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Polarization-modulation-based orientation metrology of optically
levitated rotating birefringent particles
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The ultrafast rotation of optically levitated particles has propelled advancements in sensing and precision
measurement, while its orientation remains largely unexplored for the spherical shape. Here, we proposed an
orientation measurement method for the birefringent rotating particles, which extracts both the azimuthal and
polar angles of the optical axis from the polarization of the transmitted laser. A bulk birefringent crystal with a
known orientation is measured by this method to verify its effectiveness, and then the orientation of vaterite
particles is extracted from the rotational signal. This method paves the way to investigate the orientational
dynamics and gyroscope application.
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I. INTRODUCTION

The optically levitated particles have significantly ad-
vanced measurement technologies and fundamental physics
[1–5]. Center-of-mass (COM) motion of the levitated particles
is employed for sensing weak force [6,7] and acceleration
[8,9], while rotation is utilized to measure torque [10,11], as
well as other physical quantities associated with rotational
drag torque [12–14]. The levitated particle can be induced
to rotate at exceptionally high frequencies in the GHz range
[15–17], and the ultrafast rotating particles in a vacuum en-
vironment serves as a research platform for studying vacuum
friction [18,19], as well as Casimir force and torque [20,21].

Recently, the orientation of optically levitated particles
shows great potential in quantum science, coupling dynamics
and orientation-based sensing. The optically levitated parti-
cles show pronounced interference effects in their orientation,
which makes orientational quantum interference attractive
for testing and exploiting quantum physics with massive ob-
jects [22–24]. The orientation measurement of the particle is
one of technological obstacles to observe these orientational
quantum phenomenons. Additionally, the orientation-related
precession of rotating particles is observed and can be used
for torque sensing with the sensitivities capable of resolving
single-electron and nuclear spins [25–27]. When the bire-
fringent particle is trapped by linearly polarized laser, the
orientation of the particle optical axis shows great coupling
with the COM motion, and the ultrahigh mechanical quality
factor is obtained by parametrically driving [28,29]. However,
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despite the focus on particle orientation in these studies, an
effective orientation measurement method is currently un-
available. Therefore, only the frequency information of these
dynamics is presented. For particles made of birefringent crys-
tal material, the orientation of the optical axis can cause a
change in the polarization of the transmitted laser, offering
a potential orientation measurement technique [30,31].

Here, we proposed a method to measure the orientation of
the optically levitated birefringent particles. This method is
first tested in a bulk birefringent crystal, as its optical axis
can be distinguished and controlled easily. Then, the optical
axis of vaterite particles is measured, allowing for the deter-
mination of both azimuthal and polar angle. Meanwhile, a
supplemental laser is introduced in the transverse direction to
simultaneously monitor the orientation.

II. MEASUREMENT PRINCIPLE

As shown in Fig. 1(a), the orientation of a levitated ro-
tating vaterite particle is challenging to be determined for its
spherical shape. In contrast to its symmetric shape, the vaterite
particle exhibits anisotropic optical properties. The orientation
of the optical axis is defined as shown in Fig. 1(b), where the
azimuthal angle is α and polar angle is θ . The optical axis is
an intrinsic direction of the birefringent materials, which can
be used to determine the orientation of the particle.

As shown in Figs. 1(c)–1(d), assuming a circularly polar-
ized laser incident perpendicularly onto a positive uniaxial
birefringent crystal (the refractive index no < ne) along the
positive z-axis direction, the polarization of the transmitted
laser experiences alterations influenced by parameters such
as crystal thickness, refractive index, and optical axis orien-
tation. The incident laser can be expressed by two linearly
polarized parts in the crystal, namely ordinary laser (OL) and
extraordinary laser (EL). The propagation direction of OL and
EL coincides but the polarization direction is perpendicular.
The velocity vo of OL is constant along any direction in the
crystal, while the velocity vθ of EL varies with the polar
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FIG. 1. Orientation definition and measurement principle.
(a) Scanning electron microscope image of a vaterite particle.
(b) Orientation definition of the optical axis. OA: optical axis; BC:
birefringent crystal. (c)–(d) Transmitting characteristics of ordinary
laser (OL) and extraordinary laser (EL) in BC for (c) θ = 0 and
(d) θ �= 0, and the azimuths are both 0. The green circle indicates
uniform velocity of OL in all directions, while the pink ellipse
illustrates the elliptical distribution of velocity for EL.

angle θ . Generally, vθ changes between ve and vo, and obeys
an elliptical distribution (pink ellipse) as shown in Fig. 1(d).
When the velocity of OL and EL differ (corresponding to the
different refractive index n = c/v, where c is the light velocity
in vacuum), a phase delay δθ occurs, which affects the polar-
ization of the laser that transmitted through the birefringent
crystal.

The phase delay is derived as δθ = 2πd (nθ − no)/λ, where
d is the thickness of crystal, λ is the wavelength of laser.
In this case, the electric field of the transmitted laser can be
expressed as{

EOL = EOL0 cos(ω0t )
EEL = EEL0 cos(ω0t + π/2 + δ

θ
), (1)

where EOL0 = EEL0 = E0, and the nθ in the δθ can be calcu-
lated according to the elliptical distribution in Fig. 1(d)

nθ =
√

n2
o sin2 θ + n2

e cos2 θ. (2)

The transmitted laser is usually elliptically polarized, and
the ellipticity of the polarization ellipse is determined by the
phase delay δθ . Because δθ is related to the polar angle θ ,
the polar angle θ hence can be obtained by measuring the

FIG. 2. Simulated results and experimental verification. (a) Sim-
ulated results of laser intensity versus polar angle θ . The azimuthal
angle α = 45◦, electric field amplitude E0 = 1. (b) Simulated in-
tensity when the crystal rotate. The rotating angular frequency is
ω = 5 × 2π . (c) Experimental setup for a circularly polarized (CP)
laser transmitting the birefringent crystal (BC). Labels denote the
half wave plate (λ/2), polarizing beam splitter (PBS), quarter wave
plate (λ/4), lens (L), photodetector (PD). Inset shows the birefrin-
gence effect, and the double image of lines can be seen through the
birefringent crystal. The signals from two detectors are differentiated
to improve the signal-to-noise ratio. (d) The measured voltage signal
under different manipulation. I represents the tilt (θ ) of the crystal,
and II represents the rotation (α). The same color represents the same
manipulation.

ellipticity. Besides, the azimuth of the polarization ellipse
would follow the rotation of the optical axis. Therefore, the
azimuth of the optical axis can also be obtained by measuring
the polarization ellipse.

A polarizer is used in the detection system [the PBS in
Fig. 2(c) for instance] to detect the polarization information.
Assuming the transmission direction of the polarizer lies in
the x axis, the angle between the transmission direction and
the optical axis is also α. Hence, the transmitted laser intensity
I can be expressed as [30]

I = E2
0 [1 + sin(2α)sin δθ ]. (3)

The detected laser intensity can also be written as I =
2P/π/a2 [32], where P is the detected laser power, a is the
radius of laser. The voltage from PD is expressed as V = PG,
where G is the conversion gain of the detector. Substituting
Eqs. (1)–(3) into this equation, the relation between the volt-
age and the azimuthal angle α and polar angle θ is

V = kP0G

⎛
⎜⎝1 + sin(2α)sin

⎡
⎢⎣d

(√
n2

o sin2 θ + n2
e cos2 θ − no

)
λ

2π

⎤
⎥⎦

⎞
⎟⎠, (4)
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where P0 ∝ E2
0 is the inputted laser power, k is the attenuation

coefficient.

III. EXPERIMENTAL VERIFICATION

Figure 2(a) illustrates the simulated laser intensity as a
function of the polar angle θ while the azimuthal angle α

is held constant. As the polar angle increase, the refractive
index nθ decreases, resulting in a decrease in phase delay. This
reduction makes the transmitted laser approached circular po-
larization, and the laser intensity shows the rule in Fig. 2(a).

On the contrary, when the polar angle θ remains constant,
the relationship between intensity and the rotation angle is
shown in Fig. 2(b). As the crystal rotates with respect to
the laser propagation direction with a frequency of ω = 5 ×
2π rad/s, the intensity changes periodically with frequency
2ω due to the repetition of optical axis every 180◦. This
phenomenon also explains the observed rotational signal fre-
quency of the levitated particle being twice the spin frequency
[25,33]. By analyzing the variation, the azimuthal angle α can
be read out. For example, when the intensity is at the middle
value, the azimuth α is 0◦. The azimuth changes by 180◦ for
each cycle of intensity change, and it changes by 90◦ when the
intensity increase from the minimum to the maximum value.
Meanwhile, the polar angle of the optical axis can also be
read out by examining the amplitude of the rotational signal
as shown in the Fig. 2(b).

Furthermore, these results are experimentally validated,
and the setup is shown in the Fig. 2(c). The laser power is
controlled using the λ/2 and the PBS, and the circularly polar-
ized laser is incident on the birefringent crystal after passing
the λ/4. The birefringent crystal is mounted on a multiaxis
frame, which allows for tilting and rotation. After the laser
passing through the crystal, a PBS is used as the polarizer, and
the measured results are shown in Fig. 2(d). When the bire-
fringent crystal rotates with respect to the laser propagation
direction, the measured voltage signal changes periodically,
with a variation frequency that is twice the rotation frequency.
The initial angle θ0 is about 37◦, which is related to the optical
axis orientation and shape of the birefringent crystal. When
the angle θ increased by 15◦, the measured signal amplitude
decreased by 16.5%, and the simulated result is 10.6%. The
excessive reduction comes from the defects in the actual bire-
fringent crystal, such as cracks and impurities. Upon ceasing
tilting and resuming rotation, the amplitude of the rotational
signal decreases, indicating a change in the ellipticity of the
polarization ellipse due to the tilting. Besides, the asymmetri-
cal changes result from the imperfect circular polarization of
the incident laser and the manual manipulation.

IV. ORIENTATION MEASUREMENT

The experimental setup for particle orientation measure-
ment is presented in Fig. 3(a). A vertically oriented trapping
laser is employed to trap particles within the vacuum chamber,
and the transmitted laser is collected by the detection sys-
tem to acquire motion signals. In addition, a weakly focused
horizontal laser (transverse laser) is introduced to enhance
the validation of orientation measurements. The birefringent

FIG. 3. Experimental setup and orientation measurement method
of the vaterite particles. (a) Diagram of the experimental setup. The
trapping laser (1064 nm, 20 mW) is focused from the bottom to the
vacuum chamber (VC) using a high numerical aperture (NA = 1.25)
objective. The transverse laser is horizontally oriented, featuring a
weaker focus (NA = 0.25) and low power (0.5 mW). Inset shows the
focusing and collecting objective of the two lasers. (b) Sketch map of
the laser polarization before and after the particles. P1–P4 represent
different planes. Case I: optical axis in xoy plane. (c) Illustration
of the polar angle of the optical axis respect to the trapping laser
(θ ) and transverse laser polarization plane (γ ). (d) The deviation of
the optical axis from the trapping laser polarization plane under the
centrifugal torque TG. GA and OA represents the geometrical long
axis and optical axis respectively. TO represents the optical alignment
torque.

particles utilized in the experiments are vaterite particles with
diameter 3.58 ± 0.2 µm.

As shown in Fig. 3(b), both the trapping laser and the trans-
verse laser in P1 and P3 are circularly polarized. However,
the transmitted laser exhibits elliptical polarization due to the
phase delay. As analyzed in Eq. (2), when the optical axis
aligns with the polarization plane (case I) of trapping laser,
the delay reaches the maximum value, and the ellipticity of the
polarization ellipse in P2 is also maximum. For the scenario
that the optical axis deviates from the polarization plane (case
II), the ellipticity of the transmitted laser decreases. On the
contrary, since the polarization plane of the transverse laser
is perpendicular to the optical axis in case I, the polarization
in P4 remains circularly polarized (assuming the azimuth
α = 90◦). In case II, the laser becomes elliptically polarized,
and the ellipticity increase with the polar angle θ . As shown
in Fig. 2(c), using the detection method, the amplitude of
the rotational signal would increase with increased ellipticity.
Therefore, from case I to case II, the measured amplitude
decreases in the trapping laser direction and increases in the
transverse laser direction.

The polar and azimuthal angle of the optical axis is
sketched in Fig. 3(c). The polar angle θ remains constant with
the spin rotation ω of the particle (along z axis), while the
polar angle γ varies as

cos γ =
√

sin2(ωt ) + cos2(ωt )sin2 θ. (5)
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FIG. 4. Measured orientation results of optically levitated particles. (a)–(b) Rotational signal from (a) trapping laser and (b) transverse laser
under different pressure. The rotational frequencies at 700 Pa and 80 Pa are 791 Hz and 9925 Hz, respectively. PD represents photodetector.
(c) Azimuth α of the optical axis. The dashed line indicates the converting from the rotational signal to azimuth. (d) Calculated amplitude of
rotational signal versus polar angle θ . The value is calibrated when θ = 0◦, and the polar angle can be read out from the measured rotational
signal. (e) Measured amplitude of rotational signal under different pressure. Error bar comes from the standard deviation. (f) Spin frequency
and polar angle of five particles versus pressure. The polar angle is expressed as 90◦-θ for visualization purposes.

The angle γ still decreases with the increase of θ . Be-
sides, the intensity of the transmitted transverse laser follows
Eq. (3), and the azimuth changes with angular frequency ω.
Although γ changes with rotation, the measured rotational
signal shows periodic changes, and the amplitude monoton-
ically increases with polar angle θ . Therefore, the proposed
method can still be employed to obtain the polar angle γ ,
which reaches its maximum value γmax (γmax + θ = π/2)
when the azimuth α = kπ , k is integer.

As shown in Fig. 3(d), due to the fact that the particle is
not a perfect sphere, the geometrical long axis (GA) would
produce centrifugal torque TG that tilts the GA to the rotation
plane (xoy plane) [31]. In other words, TG drives the heavier
end to the rotation plane. Meanwhile, there is a torque TO that
aligns the optical axis with the polarization plane (also xoy
plane) [27,34]. Hence, the two torques TG and TO balance each
other. Since TG increases with the spin frequency, the polar
angle θ can be manipulated by controlling the particle spin
frequency.

Based on the optical axis manipulating method, the spin
frequency of the particle is increased by reducing the envi-
ronmental pressure, which results in the tilting of the optical
axis away from the polarization plane of the trapping laser.
During the acceleration of the rotation, the rotational signal is
measured as depicted in Figs. 4(a)–4(b). The rotational signal
from the trapping laser exhibits reduced amplitude under the
lower pressure (corresponding to a faster spin frequency),
whereas the amplitude increases for the transverse laser. This
variation indicates that the centrifugal torque tilts the optical
axis, and the polar angle θ increased. Meanwhile, the periodic
variation of the rotational signal versus time correlates with
the long axis of the polarization ellipse, which can be used
to determine the azimuth of the optical axis. According to
Eq. (3), the azimuth α is obtained as shown in Fig. 4(c).

The polar angles are extracted from the measured rota-
tional signal as shown in Fig. 4(d). The amplitude variation
of rotational signal from trapping laser and transverse laser
are calculated from Eq. (4). Since the centrifugal torque is
negligible at low spin frequency (usually 30–50 Hz at atmo-
sphere), the optical axis will align with the polarization plane
of trapping laser due to the torque TO. In this case, the initial
polar angle θ is considered to be approximately zero, and
the coefficient k is calibrated. Hence, the measured 	V can
be converted to the changes of the polar angle. As shown in
Fig. 4(e), the amplitude of rotational signal in the trapping
laser direction decreases as the pressure decreases, indicating
a deviation of the optical axis from the polarization plane. This
phenomenon is simultaneously monitored by the transverse
laser, and the amplitude shows a gradual increase. Since the
polarization planes of the trapping laser and the transverse
laser are perpendicular, any deviation of the optical axis from
one plane necessitates its approach towards the other.

Figure 4(f) shows converted polar angle of five particles
as function of the pressure. The values of different particles
may vary for the material and shape uniformity, but the overall
pattern of changes is consistent. The spin-frequency-related
centrifugal torque leads to the deviations in optical axis, which
means the angle 90◦-θ decreases. It is worth mentioning that
the decrease rate of the angle slows down after a sharp decline
between 100–1000 Pa. The rationale behind this is that the
centrifugal torque has tilted the geometrical long axis to the
proximity of the rotation plane with high spin frequency. As
the mean value stabilizes, there is a reduction in the fluctua-
tion (standard deviation) of the angle, which corresponds to
the gyroscopic orientation stabilization [25]. However, as the
pressure decreases further, the fluctuation would increase. The
increase is the result of the thermal Brownian motion for the
cooling from the residual gas becomes ineffective in vacuum
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[35,36], and the gyroscopic stabilization can not suppress the
thermal effect at further low pressure.

V. CONCLUSION

In the realm of levitated optomechanical systems, there
has been extensive research on both the center-of-mass mo-
tion and particle rotation. To further explore the gyroscopic
dynamics in optically levitated particles, we proposed an ori-
entation measurement method for optically levitated vaterite
particles based on the polarization modulation. It is verified

by a bulk birefringent crystal, and the particle orientation is
obtained from its rotational signal. This approach not only
aids in investigating particle dynamic characteristics such as
precession, nutation, and gyroscopic stabilization [37,38] but
also lays the groundwork for orientational quantum interfer-
ence [22–24] and potential gyroscopes application [39].
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