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Tumbling and anomalous alignment of optically 
levitated anisotropic microparticles in chiral hollow-core 
photonic crystal fiber
Shangran Xie1*†, Abhinav Sharma1,2†, Maria Romodina1, Nicolas Y. Joly1,2, Philip St. J. Russell1,2

The complex tumbling motion of spinning nonspherical objects is a topic of enduring interest, both in popular 
culture and in advanced scientific research. Here, we report all-optical control of the spin, precession, and nutation 
of vaterite microparticles levitated by counterpropagating circularly polarized laser beams guided in chiral hollow-
core fiber. The circularly polarized light causes the anisotropic particles to spin about the fiber axis, while, regulated 
by minimization of free energy, dipole forces tend to align the extraordinary optical axis of positive uniaxial particles 
into the plane of rotating electric field. The end result is that, accompanied by oscillatory nutation, the optical axis 
reaches a stable tilt angle with respect to the plane of the electric field. The results reveal new possibilities for 
manipulating optical alignment through rotational degrees of freedom, with applications in the control of micro-
motors and microgyroscopes, laser alignment of polyatomic molecules, and study of rotational cell mechanics.

INTRODUCTION
It is well known that electrically polarized materials, when illumi-
nated with laser light, experience a torque that tends to align their 
dipoles parallel to the electric field of the light, thus minimizing the 
free energy (1). This general principle is fundamental to a multitude 
of applications involving optical alignment, examples being molec-
ular alignment for the control of chemical reactions (2), nematic 
liquid crystal alignment for optoelectronic displays (3), and rotational 
manipulation of biological cells for studying cell mechanics (4). In 
the context of optical levitation, it is known that positive uniaxial 
dielectric microcrystals, when trapped in a linearly polarized laser 
beam, experience an optical torque (A)

	​​ ​ A​​  =  ∫ P × EdV​	 (1)

where E is the applied electric field of the light, P is the anisotropic 
polarization, and the integral is over the particle volume V. This 
torque acts so as to reduce to zero the tilt angle between P and E 
(5, 6), under which circumstances A vanishes. This phenomenon 
can also be used to orient birefringent particles or cause them to 
spin, depending on the polarization state of the light (5). Here, we 
report the observation of anomalous optical alignment effect on a 
rotating anisotropic microparticle levitated in the hollow core of a 
chiral photonic crystal fiber and driven by circularly polarized laser 
beams. The angular momentum introduced by the spinning causes 
the optical axis of the particle to tilt relative to the plane of the E field, 
in a manner analogous with precession of a top spinning under the 
influence of gravity. The chiral hollow-core photonic crystal fiber 
(HC-PCF) robustly preserves the circular polarization state of the 
trapping light, permitting control of the optical torque acting on the 
particle, and allowing its precession and nutation to be precisely 
monitored via the scattered light.

RESULTS
Vaterite microparticles with a mean diameter of 4.26 m and a dis-
persion of 200 nm were used to demonstrate the effect. Vaterite is a 
positive uniaxial crystal with birefringence n = ne – no ~ 0.1, where 
ne = 1.65 and no = 1.55 are the refractive indices for light polarized 
along the extraordinary and ordinary axes. Scanning electron micro-
graphs of the particles (Fig. 1A) reveal that they are nearly spherical 
with slight geometrical asymmetries (mean aspect ratio ~ 1.015, esti-
mated by measuring individual particles in the right-hand picture) 
induced by the crystallization process, indicating the coexistence of 
(in general, nonaligned) optical and mechanical axes. A dual-beam 
trap formed within an HC-PCF was used to levitate and to drive 
particle rotation (Fig. 1B and see Materials and Methods for details). 
The HC-PCF was manufactured with a continuous chiral twist along 
its axis, causing the fundamental LP01-like core mode to be circularly 
birefringent, thus allowing the circular polarization state of the 
trapping beams to be preserved (7). Chiral HC-PCF offers a con-
venient platform for exploring the full dynamics of the trapped 
vaterite particles.

First, the orientation of the optical axis of a trapped particle was 
confirmed to align with the direction of E field when linearly polar-
ized trapping beams (at  = 1064-nm wavelength) were launched 
from both fiber ends. Once the particle was trapped, the direction of 
E field for the trapping beams was rotated step by step using a half-
wave plate (HWP), while the polarization state of probe light from 
a 632.8-nm He-Ne laser, scattered by the particle, was monitored 
(see fig. S2). The incident polarization of the probe beam was verti-
cally polarized. The data in Fig. 1C show the measured Stokes 
parameter S3 of the transmitted probe beam when the E field of the 
trapping beam was rotated from 0° to 180° in steps of 10° with re-
spect to the probe polarization. The vertical bars mark the standard 
deviation (SD) in S3 obtained after measurements on 10 different 
particles. A clear periodic variation of the S3 parameter can be ob-
served. The black dashed line in Fig. 1C plots the theoretical predic-
tion using the value of n = 0.09 (see the Supplementary Materials). 
The good agreement confirms that the orientation of the optical axis 
follows the direction of E field in a linearly polarized trap (Fig. 1D) 
and that the effect of shape-induced birefringence (8) is negligible.
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Anomalous optical alignment (Fig. 1E) occurred when the vaterite 
microparticle was made to spin by launching counterpropagating 
circularly polarized trapping beams (with opposite handedness so 
that the optical torques added up at the trapping site). In this situa-
tion, two types of optical torque play a role (Fig. 1G). One drives 
particle rotation around the beam axis (Z), while the other tends to 
align the extraordinary axis into the plane of E field (A). Z arises 
from the altered polarization state of the light after scattering by the 
birefringent particle, which results in the transfer of spin angular 
momentum from the trapping beam to the particle. For a left-circularly 
polarized trapping beam incident on the particle in the +Z direc-
tion (the unit vector ​​   Z ​​), Z can be written as (see the Supplementary 
Materials)

	​​

​​​ Z​​  = ​  PB ─  ​​   Z ​​(​​1 − ​ ​∣​E​ L​​∣​​ 2​ −​∣​E​ R​​∣​​ 2​  ────────────  
​∣​E​ L​​∣​​ 2​ +​∣​E​ R​​∣​​ 2​

 ​​)​​​

​   
      ​= ​ PB ─  ​​   Z ​ ​sin​​ 2​​

(
​​ ​ 2 ​Rn​ o​​ ─ 


  ​​
(

​​1 − ​  ​n​ e​​ ─────────────  
​√ 

_________________
  ​n​o​ 2 ​ ​sin​​ 2​ ​​ O​​ + ​n​e​ 

2​ ​cos​​ 2​ ​​ O​​ ​
 ​​
)

​​​
)

​​​
​​	 (2)

where EL and ER are the left and right circularly polarized compo-
nents of the scattered field, P is the optical power,  is the optical 

frequency, B is the overlap between the trapping beam and the 
particle, R is the particle radius, and O is the tilt angle between 
the optical axis and the Z axis (Fig. 1G). Symmetry considerations 
indicate that, no matter what the orientation of the particle, Z will 
point along the beam axis in the +Z direction for left circularly polar-
ized light incident in the +Z direction and right circularly polarized 
light incident in the −Z direction. If there were no other effects, then 
this would cause the particle to spin about the fiber axis (tumbling 
motion) at a frequency ft = ​​ ̇ ​​/2 that reaches a terminal value when 
the optical and viscous torques balance. However, there is also an 
alignment torque A, which acts so as to rotate the optical axis of the 
particle into the transverse XY plane (see fig. S6). Figure 1H plots 
the calculated values of Z and A as a function of O. As expected, 
Z vanishes when the optical axis is parallel to the beam axis (O = 0 
or ) and reaches a maximum when O = /2. In contrast, A vanishes 
when O is /2, and in the presence of viscosity, the system will 
stabilize at this position. Note that, unlike in single- or dual-beam 
traps created by tightly focused laser beams, when the steep trans-
verse intensity gradient can cause elongated particles to experience 
an additional alignment torque (9, 10), no such effect is observed in 
HC-PCF because of the much weaker intensity gradient of the 
diffraction-free fundamental mode in the hollow core [mode field 
radius of 10.2 m, estimated using the capillary model (11)].

Fig. 1. Optical alignment and torque in levitated vaterite microparticles. (A) Scanning electron micrographs of vaterite particles. Scale bars, 1 m (left) and 10 m 
(right). (B) Sketch of a dual-beam trap formed within an air-filled chiral HC-PCF. (C) Measured Stokes parameter S3 of the transmitted probe beam versus the angle  between 
E field of the trapping beam and the input probe beam. The black dashed line shows the theoretical prediction using n = 0.09. (D) Alignment of optical axis (O) with E field 
when trapped in linearly polarized (LP) beams. Left and right panels are projections on the XY and XZ planes. The blue line marks the mechanical long axis (M). (E) Anomalous 
alignment of optical axis of a rotating birefringent particle trapped by circularly polarized (CP) beams. , , and M are the Eulerian angles, representing, respectively, 
tumbling, spinning, and nutational motion. (F) Calculated M versus time under different conditions (see main text). (G) The optical rotation torque (Z) is along Z axis. The 
optical (A) and mechanical alignment (M) torques lie in the XY plane and counterbalance each other. O is the angle between extraordinary axis and Z axis, 0 is the angle 
between optical and mechanical long axes. (H) Calculated Z (blue) and A (orange) versus O. (I) Simulated tumbling frequency (blue) and spinning angle (green) overtime 
when 0 = 0.4.

D
ow

nloaded from
 https://w

w
w

.science.org at M
ax Planck Society on M

ay 28, 2024



Xie et al., Sci. Adv. 2021; 7 : eabf6053     9 July 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 6

The full dynamics of particle motion can be described by solving 
the Euler equations in the frame of the particle

	​​ M ̇ ​ +  × M + [ ] M  =    = ​ ​ A​​ + ​​ Z​​​	 (3)

where M = [I] is the angular momentum, [I] is the diagonal mo-
ment of inertia tensor,  is the angular velocity, and [] is a tensor 
representing rotational damping. Equation 3 can be numerically 
solved by expressing  in terms of the time derivatives of the Eulerian 
angles M, , and  (see the Supplementary Materials). The solutions 
show that, in addition to the optical torques, there is also a preces-
sional torque M =  × M that tends to align the tilt angle of the 
mechanical long axis (M) toward /2, as shown by the gray dashed 
line in Fig. 1F for the case when A is set to zero in the model. 
This may also be understood as a centrifugal effect that pushes the 
“heavier” ends of the particle into the XY plane.

In the presence of all three torques, the steady-state Eulerian 
angles strongly depend on the angle 0 between the optical and 
mechanical axes, which is randomly different for each particle. 
Figure 2A (left) plots the predicted equilibrium values of O (orange) 
and M (blue) against 0 at 2 W of trapping power (1 W in each 

direction). It can be seen that, for the alignment and precessional 
torques to balance, O and M split from /2 when 0 ≠ 0 (12). As 
examples, Fig. 1F shows the temporal dependence of M obtained 
by solving Eq. 3 with 0 = 0.15 (blue) and 0.4 (orange). The par-
ticle undergoes damped nutation for 0 = 0.15 and sustained nuta-
tion for 0 = 0.15. The blue- and orange-shaded areas in Fig. 2A 
mark the root mean square amplitudes of M resulting from the 
nutation. Through optomechanical back action, nutation changes the 
optical torque , modulating the instantaneous tumbling frequency 
and the spinning angle of the particle, as seen in the blue and green 
curves in Fig. 1I for 0 = 0.4. Continuous spinning of the particle 
about its mechanical long axis is prohibited in the steady state, since, 
under these circumstances, the orientations of the optical and me-
chanical principal axes are optomechanically locked.

Changes in the alignment of the optical axis alter the optical 
torque Z, directly influencing the tumbling frequency of the particle. 
The strong dependence of O on the angle 0, which is randomly 
different for each new particle, results in a wide range of possible 
tumbling frequencies (black line in Fig. 2A). The tumbling and 
nutation of a given vaterite particle can be monitored using a polarizer 
and a photodetector to measure the intensity and polarization state 
of light scattered sideways through the fiber cladding. Since the 

Fig. 2. Anomalous optical alignment, tumbling, and nutation of particle. (A) Left: Simulated orientations at equilibrium of the optical (O, orange) and mechanical 
(M, blue) principal axes, together with the corresponding tumbling frequency (black), plotted against 0. The shaded areas mark the range over which these angles are 
modulated by particle nutation. Right: Measured steady-state tumbling frequency for 72 different vaterite particles at atmospheric pressure and a total power of 2 W. The 
vertical bars mark the nutation range for each particle. (B) Measured tumbling frequency versus O. The red dashed line shows the theoretical prediction. (C) Measured 
tumbling frequency against time for cases a and b in (A). The visible periodic variation is induced by particle nutation. (D) Measured nutation frequency fn (yellow) and 
tumbling frequency scatter ft (purple) plotted versus tumbling frequency for the same 72 particles. The black dashed line represents the best fit to solutions of the Euler 
equations (see the Supplementary Materials for free parameters). The green shaded area marks the region where particle nutation is damped out.
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side-scattered light originates directly from the particle, it provides 
a highly sensitive means of monitoring its tumbling and nutation. 
Although, in principle, the signal transmitted through the fiber could 
also be used, it consists of a varying superposition of different guided 
modes that introduces intermodal interference and hard-to-predict 
uncertainties in intensity and polarization state. The tumbling fre-
quency ft can then be obtained by Fourier transforming the time-
domain signal. Figure 2A (right) shows the measured values of ft for 
72 different particles of approximately the same diameter (SD, 
200 nm) at atmospheric pressure and a trapping power of 2 W. The 
steady-state value of ft varies from 100 Hz to more than 800 Hz, a 
range that is consistent with the predictions of the theory, but more 
than an order of magnitude greater than predicted by the dispersion 
in particle diameter (~60 Hz). To provide direct confirmation of this 
result, the value of O was experimentally retrieved, using the blue 
curve in Fig. 1H, from the measured strength of the optical torque 
Z, which was evaluated by extracting the peak-to-peak amplitude 
of the time domain signal collected at the transmitted end of fiber 
(see Materials and Methods). Figure 2B plots the measured tumbling 
frequency ft against O for the same 72 particles, as in Fig. 2A, show-
ing that O can be substantially different from /2 and is directly 
linked to the tumbling frequency, as predicted by a theory (red 
dashed line). A histogram of the theoretically fitted values of angle 
0 for the 72 particles is shown in fig. S7.

The temporal variation in tumbling frequency ft, detectable be-
cause of distortions in particle shape and the slight deviations from 
perfect sixfold rotational symmetry in the fiber core (see Materials 
and Methods), was calculated by applying a time-apertured Fourier 
transform to the measured time-domain signal. It is plotted in 
Fig. 2C for the particles marked a (top) and b (bottom) in Fig. 2A, 
and shows evidence of nutational motion. For particle (b), ft is rela-
tively low and the modulation in tumbling frequency ft (corre-
sponding to the vertical bars in Fig. 2A, right) is rather high. Particle 
(a) has a higher value of ft, nutation is strongly suppressed, and the 
modulation of the tumbling frequency is much smaller. Figure 2D 
plots the measured values of ft (purple) and nutation frequency fn 
(yellow) versus ft for all 72 particles, showing that when ft is higher, 
nutation is quenched, while its frequency is higher. The measurements 
agree with the predictions of the Euler equations (black dashed lines; 

see the Supplementary Materials for the free parameters). The 
green-shaded area marks the region in which nutational motion 
fades away overtime in the model (see the blue curve in Fig. 1F as 
an example).

DISCUSSION
The particle orientation can be controlled over a wide range by vary-
ing the trapping power and the gas pressure. In Fig. 3A, the mea-
sured values of O (dots) and ft (squares) are plotted against total 
trapping power. As the power increases, A rises linearly, and O tilts 
toward /2 but is prevented from reaching this value by the increase 
in precessional torque as the tumbling frequency increases. The value 
of 0 (0.35 for the orange-coded data in Fig. 3A) is a free parameter 
in the model (see the Supplementary Materials) and can be estimated 
by fitting the measurements to solutions of Eq. 3 (green solid lines). 
For particles with 0 = 0.06 (blue dots and squares), the measured 
values of ft scale linearly with the trapping power since the optical 
and mechanical principal axes are almost parallel, and O ~ /2. In 
this situation, no optomechanical alignment can be observed.

The squares in Fig. 3B show the measured tumbling frequency ft 
as a function of gas pressure for the same particles, as in Fig. 3A 
(at 1-W trapping power). For both particles, ft increases as the gas 
pressure falls, due to reduced viscous drag. For the particle with 
0 = 0.06 (blue), the measured value of ft fits very well to the pre-
dictions when pressure-dependent rotational damping is included 
(black solid line; see the Supplementary Materials), indicating that 
in this situation, further increase in ft is prevented by viscous damp-
ing. The measured values of O (blue dots) are close to /2. For the 
particle with 0 = 0.35 (orange), ft increases with reduced gas pres-
sure, and M approaches /2 due to the rise in precessional torque. 
This induces a growth in O that reduces the strength of Z, further 
saturating the increase in ft. At higher tumbling rates, since M 
already reaches 0.5, the increase in ft is again dominated by the 
damping effect.

Our observation indicates that the optical alignment effect can 
be greatly tailored by adding rotational degrees of freedom into 
the system. By allowing full control of the rotational motions of 
optically levitated anisotropic particles, as is possible within the 

Fig. 3. Tuning of the particle orientation and the tumbling frequency. (A) Measured tilt angle O (dots) and tumbling frequency ft (squares) versus total trapping power 
for vaterite particles with angle 0 = 0.35 (orange) and 0 = 0.06 (blue). Green and black solid lines plot, respectively, the theoretical predictions using Eq. 3 when 
0 = 0.35 and 0.06. The error bars and the shaded area are determined by the particle nutation. The black dashed line marks the linear relation to guide the eye. (B) Mea-
sured O and tumbling frequency versus gas pressure for the same two particles as that in (A) at the trapping power of 1 W. The green and black solid lines are the simulation 
results. The black dashed line plots the predicted tumbling frequency purely determined by the pressure-dependent damping rate for the particle with 0 = 0.35.
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well-controlled confines of HC-PCF, all-optical alignment techniques 
can be significantly enhanced. The results have direct implications 
in applications involving levitated rotating microparticles, such as 
detection of ultraweak torques (13), probing the local ambient 
viscosity (14, 15), quantum friction (16), Casimir forces (17), and 
testing material limits under centrifugal stress (18, 19). They also 
introduce novel strategies for precision tuning of the orientation of 
levitated microspheres, indispensable for the realization of micro-
motors and microgyroscopes (9). The approach may also be useful 
in other contexts, such as laser-induced molecular alignment (2), 
nanostructure assembly (20), and rotational manipulation of bio-
logical particles (21–23).

MATERIALS AND METHODS
Experimental setup
The experimental setup for the dual-beam trap formed in a twisted 
HC-PCF is shown in fig. S1A. A continuous-wave laser beam at 
1064-nm wavelength is split in two paths using a polarizing beam 
splitter and coupled into the LP01-like core mode of the HC-PCF.  
Linear polarizers and quarter-wave plates are used to generate 
circularly polarized beams. The structure in the 6.1-cm-long twisted 
single-ring HC-PCF is chiral, with period 1.2 cm along the fiber 
axis. The measured near-field profile of a circularly polarized LP01-
like core mode is shown in fig. S1B, superimposed on a scanning 
electron micrograph of the cross section of the fiber.

To trap the vaterite particles (~4.26 m in diameter), the power 
in the counterpropagating beams was balanced at the trapping site 
(left-hand end of the fiber in fig. S1A). Particle suspensions were 
created using a nebulizer and injected through an inlet tube posi-
tioned on top of the trapping site and aligned with the fiber endface 
(24). The mesh grid size of nebulizer was 6 m, preventing the for-
mation of clusters of particles. Once a particle was trapped in front 
of the fiber, the power of the beam from the left-hand side was in-
creased to load the particle into the hollow core. Photodetectors (PDs) 
were installed to detect the transmitted (PD1) and side-scattered 
(PD2) light, so as to allow the particle motion and rotation to be 
monitored. Polarizers were mounted in front of the PDs to detect 
changes in the polarization state induced by particle rotation.

Experiment with linearly polarized trapping beam
Linearly polarized trapping beams were launched from both fiber 
ends to align the extraordinary axis of the trapped vaterite particles. 
The experimental setup is shown in fig. S2A. In this measurement, 
the orientation of the electric field of the trapping beam at 1064-nm 
wavelength was rotated by varying the angle of the two HWPs 
simultaneously. The orientation of the optical axis of the particle is 
expected to follow the electric field. The change in polarization state 
induced by particle rotation was probed by a He-Ne laser beam at 
632.8-nm wavelength (with 2-mW optical power) that was coupled 
into the LP01-like core mode using a dichroic mirror. The probe 
beam was vertically polarized, as was the initial polarization state of 
the counterpropagating trapping beams.

The rotation of the optical axis induces a maximum optical 
phase difference of ~4nR/b between the ordinary and extra
ordinary probe beams, where n is the particle birefringence, R is 
particle radius, and b is probe wavelength. The Stokes vector 
(normalized to the total power) of the signal transmitted through 
the fiber can be written as

	​​ ​
(

​​​
​S​ 1​​

​ ​S​ 2​​​ 
​S​ 3​​

​​
)

​​  =  (1 − B ) ​
(

​​​
− 1

​ 0​ 
0

 ​​
)

​​ + B​
(

​​​ 
​cos​​ 2​  − ​sin​​ 2​ 

​  sin(2 ) cos(4nR / ​​ b​​)​  
sin(2 ) sin(4nR / ​​ b​​)

 ​​
)

​​​​	 (4)

where the angle  is shown in fig. S2B. The first term on the right-
hand side of Eq. 4 represents the transmitted amplitude of the 
unscattered light. The parameter B (~0.05) may be estimated by 
calculating the overlap between the particle and the LP01-like 
core mode (25)

	​​ B  = ​ ∫0​ 
R
 ​​ ​J​0​ 2​(​u​ 01​​ r / R ) 2πrdr​/​​​∫0​ 

a
 ​​ ​J​0​ 2​(​u​ 01​​ r / a ) 2πrdr​​	 (5)

where a is the fiber core radius and u01 the first zero of the Bessel 
function J0. Since the input probe beam was vertically polarized, the 
change in S3 parameter was used to quantify the variation of the 
probe beam polarization induced by the rotation of the optical axis. 
Figure 1C shows the Stokes parameter S3 of the transmitted probe 
beam (measured using a polarimeter) as the angle  was rotated 
from 0° to 180° in steps of 10°. The vertical bars mark the SD ob-
tained after measurements on 10 different particles. It is known that 
the effective birefringence of the uniaxial vaterite microparticles 
may slightly vary because of the process of crystal growing (26). The 
black dashed line in Fig. 1C plots the predictions of Eq. 4 using 
n = 0.09 ± 0.02, which is consistent with the birefringence of bulk 
vaterite crystal (0.1).

Measurement of the orientation (O) of the optical axis 
of the particle
The experimental setup is the same as fig. S1A. The orientation angle 
O of the trapped particle can be retrieved from the measured opti-
cal rotation torque Z using the blue curve in Fig. 1H. The strength 
of Z was estimated using an approach similar to that reported in 
(27). The transmitted power at the fiber end (after a polarizer) was 
detected using an AC-coupled photodetector (PD1 in fig. S1A) with 
a transimpedance gain G = 1.25 kV/A. The detected voltage can then 
be written as

	​​
​​V​ d​​  = ​  P · G · H · B ─ 4 ​​ (​​1 − ​ ​∣​E​ L​​∣​​ 2​ −​∣​E​ R​​∣​​ 2​  ────────────  

​∣​E​ L​​∣​​ 2​ +​∣​E​ R​​∣​​ 2​
 ​​)​​​

​   
cos(2​ ̇ ​t ) = ​ ​𝛕​ Z​​ ωG · H ─ 4 ​  cos(2​ ̇ ​t)

 ​​	  (6)

where EL and ER are, respectively, the components of the Jones vec-
tor for the scattered field on the basis of left- and right-handed cir-
cular polarization, P is the optical power,  is the optical frequency, 
H is the responsivity of PD1 (0.6 A/W), and ​​ ̇ ​​ is tumbling angular 
frequency. It can be seen that the peak-to-peak amplitude of Vd can 
be directly correlated to the strength of Z. Figure S3 plots the mea-
sured Vd for particles with tumbling frequency of 636.2 Hz (gray) 
and 193.9 Hz (orange), respectively. The total trapping power is 
P = 2 W. Note that the measured frequency is twice the particle 
tumbling frequency since the orientation of the particle optical axis 
repeats after its tumbling over 180° along the fiber axis. A clear dif-
ference in the signal amplitude between the two particles can be seen 
from the data. The estimated value of Z from the gray and orange 
curves is 17.9 ± 7.2 pN·m and 6.8 ± 2.1 pN·m, respectively, giving 
a O of 0.62 ± 0.09 (or 0.38 ± 0.09) and 0.78 ± 0.04 
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(or 0.22 ± 0.04). The error bars are determined by the fluctuation 
in the peak-to-peak amplitude of Vd.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/28/eabf6053/DC1
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