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Supporting Note S1. Theoretical calculating peak intensities of the Raman modes

The theoretical peak intensities of the Raman modes are calculated to fit the 

experimental ones. The peak intensity I of each Raman mode can be calculated by the 

formulaS1, 2

, (S1)2
out inI   e R e

where, eout and ein are respectively the unit polarization vectors of the scattered Raman 

signal and the incident laser. After the incident laser goes through the polarizer, its 

electric field direction is parallel to the z-axis of the Raman laboratory coordinates, and 

ein = [0, 0 ,1]T. Since the analyzer is parallel to the polarizer (Fig. S3), we have eout = 

[0, 0, 1]. R is the Raman tensor for each Raman mode. Tellurene belongs to the 4
3D  

space groupS3, and therefore the Raman tensors for A1, E1-TO, and E2 are respectively 

given byS4
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The Raman tensors are defined with respect to the crystal coordinates. Therefore, the 

coordinate conversion must be taken into account due to the azimuth rotation of the 

sample in the Raman measurements. The Raman tensors after the coordinate conversion 

R' can be written asS1

, (S3a)T' R A RA

where, A is the rotation matrix
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and AT is the transposed matrix of A. Herein,  is the angle between the z-axis and the 

c-axis of the tellurene nanosheet, and  is the rotation angle, as shown in Fig. S4.

According to the above derivation, the peak intensity of the Raman mode in our 

measurement configuration can be described as

. (S4a)
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Ultimately, the peak intensities of A1, E1-TO, and E2 Raman modes are respectively 

given by
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Here,  is 90, which means z-axis and c-axis is perpendicular to each other at the initial 

Raman measurement.

Supporting Note S2. Imaging Mueller matrix spectroscopic ellipsometry analysis

The constructed stacking model is composed of the geometric structure and the 

dielectric function for each part of geometric construction. The tellurene nanosheet and 

Si substrate with SiO2 oxide layer consist of the multilayer film structure. The structure 

parameters for this multilayer film structure are the thickness of each layer. Besides, on 

account of smooth surface of tellurene nanosheet measured by AFM in Fig. S7, the 

roughness of tellurene nanosheet or overlay model (such as effective medium 

approximation, EMAS5) are not taken into consideration. Since more attention is paid 

to the layer of tellurene nanosheet, the thickness and the dielectric function of Si 

substrate with SiO2 oxide layer were predetermined with a separate reference 

measurement on an uncoated region before determining those of tellurene nanosheet. 

To acquire the thickness and the dielectric function of tellurene nanosheet, the cubic-



spline functionsS6 vertical and parallel to the optics axis were applied and adjusted to 

obtain the best match with experimental data. Owing to the fact that the cubic-spline 

functions are not satisfied with Kramers-Kronig consistencyS7, the cubic-spline 

functions are lack of direct physical meaning. In consequence, the Lorentz oscillator 

model (with physical implication) along and vertical to the optics axis was introduced 

to fit Mueller matrix spectra, which is expressed as the sum form of several Lorentz 

oscillatorsS8, 9
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In Equation S1, E is the photon energy with the unit of eV, and the Q is the total number 

of Lorentz oscillators. In addition, E0, q, Aq, and q are the qth oscillator’s center energy, 

strength (amplitude), and damping coefficient respectively.

  In our ellipsometric analysis, both two Lorentz oscillators were employed along and 

vertical to the optics axis, whose best fitted parameters are summarized in Table S1.

Besides, the extracted thickness of the tellurene nanosheet is 71.0 nm in perfect 

accordance with the AFM value 72.6 nm as shown in Fig. S6, further implying the 

reliability and accuracy of the ellipsometric analysis.



Fig. S1 The ellipsometric measurement schematic diagram of tellurium (Te), where the 
azimuth is defined as the angle between c-axis of Te and j-axis of ellipsometric 
coordinate (i-j-k).

Fig. S2 The other representative azimuth-sensitive off-diagonal Mueller matrix 
elements (M13, M24, and M32) spectra at varied azimuths and incident angle i of 65 (a, 
c, and e) and those at the selected wavelength (b, d, and f).



Fig. S3 Schematic diagram of the Raman system configuration, where the polarizer and 
analyzer are parallel to each other and the tellurene is anticlockwise rotated in x-z plane. 

Fig. S4 The tellurene in x-z plane of Raman coordinate (x–y–z) at the beginning of 
Raman measurement (a) and after anticlockwise rotating  (b).

Fig. S5 The working principle of the imaging Mueller matrix spectroscopic 
ellipsometry (MMSE), where i represents the incident angle and the polarizer, 
compensator and analyzer are rotatable to obtain the first three row of Mueller matrix 
and high spatial contrast of sampleS8, 10. Combined with microscopic imaging system, 



the lateral resolution of the imaging MMSE can even reach up to 2 mS6.

Fig. S6 The atomic force microscopy (AFM) image of the same tellurene nanosheet 
measured by the imaging MMSE, where the triangle is the region to extract the Mueller 
matrix spectra for the spectroscopic analysis.

Fig. S7 The experimental (green points) and model-calculated (solid line) Mueller 
matrix spectra at the incident angle of 50.



Fig. S8 The first-principle calculated dielectric function spectra (a), complex refractive 
index spectra (b), and in-plane birefringence n (= ne  no) and dichroism k (= ke  
ko).

Fig. S9 The first-principle calculated tellurene’s thickness dependence of birefringence 
n (a) and dichroism k (b), where “L” denotes layers.

Fig. S10 The charge density of conduction band maximum (CBM) using an isosurface 
of 0.3 meÅ-3, left: along the a-axis, right: along the c-axis



Fig. S11 The relationship between conduction band minimum (CBM, a) or valence 
band maximum (VBM, b), deducting the vacuum energy level Evacuum, and deformation 

of lattice constant (a-axis or c-axis) 0, ( , )j jl l j a c   with their linearly fit, where the 

insert tables are the slopes and its standard errors of these linearly fitted lines. As -0.01 
strain (compressive strain) along c-axis causes great fluctuation in linearly fitting, it is 
excluded from linearly fit. 



Table S1. The best fitted parameters of Lorentz oscillators model used in uniaxial 
anisotropic model of tellurene nanosheet.

Center energy (E0) 
[eV]

Amplitude (A) 
[(eV)2]

Damping coefficient () 
 [eV]

1.10  0.172 33.84 ± 16.178 1.59 ± 0.152
o 1.61  0.060 36.26 ± 15.737 1.36 ± 0.127

1.08 ± 0.221 51.38 ± 2.724 5.79 ± 0.775
e 1.85  0.007 29.76 ± 1.970 1.22 ± 0.039

Table S2. Comparison of birefringence in commercial birefringent materials, typical 
low-dimensional materials, and well-designed birefringent materials.

Materials
Birefringence (n)

Reference
s

Tellurene 0.48 This 
work

Quartz (SiO2) 0.009 Ref S11
MgF2 0.012 Ref S12

Calcite (CaCO3) 0.20 Ref S11
Black phosphorus (BP) 0.15 Ref S13

TiS3 0.30 ±0.04 Ref S14
BaTiS3 0.76 Ref S15

h-BNa 0.3 in vis-near infrared region
2 in UV region

Ref S16, 
17

-MoO3 0.11 Ref S18

MoS2
a 1.5 in near infrared region

3 in visible range Ref S19

Cs4PbBr6 perovskite 
crystals embedded with 
CsPbBr3 nanocrystals

0.018 Ref S20

CeF2(SO4) 0.36 Ref S21
Rb2VO(O2)2F 0.19 Ref S22

[Al(H2O)6](IO3)2(NO3) 0.252 Ref S23
a although the birefringences of h-BN and MoS2 are rather larger than many other 
materials, they are out-of-plane rather than more accessible in-plane birefringence like 
tellurene.
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