voltage conversion gains were 104 and 3.3 × 103 for the
X and Y detectors, respectively. Position detection is the pro-
jection measurement of the motion. Figure 4(b) presents a
schematic diagram of the projection measurement in the radial
direction. The X detector can simultaneously detect the pro-
jection Δnx of a displacement Δn along the minor axis and the
projection Δmx of a displacement Δm along the major axis.
Similarly, the Y detector can measure the displacement projec-
tions Δny and Δmy. Thus, the displacement signal measured by
the X detector can be simply expressed as DX �t� � Δmx�t� �
Δnx�t� � Δm�t� sin�ϕ� � Δn�t� cos�ϕ� (ϕ is the angle be-
tween the y detection axis and the minimum eigenfrequency
direction of the radial motion), and the signal from the
Y detector is DY �t� � Δm�t� cos�ϕ� � Δn�t� sin�ϕ�. Thus,
the displacement power spectra can be expressed as
SX � jDX �f �j2 � jΔm�f �j2 sin2�ϕ�� jΔn�f �j2 cos2�ϕ�, and
SY � jΔm�f �j2 cos2�ϕ� � jΔn�f �j2 sin2�ϕ�.

The spot size of the trapping laser before the objective
lens was measured by a beam profiler with 2wx0 × 2wy0 �
3.38 mm × 3.16 mm. The x measurement axis was aligned
with the radial major axis of the incident beam, and the
y detection axis was vertical to the major axis. As a result,
the X detector measured a maximum eigenfrequency of
122.1 kHz, and the Y detector obtained a minimum eigenfre-
quency of 89.0 kHz when the linear polarization was along the
minor (y) axis of the incident beam, as shown in Fig. 3(d).
Because the detection systems were fixed, the detectors mea-
sured the projections of the motions. The radial eigenfrequen-
cies were periodically changed with the rotation of the linear
polarization [Fig. 3(e)]. Simultaneously, the peak heights of
the power spectra were changed. The measured maximum fre-
quency differences were 8.3 and 6.1 kHz in the two eigendir-
ections measured. We also examined the circularly polarized
light field. The measured eigenfrequencies in the radial direc-
tion were 107.6 kHz on the x axis and 98.7 kHz on the y axis,
which are located between the two eigenfrequencies for the
linear polarization case, as shown in Fig. 3(e). Here, we only
consider the case that the size of the particle is much smaller
than the wavelength of trapping laser, so the Rayleigh approxi-
mation is effective. Four different sizes (∼190, 100, 90, 80 nm)
of nanoparticles from different batches of two companies of
microspheres (Tianjin BaseLine ChromTech Research Centre
and Ningbo Jinlei Nanomaterials Technology Co., Ltd.) were
measured, which showed a similar polarization effect.

Finally, we demonstrate that some effects could be en-
hanced or canceled by controlling the relative orientation
and ellipticity of the two ellipses’ parameters. Due to elliptical
TEM00-mode Gaussian beam, the radial eigenfrequencies are
nondegenerate for the circularly polarized light field. By
choosing an appropriate elliptical polarization and the orien-
tation relative to the elliptical TEM00-mode Gaussian beam,
we made the two radial motions degenerate in the experiment,
as illustrated in the middle plot of Fig. 5. The radial eigen-
frequency becomes 104.0 kHz. When the linear polarization
is aligned along the short axis of the elliptical TEM00-mode

Fig. 4. (a) Schematic diagram of the experiment. Three pairs of
position-sensitive detection systems measure the displacement of
the x, y, and z dimensions. PBS 1-4, polarized beam splitters; L1,
quarter-wave plate; L2-6, half-wave plates; OL, objective lens; CL,
collimation lens; BD, block dump; (b) schematic diagram of the
projection measurement.

Research Article Vol. 36, No. 9 / September 2019 / Journal of the Optical Society of America B 2373

Administrator
高亮



Gaussian beam, the difference of two radial eigenfrequencies
become maximum, as shown in the bottom plot of Fig. 5.

4. CONCLUSION

In conclusion, this study explores the polarization influence of
a TEM00-mode Gaussian trapping laser with a slightly ellip-
tical profile on the center-of-mass translational motion of an
optically levitated nanosphere. The power spectra of the mo-
tion are measured, and the motions in the radial direction

show different characteristics that depend on the relative ori-
entation and ellipticity of the two ellipses’ parameters. The
results are consistent with the predictions of vector diffraction
theory. This study provides a method for manipulating the
optically levitated nanosphere; moreover, it can aid in evalu-
ating a tightly focused laser profile using the motion of a
nanosphere.

APPENDIX A: THEORETICAL CALCULATIONS
OF FIELD COMPONENTS IN THE FOCUS
REGION

In this section, we use the angular spectrum representation to
calculate the field distribution in the focus region. The incident
beam at the z0 � 0 plane in the angular spectrum representa-
tion can be expressed as

Ain�α,β��
�
1

2π

�
2
ZZ

∞

−∞
E in�x0,y0,0�expf−ik sin�α��x0 cos�β�

− y0 sin�β��gdx0dy0:
(A1)

In the experiment, the incident field is a TEM00-mode
Gaussian beam, but usually with a slightly elliptical profile.
The amplitude of the incident field can be written as

E in�x0, y0, 0� � E0e
−

�
x20
w2
0x
� y20

w2
0y

�
: (A2)

Thus, in a spherical coordinate system, neglecting the fixed
phase term, the incident field mode at a reference surface
can be written as

Ain�α, β� � E0e
−f 2 sin2�α�

�
cos2�β�
w2
0x

� sin2�β�
w2
0y

�
, (A3)

where f is the distance from the field point to the reference
surface. If δ � �w0x − w0y�∕w0x � 0, this corresponds to a cir-
cular Gaussian beam; thus,

Ain�α, β� � E0e
−f

2 sin2�α�
w2
0x : (A4)

If 0 < δ ≪ 1, the first-order approximation can be obtained as
follows:

Ain�α, β� ≈ E0

�
1 − 2

f 2 sin2�α�
w2
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sin2�β�δ
�
e
−f

2 sin2�α�
w2
0x : (A5)

It can be seen that this formula is an ideal TEM00-mode Gaussian beam with a small modification. The transformation matrix [41,46]
of the aplanatic lens is

CM �

0
B@

1� �cos�α� − 1�cos2�β� �cos�α� − 1� cos�β� sin�β� − sin�α� cos�β�
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1
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According to the relation of the first-kind nth-order Bessel
function [46],Z

2π

0

einβeis cos�β−ϕ�dβ � 2πinJn�s�einϕ, (A7)

for linearly polarized incident light, by substituting
Eqs. (A5)–(A7) into Eq. (1), we can obtain
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Fig. 5. Difference of two radial eigenfrequencies is enhanced or can-
celed by controlling the relative orientation and ellipticity of the two
ellipses. The long axis of the elliptical TEM00-mode Gaussian beam is
at the x0 axis. The air pressure during the measurements was 300 Pa,
RBW � 10 Hz, VBW � 10 Hz.
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where θ is the angle between the polarization and the y0 axis.
The electric field terms are defined as follows:
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Thus, the intensity and gradient of the field can be easily ob-
tained using the above equations. Numerical calculations of the
radial spring constants are presented in Fig. 6 for δ � 0. The
radial spring constants for linear polarization are degenerate
when NA is small, and equal to those of circular polarization.
The splitting of the radial spring constants for linear polariza-
tion increases when the NA is increased. However, the spring
constants for circular polarization keep degenerate, lying be-
tween the radial spring constants for linear polarization. We
further consider the effect of the ellipticity of the incident field.
Figure 7 illustrates the radial spring constants in the focus re-
gion as a function of the NA and δ for linearly and circularly
polarized lasers. The ellipticity induces the splitting of the
spring constant for the circular polarization, as seen in the
red and light-red surfaces in Fig. 7. The radial spring constants
periodically change with the rotation of linear polarization. The
maximum and minimum values for the two spring constants
are plotted. In Fig. 7, the green and light-green surfaces corre-
spond to the large spring constant, while the blue and light-blue
surfaces represent the small spring constant. The experimental

Fig. 6. Theoretical simulation of the radial spring constant versus
the NA in the focus region when δ � 0. Diamond and square symbols
represent two eigendirections of a linearly polarized laser. Circles cor-
respond to the results of the circularly polarized light.

Fig. 7. Theoretical calculation of the radial spring constant in the
focus region as a function of the NA and δ for linearly and circularly
polarized lasers. Green and light-green surfaces represent maximum
and minimum values of the large spring constant (eigenfrequency)
for linear polarization. Blue and light-blue surfaces correspond to
the small spring constant for linear polarization; red and light-red sur-
faces represent the case of a circularly polarized laser. The purple point
corresponds to the experimental results in Figs. 3(d)–3(e).
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results in Figs. 3(d)–3(e) are marked in Fig. 7 and correspond
quantitatively to the theoretical calculations.
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