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O P T I C S

Observation of nonreciprocal magnetophonon effect 
in nonencapsulated few-layered CrI3
Zhen Liu1*, Kai Guo1*, Guangwei Hu2, Zhongtai Shi1, Yue Li1, Linbo Zhang1,  
Haiyan Chen1, Li Zhang1, Peiheng Zhou1, Haipeng Lu1, Miao-Ling Lin3, Sizhao Liu4, 
Yingchun Cheng4, Xue Lu Liu3, Jianliang Xie1, Lei Bi1, Ping-Heng Tan3, Longjiang Deng1†,  
Cheng-Wei Qiu2†, Bo Peng1†

“Magneto-optical” effect refers to a rotation of polarization plane, which has been widely studied in traditional 
ferromagnetic metal and insulator films and scarcely in two-dimensional layered materials. Here, we uncover a 
new nonreciprocal magnetophonon Raman scattering effect in ferromagnetic few-layer CrI3. We observed a rotation 
of the polarization plane of inelastically scattered light between −20o and +60o that are tunable by an out-of-
plane magnetic field from −2.5 to 2.5 T. It is experimentally observed that the degree of polarization can be mag-
netically manipulated between −20 and 85%. This work raises a new magneto-optical phenomenon and could 
create opportunities of applying two-dimensional ferromagnetic materials in Raman lasing, topological photonics, 
and magneto-optical modulator for information transport and storage.

INTRODUCTION
Ferromagnetic ordering at the monolayer limit was believed to be 
prohibited at nonzero temperature according to the Mermin-Wagner 
theorem (1); however, recent discoveries of Ising ferromagnetism in 
monolayer CrI3 and Cr2Ge2Te6 prove that there remain exciting 
possibilities of magnetism at the atomic-scale thickness in two- 
dimensional (2D) material (2, 3). The rich physics of the magneto- 
optical effect and spin manipulation in 2D ferromagnetic van der Waals 
(vdW) material remains to be extensively explored (4–8). The long-
range magnetic orders together with their rich electronic and optic 
properties in 2D layered materials could open up numerous oppor-
tunities for topological photonics, spintronics, and information 
storage applications (9–16).

Atomically thin CrI3 is a typical 2D Ising ferromagnetic material 
with a Curie temperature (TC) of ~45 K (3, 17). The ferromagnetic 
nature originates from the Cr3+ ions with electronic configuration 
3d3; the magnetic moment is aligned in the out-of-plane direction 
perpendicular to the CrI3 layer. Beyond the monolayer, the vdW 
heterostructures comprising layered 2D ferromagnetic materials 
have been studied as magnetic tunneling junction devices, showing 
promise for next-generation information transfer and data storage 
technologies (12, 13, 18). Moreover, feasible approaches to switch 
the magnetic orders between ferromagnetic and antiferromagnetic 
states through electric gating or electrostatic doping (19–21) and 
pressure (22, 23) have been demonstrated, again providing more 
opportunities for the reliable 2D magnetic devices.

However, to date, the magneto-optical effect in layered 2D ferro-
magnetic materials is rarely explored except for the Kerr effect (24). 

For example, magnetic fields tune inter-Landau–level excitations in 
resonance with the phonon by electron-phonon coupling, resulting 
in a pronounced anticrossing behavior of the coupled phonon and 
electronic modes in nonmagnetic graphene (25, 26). As a simple 
physical picture, the Lorentz oscillator mode gives the polarizability 
and permittivity of materials via the kinetic equation of motion; in 
the presence of an applied out-of-plane magnetic field (    → B   ‖    ̂  z    ) that 
leads to a Lorentz force  eB r ̇   , the kinetic equation is modified as is 
given  m r ̈   + m r ̇   + m   0  2  r() + eB r ̇   = − eE . This indicates that the 
polarizability and permittivity can be controlled by magnetic field 
(27, 28), thus suggesting marked inelastic phonon scattering behav-
ior controllable with magnetic field. This phenomenon has rarely 
been reported until now. This missing scenario may hinder the full 
manipulation of photons, electrons, and spins, especially phonons 
in atomically thin magnetic materials as well as the exciting applica-
tions based on the magneto-optical effect.

Here, we report a phenomenal effect of nonreciprocal magneto-
phonon Raman scattering. Specifically, the low-temperature polar-
ization angle–resolved confocal Raman system with the external 
magnetic field is used to study anisotropic inelastic phonon scatter-
ing. We observe that the polarization axis of the light scattered from 
trilayer (3L), 5L, and bulk CrI3 rotates from −15°, −8°, −20° to +40°, 
+35°, +60°, respectively, when an applied out-of-plane magnetic 
field changes from −2.5 to +2.5 T. The helicity parameter of circu-
larly polarized phonon scattering light can be magnetically tuned 
between −20 and 85%, which are also nonlinear and nonreciprocal 
versus magnetic field. Our measurements reveal that the ferromag-
netic 2D layered CrI3 is a unique magneto-optical material system 
that supports the seemingly controversial coexistence between the 
extremely large rotation angle and short optical path and, there-
after, holds great promise for nonreciprocal magneto-optical devices, 
especially in Raman lasing toward photonic integrated circuit and 
on-chip devices (29–32).

RESULTS
The CrI3 bulk crystals were synthesized by the chemical vapor 
transfer method (17). Although the bulk is monoclinic (space group 
C2/m; see section S1) at room temperature, the few-layer and bulk 
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CrI3 is rhombohedral stacking order at 10 K (space group  R  ̄  3  ; 
Fig. 1A), consistent with our previous reports (33). The 3L and 5L 
CrI3 were first exfoliated from the bulk and then directly transferred 
onto 285-nm SiO2/Si substrates; the nonencapsulated CrI3 were in 
situ–loaded into a closed cycle optical cryostat in a glovebox. Figure 1B 
shows the optical micrograph of a 3L CrI3 flake, and the layer 
number of CrI3 can be identified through the optical contrast (3, 33). 
The magnetic control of magnetophonon effect is then studied 
through our low-temperature (10 K) angle-resolved Raman system 
with an out-of-plane external magnetic field (7 T), which has been 
excellently calibrated (see Materials and Methods and section S2).

Figure 1C displays the Raman features of 3L, 5L, and bulk CrI3 
at 10 K in the absence of magnetic field. The features at ~128 
and ~237 cm−1 in 3L CrI3 are assigned to the out-of-plane   A g  3    mode 
(33, 34) (the alternate squeezing and spreading of iodine atoms in 
the out-of-plane direction) and the in-plane   E g  4    modes (the alternate 
displacement of Cr atoms) (35, 36). We observed that the   E g  4    fea-
tures are softened and shift to low frequency as the layer number 
increases, while the   A g  3   features remain unaffected. The frequency 
difference between the   A g  3   and   E g  4    modes changes from 109.2, to 
108.6, to 107.6 cm−1 in 3L, 5L, and bulk CrI3, respectively, indicat-
ing the feasibility of identifying the layer number through the fre-
quency difference.

The unambiguous nonreciprocal magnetophonon Raman scat-
tering effect is observed. Figure 1 (D to F) shows the polarization 
dependence of the   A g  3    and   E g  4    modes in 3L CrI3 at 10 K excited by a 
linearly polarized 514-nm light with an incident polarization (ei) 
along the x axis, defined as 0°. The polarization axis of scattering 
light (es) is rotated in the x-y plane with  angle configuration. The 
Raman intensities of the   E g  4    mode almost remain constant in differ-
ent scattering polarization, indicating that the in-plane   E g  4    vibration 

is isotropic. Furthermore, the isotropic behaviors are independent 
of the out-of-plane magnetic field (see sections S3 to S5). In stark 
contrast, the   A g  3    mode exhibits a pronounced anisotropic polariza-
tion dependence behavior with a twofold rotation symmetric shape. 
At zero external magnetic fields, the scattering polarization axis of 
the   A g  3    mode is at 5° (see Fig. 1D and section S3). Strikingly, when an 
external magnetic field is applied, the scattering polarization axis of 
the anisotropic   A g  3    mode is rotated to +40o (−15o) value for +2 T (−2 T). 
It is interesting to note that the rotation changes its direction and 
amplitude when the magnetic field with the same magnitude switches 
the direction (see section S3).

To further verify such exotic magnetophonon effect, we mea-
sured the polarization-resolved Raman spectra of 5L and bulk CrI3 
under different magnetic fields. Figure 2A shows the polarization 
dependence of Raman intensities of the   A g  3    mode of 5L CrI3 in dif-
ferent magnetic fields. Strikingly, the polarization axis is rotated 
from −8° to +35o as the magnetic field variates from −2.5 to +2.5 T 
(see Fig. 2B and section S4). The rotation direction of the polariza-
tion axis is opposite when the direction of the magnetic field is re-
versed; however, the absolute values of polarization rotation angles 
are not equal in the positive and negative magnetic fields. Such non-
reciprocal magnetophonon scattering behaviors are more explicit 
in bulk CrI3. The polarization axis is slowly rotated to −20° as mag-
netic field increases from 0 to −2.5 T; however, it is drastically rotated 
to +60o with increasing magnetic field from 0 to +2.5 T (see Fig. 2B 
and section S5). In stark contrast, using Si substrates as control 
samples, the scattering polarizations show no dependence on the 
magnetic field, although a twofold anisotropic pattern is observed 
too (see section S6). Therefore, it evidences that the nonreciprocal 
magnetophonon scattering effect of the anisotropic phonon mode 
takes place in 2D ferromagnetic CrI3 in the presence of magnetic field.
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Fig. 1. Structure of CrI3. (A) Schematic of monolayer CrI3. Red and blue balls represent Cr and I atoms, respectively. The low-temperature crystal structure of CrI3 is rhom-
bohedral (space group  R  ̄ 3  ), in which Cr3+ ions are coordinated by six nonmagnetic I− ions to form an octahedral geometry, which further share edges to build a honey-
comb network. (B) The optical images of few-layered CrI3 with an optical contrast of approximately −0.1, which determine the layer number to be 3. (C) Raman spectra of 
3L, 5L, and bulk CrI3 at 10 K. The   E g  4   mode shift to low Raman frequency as the layer number increases. (D) 2D maps of phonon scattering spectra of 3L CrI3 at 0 T. (E and 
F) Raman scattering intensity of the   A g  3   mode of 3L CrI3 as a function of polarization angle under a magnetic field of −2 and +2 T at 10 K. Red dashed line represents the 
polarization axis of anisotropic scattering, which is rotated from −15° to 40° by the magnetic field. a.u., arbitrary units.
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The Raman scattering features of the   A g  3    and   E g  4    modes of 3L, 5L, 
and bulk CrI3 at different magnetic fields do not offer any detectable 
difference on the phonon frequency, line width, and shape (see sec-
tion S7), indicating that the lattice parameters of CrI3 are completely 
unrelated to the external magnetic field. Thus, the magnetostrictive 
strain effect, the coupling of phonon and Landau level, and phonon- 
plasmon coupling are not responsible for the nonreciprocal mag-
netophonon effect (25, 26, 37). The unpolarized Raman scattering 
intensities of the   A g  3    and   E g  4    modes detected without the polarization 
analyzer are also independent of magnetic field (see section S8), in-
dicating that magnetic field does not influence the total scattering 
intensity. Thus, we can safely attribute the magneto-optical Raman 
scattering effect to magnetic control of the dipole moment of CrI3 
lattice vibration (Fig. 3, A and B).

DISCUSSION
In ferromagnetic materials, the spin-orbital interaction and Heisenberg’s 
exchange interaction lead to a strong effective magnetic field and 
lift the degeneracy of ground states and excited states together with 
the external magnetic field, thus resulting in nonreciprocal magneto- 
optical Faraday and Kerr effect of ferromagnets (10,  11,  38,  39). 
Generally, classic theories have been proposed to explain the 
magneto-optical Faraday and Kerr effect in ferromagnetic materials: 
(i) the electron dynamics theory from the Lorentz model and Maxwell’s 
equations and (ii) the macroscopic theory on the basis of the dielectric 
tensor theory in the constitutive relations solving the Maxwell’s equa-
tions of electromagnetic wave. The electron dynamics theory from 
the Lorentz model demonstrates that the polarizability tensor (K) 

is strongly dependent on magnetic field (see section S9). From the 
macroscopic descriptions of scattering, Raman inelastic scattering 
intensity is intimately connected to the differential scattering cross 
sections and polarizability tensor, which is given by

   I =  [     〈  Q  K0   〉  (   0   −    k  )   4   ─ 
32  c   3 

    sin   2  φ ]    ∣   K   ⋅ E∣   2    (1)

Onsager’s relation has proposed that the symmetry of off-diagonal 
components of the polarizability tensor is broken by a magnetic 
field because of time inversion symmetry breaking (40); thus, xy ≠ 
yx, and the reciprocity is broken (see sections S9 and S10). The 
nonreciprocity increases as the ratio of the off-diagonal component 
to the diagonal component increases. The scattering intensity is 
maximum only when the dipole moment vector is perpendicular to 
scattering direction (φ = 90°); thus, the rotation angle of polariza-
tion axis (; Fig. 2C) is strongly dependent on ayx/axx. That is to say, 
the magnetophonon scattering effect originates from the rotation of 
the dipole moment vector through tuning the polarizability tensor 
(Fig. 3, A and B).

The few- and monolayer CrI3 have shown Kerr effect and mag-
netic circular dichroism in the near infrared–visible light region 
(3, 15, 21); the ratio of the off-diagonal to diagonal components of 
the permittivity tensor of few-layer CrI3 is up to ~5%, representing 
at least one order of magnitude larger than classic ferromagnetic 
insulator Ce1Y2Fe5O12 (CeYIG) and Bi1Y2Fe5O12 (BiYIG) (see sec-
tion S11) (41), thus leading to the giant magnetophonon scattering 
angle up to approximately two orders of magnitude larger than that 
from the magneto-optical Kerr effect (24). Moreover, the CrI3 flakes 
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Fig. 2. Magnetic control of anisotropic scattering. (A) 2D maps of magneto-optical Raman scattering spectra of 5L CrI3 as a function of magnetic field. The polarization 
plane is rotating as the magnetic field increases. (B) Polarization angle of 3L, 5L, and bulk CrI3 with an asymmetric variation as a function of magnetic field, indicating a 
nonreciprocal magnetic-biased control behavior. (C) Schematic picture of polarization configuration.  is the angle between laboratory coordinates (xL, yL, and zL) and 
crystal coordinates (xC, yC, and zC).  is the scattering angle in the laboratory coordinates.
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may be ideal 2D magneto- optical materials and open the door to-
ward nonreciprocal photonic integrated device at optical frequencies 
(29, 30, 32). To avoid complex mathematic derivation and focus on 
the physical essence of magnetophonon scattering effect, the polar-
izability tensor of the   A g  3    mode in the presence of magnetic field is sim-
plified to a new Hermitian matrix with magnetic-dependent complex 
diagonal and off-diagonal components (see sections S9 and S10)

     K  L  ( A  g  (B ) ) =   e ─     

⎡

 ⎢ 

⎣

    

−     iaB  0   ─ 
 B 0  2  +  B   2 

  

  

  bB ─ 
 B 0  2  +  B   2 

  

  

0

   −    bB ─ 
 B 0  2  +  B   2 

   c  −     iaB  0   ─ 
 B 0  2  +  B   2 

    0   

0

  

0

  

   zz  

  

⎤

 ⎥ 

⎦

     

The corresponding magneto-optical Raman scattering intensity 
of   A g  3    mode as a function of scattering angle  is given by

   I( A  g  (B ) ) ∝  |   −   e ─       
(Bb sin − ha cos ) + iga cos

   ───────────────  
 (g + ih)   2  +  B   2 

   |     2    (2)

where a and b are the lattice symmetry-restricted elements, and  
B  0   =  m(−     2  + i +   0  2 ) ___________ ie    =  m _ e   + i  m(    2  −   0  2 ) _ e    = g + ih  determines the ro-
tation of polarization axis and ellipticity of the polarized scattering 

light. All experimental results of the   A g  3    modes from 3L, 5L, and 
bulk CrI3 are together fitted by Eq. 2, in which the experimental and 
calculated results are in good agreement (Fig. 3C and fig. S9, A to 
C). The electron moving in an out-of-plane magnetic field experi-
ences an in-plane Lorentz force, which increases the natural fre-
quency (0) in a negative magnetic field. Consequently, the damping 
constant  and B0 increase in a negative magnetic field (fig. S9D), 
while the Lorentz force slows down 0 and diminishes B0 in a positive 
magnetic field (fig. S9E). Therefore, the diagonal and off-diagonal 
components of the polarizability tensor can be controlled by mag-
netic field and display different values in negative and positive mag-
netic fields, enabling the nonreciprocal magnetophonon effect (see 
section S10 and fig. S10). Figure 3D shows that the rotation angle of 
the polarization axis increases as the g decreases. Strikingly, the non-
reciprocal magnetophonon Raman scattering behaviors are pre-
dicted by the proposed Lorentz-modified Eq. 2 from the electron 
dynamics theory. The polarization angle is ~60° in a magnetic field 
of 2.5 T with g = 3.8. On the contrary, the angle changes to approx-
imately −20° when the magnetic field switches to −2.5 T with 
g = 4.3. The experimental results in Fig. 2B are in agreement with 
the calculation. Thus, the nonreciprocal magnetophonon effect arises 
from the magnetic field dependence of B0, which tunes both com-
plex diagonal components and off-diagonal components of the 
polarizability tensor (see sections S9 and S10) (28). The magnetic 
field–dependent behaviors of the inelastic scattering polarization 
angle mainly arise from the Lorentz force. The magnetic states of 
CrI3 can influence the nonreciprocal magnetophonon effect. An in-
trinsic magnetic field of CrI3 flakes below TC enhances the anisotro-
pic scattering effect, resulting in a nonzero scattering angle at 0 T 
(3, 24), as shown in Fig. 2B and sections S3 to S5. However, above 
TC, the nonreciprocity is drastically weakened and almost disappears; 
the polarization axis of Raman signals is collinear with the laser ex-
citation, giving rise to a zero scattering angle at a zero magnetic field 
(see section S12) (24). The exotic nonreciprocal magnetophonon 
scattering effect, in which the polarization angle value is asymmetric 
in the positive and negative magnetic fields (Fig. 2B), deserves fu-
ture theoretical investigation. It may lead to the better understanding 
of the fundamental physics of the anomalous nonreciprocal magneto- 
optical Raman scattering effect in 2D ferromagnetic layered ma-
terials. The nonreciprocal magneto-optical scattering effect is observed 
in ferromagnetic few-layer CrI3, which probably uncovers a new 
nonreciprocal magneto-optical effect, besides Faraday effect, Kerr 
effect, and magnetic circular dichroism. Our observation may stim-
ulate both experimental and theoretical investigations of magneto- 
optical scattering effect (42).

The Raman intensity of the   E g  4    mode at zero magnetic field is 
given by I(Eg) ∝ c2 + d2(see section S13), which confirms its isotro-
pic behaviors. The corresponding magneto-optical Raman scatter-
ing intensity of the   E g  4    mode in an out-of-plane magnetic field is  

 I( E  g  (B ) ) ∝   |      B  0   _ 
 B 0  2  +  B   2 

  c |     2  +   |     B _ 
 B 0  2  +  B   2 

  d |     2   (see section S13). The in-plane  

  E g  4    mode intensities are still independent of the polarization angle, 
which remains isotropic under magnetic field. Therefore, the   E g  4   
mode intensity remains almost constant and isotropic in different 
magnetic fields (see sections S3 to S5).

Furthermore, we demonstrate a magnetic control of degree of 
polarization (DOP), which allows us to identify and controllably 
access the parallel and perpendicular polarization configuration. 

Z

µH

µH

E(H)

P(H)

P(H)

θ

θ

E(0)

P(0)

P(0)

Y

Z

Y

X

S

E

R

BA

4.3

4.2

4.1

4.0

3.9

 p
ar

am
et

er
 (a

.u
.)

g

−90

0

−60
−30

90
60

30

 Polarization angle (°) 2.5

−1.5

0.5
−0.5

1.5 ( Tµ H0  )

1.2

1.0

0.8

0.6

0.4

0.2

0

A
g /E

g

3.8

−2.5

0

5

-1

0

1

1

2

3
25020015010050

5

0

1

−1

2

−2

3

−3

Bulk

 Polarization angle (°)

A
g /E

g

1.5

1.0

0.5

0

0

100 150 200
−50

250
−100 0 50

( T )

DC

µ
H0

Fig. 3. Origin of magnetophonon scattering effect. (A and B) The vector of in-
duced dipole moment [P(0) and P(H)] is rotated by magnetic field from 0° to , 
leading to the direction of the maximum differential scattering cross sections [E(0) 
and E(H)] rotating at an angle of . φ is the angle between the dipole moment (P) 
and the scattering direction (R); S represents the Poynting vector; E is the electric 
field vector that is perpendicular to R in the plane comprising R and P. E(0) and E(H) 
are maximized when φ = 90°. (C) All experimental and corresponding calculation 
(3D color distributions, g = 4; fig. S9C) results of the   A g  3   mode of bulk CrI3 versus 
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Figure 4 (A and B) shows the magnetophonon Raman scattering 
intensity in the two-polarization configurations as a function of 
magnetic field. The Raman scattering intensity in the cross- 
polarization configuration increases as the magnetic field increases, 
whereas the Raman intensity in the parallel-polarization configura-
tion decreases. The DOP, defined as  = (I// − I⊥)/(I// + I⊥), is up to 
~85% and can be tuned monotonically from −20 to 85% when the 
magnetic field decreases from ±2.5 T to 0 (Fig. 4C). These results 
raise the feasibility of applying 2D ferromagnetic few-layer CrI3 for 
information encoding and data storage.

CONCLUSION
In summary, a giant nonreciprocal magnetophonon effect is ob-
served in ferromagnetic few-layer CrI3. The magnetic control of 
anisotropic Raman scattering, in which the polarization angle, ellip-
ticity, and DOP are magnetic field dependent, has been demon-
strated. The nonreciprocal magnetophonon scattering originates 
from magnetically controlling the natural frequency by Lorentz 
force, leading to the nonreciprocally magnetic manipulation of di-
agonal components and off-diagonal components of the polariz-
ability tensor. Our results demonstrate the unique potential of 2D 
ferromagnets for magnetically controlled information encoding 
and Raman lasing applications.

MATERIALS AND METHODS
CrI3 synthesis and preparation
The CrI3 bulk crystals were synthesized by the chemical vapor 
transport method. Chromium powder (99.99%, Alfa Aesar) and 
anhydrous iodine particles (99.99%, Alfa Aesar) were mixed stoi-
chiometrically. About 1 g of the mixture was loaded in the ampoule 
(16-mm inner diameter, 20-mm outer diameter, and 200-mm length). 
The ampoule with the mixture was placed into liquid nitrogen to 
prevent sublimation of iodine particles and then evacuated to a 
pressure of approximately 10−3 Pa. The ampoule was sealed and 
placed into a two-zone furnace with temperature gradient of 650° to 
530°C for 7 days. The CrI3 crystal that is shiny and black was ob-
tained at the sink region of the ampoule. The crystal was stored in a 
nitrogen atmosphere and in anhydrous conditions.

The few-layer CrI3 flakes were mechanically exfoliated from 
bulk crystal onto polydimethylsiloxane films and then directly 

transferred onto SiO2/Si substrates, which were in situ–loaded into 
the cold head for optical measurements in the glove box.

Raman measurements
The Raman signals were recorded by a Witec Alpha 300R Plus con-
focal Raman microscope, which is coupled with a closed-cycle He 
optical cryostat (10 K) and a superconducting magnet. A long work 
distance 50× objective (numerical aperture = 0.45) was used for the 
Raman measurement at 10 K and magnetic field. The Raman sig-
nals were first collected by a photonic crystal fiber and then coupled 
into the spectrometer with 1800 g/mm grating. The polarization- 
resolved Raman spectra were obtained by rotating the polarization 
of the analyzer, which was put before the photonic crystal fiber. The 
power of the excitation laser at 514 nm was measured to about 
2 mW, and the typical integration time is 20 s. The magneto-optical 
system is checked by angle-resolved polarized Raman spectra using 
highly ordered pyrolytic graphite (HOPG) as reference samples; the 
G mode intensities of HOPG are isotropic on its basal plane, verify-
ing that our optical system is excellently calibrated (see section S2).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/43/eabc7628/DC1
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