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Section 1: Schematic Diagram of CVD process: 

 

 

 
 

 

Figure S1. Schematic diagram of the set-up used for CVD growth of 2D Cr2S3 

nanoflakes. 
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Section 2: Examination of the quality and uniformity of the CVD-grown 

Cr2S3 nanoflakes: 

 

 
(a) 

 
 

(b) 

 
 

Figure S2. (a) Optical microscope image of CVD-grown 2D Cr2S3 on mica 

substrate, where four different flakes are numbered; (b) AFM images of those 

four numbered flakes together with their respective height profiles.  
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Section 3: AFM images and corresponding height profiles of CVD-grown 

2D Cr2S3 nanoflakes having different thicknesses:  

 

 

 
 

 

Figure S3. AFM images and corresponding height profiles of CVD-grown 

2D Cr2S3 nanoflakes having different thicknesses used for thickness 

dependent Raman study in Fig. 2(b) of main text. The scale bar for the four 

images in the first row is 2 µm and that is for the second row is 8 µm.  
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Section 4: Deconvolution of closely placed Raman modes, P1 and P2, over 

the wide temperature regime: 

 

 

 

 
 

 

Figure S4. Deconvolution of two closely placed modes, P1 and P2, at 

temperatures 300K and 5K. 
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Section 5: Schematic diagrams of different polarized Raman 

spectroscopy setup: 

 

 

 

 
 

 

Figure S5. Schematic diagram of the experimental setup for, (a) linearly 

polarized Raman spectroscopy; (b) circularly polarized Raman spectroscopy. 
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Section 6: Raman spectroscopy results, for linearly polarized light, at 

different temperatures; Schematic of ARPRS setup: 

 

 

 

 
 

 

Figure S6. (a) Linearly polarized Raman spectroscopy for parallel (‖) and 

perpendicular (⏊) configurations measured at 5K and 300K; (b) Schematic 

diagram of the experimental setup for Angle resolved polarized Raman 

spectroscopy. 
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Section 7: Table containing the first-order temperature coefficient (χ) 

values of various 2D materials: 

 

Table S1: Comparison of the first-order temperature coefficient (χ) value 

for various 2D materials including this work: 

 

Materials Raman modes χ (cm-1K-1 ) 
References 

Monolayer graphene G –0.0162 1 

Bilayer graphene G –0.0154  

Monolayer MoS2 A1g –0.013 2 

 E2g –0.011  

Few-layer MoS2 A1g –0.0123 3 

 E2g –0.0132  

Few-layer black 

phosphorus 

A1g −0.023 4 

 A2g −0.018  

 B2g −0.023  

Few-layer WS2 A1g −0.004 5 

 E2g −0.008  

ZrSiS single crystals Eg
1 −0.008 6 

 Eg
2 −0.009  

 Eg
3 −0.015  

 A1g
1  −0.012  

 A1g
2  −0.012  

 B1g −0.014  

2D SnTe nanosheets A1g −0.0183 7 

 E2g −0.0141  

15 nm γ-Ga2S3 flakes 

 

A1g 

 

−0.0073 8 

CVD-grown Cr2S3 Eg (~247.4 cm−1) 

Ag (~281 cm−1) 

Ag (~355.5 cm−1) 

-0.0103 

-0.0066 

-0.0105 

9 

50 nm thick Cr2S3 Ag (~175.1 cm−1) -0.0093 This work 

 Eg (~184.8 cm−1) -0.0099  

 Eg (~250.1 cm−1) -0.0235  

 Ag (~283.1 cm−1) -0.0174  

 Ag (~360.2 cm−1) -0.0210  
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Section 8: Calculation details of Optical Selection Rule based on crystal 

symmetry dependent Raman Tensor: 

 

 

 

Part 1: 

 

The intensity of a Raman active mode with Raman tensor, Rj can be deduced 

by, 

                                 
 

Where 𝑒𝑖  and 𝑒𝑠 are polarization vectors of the incident and scattered light. 

 

The corresponding Raman tensors for Rhombohedral Cr2S3 belonging to R3̅ 

space group (No. 148) are as follows: 

 

 
 

 

 

For linearly parallel polarization configuration (‖), the incident and scattered 

polarization vectors are: 

 

  
 

The corresponding Raman intensities of Raman active modes are: 
 

𝐼 ∝ ∑|𝑒𝑠
†. 𝑅𝑗 . 𝑒𝑖 |

2
 

𝑗

 

𝑨𝒈 = (
𝑎 0 0
0 𝑎 0
0 0 𝑏

) ; 𝑬𝒈 = (

𝑐 𝑑 𝑒
𝑑 −𝑐 𝑓
𝑒 𝑓 0

) , (

𝑑 −𝑐 −𝑓
−𝑐 −𝑑 𝑒
−𝑓 𝑒 0

)   

                            𝑒𝑖 = (
1
0
0

) ;    𝑒𝑠 = (
1
0
0

) 
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For linearly perpendicular polarization configuration (⏊), the polarization 

vectors for the incident and scattered light vectors are: 
 

 
 

The corresponding Raman intensities of Raman active modes for linearly 

perpendicular polarization configuration are: 

 

 

 

 

 

𝑰‖ (𝑨𝒈) ∝ |(1 0 0) (
𝑎 0 0
0 𝑎 0
0 0 𝑏

) (
1
0
0

)|

2

= |(1 0 0) (
𝑎
0
0

)|

2

 

 

= |𝒂|𝟐 

 

𝑰‖ (𝑬𝒈) ∝ |(1 0 0) (
𝑐 𝑑 𝑒

𝑑 −𝑐 𝑓

𝑒 𝑓 0
) (

1

0

0

)|

2

+  

|(1 0 0) (

𝑑 −𝑐 −𝑓
−𝑐 −𝑑 𝑒
−𝑓 𝑒 0

) (
1
0
0

)|

2

 

= |(1 0 0) (
𝑐
𝑑
𝑒

)|

2

+ |(1 0 0) (
𝑑

−𝑐
−𝑓

)|

2

= |𝒄|𝟐 + |𝒅|𝟐 

                     𝑒𝑖 = (
1
0
0

) ;      𝑒𝑠 = (
0
1
0

) 

𝑰⏊(𝑨𝒈) ∝ 

 |(0 1 0) (
𝑎 0 0
0 𝑎 0
0 0 𝑏

) (
1
0
0

)|

2

= |(0 1 0) (
𝑎
0
0

)|

2

= 𝟎 
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Part 2: 

 

Calculations for Angle Resolved Polarized Raman spectra (ARPRS): 
 

For Angle Resolved Polarized Raman spectra, the intensities for both 𝑨𝒈 and 

𝑬𝒈 modes can be calculated using the same formula:   

   

 
  

In this configuration the incident and scattered polarization vectors are: 

 
 

    
 

𝑰⏊(𝑬𝒈) ∝ |(0 1 0) (

𝑐 𝑑 𝑒
𝑑 −𝑐 𝑓
𝑒 𝑓 0

) (
1
0
0

)|

2

+  

|(0 1 0) (

𝑑 −𝑐 −𝑓
−𝑐 −𝑑 𝑒
−𝑓 𝑒 0

) (
1
0
0

)|

2

 

= |(0 1 0) (
𝑐
𝑑
𝑒

)|

2

+ |(0 1 0) (
𝑑

−𝑐
−𝑓

)|

2

= |𝒄|𝟐 + |𝒅|𝟐 

                𝐼 ∝ ∑ |𝑒𝑠
†. 𝑅𝑗 . 𝑒𝑖 |

2
 𝑗             

𝑒𝑖 = (
1
0
0

)  ; 𝑒𝑠 = (
cos𝜃
sin𝜃

0
) 

;  θ : 0˚     90˚     
           ⃦       ⏊ 



11 
 

 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝑰(𝑨𝒈) ∝ |(cos𝜃 sin𝜃 0) (
𝑎 0 0
0 𝑎 0
0 0 𝑏

) (
1
0
0

)|

2

=

|(cos𝜃 sin𝜃 0) (
𝑎
0
0

)|

2

= 𝒂𝟐𝐜𝐨𝐬𝟐𝜽 

𝑰(𝑬𝒈) ∝ |(cos𝜃 sin𝜃 0) (

𝑐 𝑑 𝑒
𝑑 −𝑐 𝑓
𝑒 𝑓 0

) (
1
0
0

)|

2

+  

|(cos𝜃 sin𝜃 0) (

𝑑 −𝑐 −𝑓
−𝑐 −𝑑 𝑒
−𝑓 𝑒 0

) (
1
0
0

)|

2

 

= |(cos𝜃 sin𝜃 0) (
𝑐
𝑑
𝑒

)|

2

+  |(cos𝜃 sin𝜃 0) (
𝑑

−𝑐
−𝑓

)|

2

=

|𝑐cos𝜃 + 𝑑sin𝜃|2+  |𝑑cos𝜃 − 𝑐sin𝜃|2 
 

= 𝒄𝟐 + 𝒅𝟐 
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Part 3: 

 

Calculations for Polarized Raman spectra with circularly polarized light: 

 

The helicity selection rule can be determined by the Raman tensor (Rj), The 

calculated Raman intensity is determined by: 

 

 
  

Where 𝛔𝐬 and 𝛔𝐢 are the incident and scattered circularly polarized vectors. 

Polarization vectors for left (σ+) and right (σ-) circularly polarized light are: 

 

 

Hence, the intensities for 𝑨𝒈  and 𝑬𝒈  modes for both helicity conserved 

(σ+σ+) and helicity changed (σ+σ-) cases can be calculated as: ̶ 

 

For helicity conserved case (σ+σ+): 

 
 

                𝐼 ∝ ∑ |𝜎𝑠
†. 𝑅𝑗 . 𝜎𝑖 |

2
 𝑗       

𝜎+ =
1

√2
(

1
𝑖
0

) ; 𝜎− =
1

√2
(

1
−𝑖
0

)   

𝑰𝝈+𝝈+ (𝑨𝒈) ∝ 

|
1

2
(1 −𝑖 0) (

𝑎 0 0
0 𝑎 0
0 0 𝑏

) (
1
𝑖
0

)|

2

=  |
1

2
(1 −𝑖 0) (

𝑎
𝑎𝑖
0

)|

2

 

 

= |
1

2
(𝑎 + 𝑎 + 0)|

2

= |𝑎|2 
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For helicity changed case (σ+σ-): 
 

 
 

 

 

 
 

  

𝑰𝝈+𝝈+ (𝑬𝒈) ∝ |
1

2
(1 −𝑖 0) (

𝑐 𝑑 𝑒
𝑑 −𝑐 𝑓
𝑒 𝑓 0

) (
1
𝑖
0

)|

2

+  

|
1

2
(1 −𝑖 0) (

𝑑 −𝑐 −𝑓
−𝑐 −𝑑 𝑒
−𝑓 𝑒 0

) (
1
𝑖
0

)|

2

=

|
1

2
(1 −𝑖 0) (

𝑐 + 𝑖𝑑
𝑑 − 𝑖𝑐
𝑒 + 𝑖𝑓

)|

2

+ |
1

2
(1 −𝑖 0) (

𝑑 − 𝑖𝑐
−𝑐 − 𝑖𝑑
−𝑓 + 𝑖𝑒

)|

2

=

|
1

2
(𝑐 + 𝑖𝑑 − 𝑖𝑑 − 𝑐)|

2
+  |

1

2
(𝑑 − 𝑖𝑐 + 𝑖𝑐 − 𝑑)|

2
= 0 

𝑰𝝈+𝝈− (𝑨𝒈) ∝ 

|
1

2
(1 𝑖 0) (

𝑎 0 0
0 𝑎 0
0 0 𝑏

) (
1
𝑖
0

)|

2

=  |
1

2
(1 𝑖 0) (

𝑎
𝑎𝑖
0

)|

2

=

|
1

2
(𝑎 − 𝑎 + 0)|

2
=  0 

𝑰𝝈+𝝈− (𝑬𝒈) ∝ |
1

2
(1 𝑖 0) (

𝑐 𝑑 𝑒
𝑑 −𝑐 𝑓
𝑒 𝑓 0

) (
1
𝑖
0

)|

2

+  

|
1

2
(1 𝑖 0) (

𝑑 −𝑐 −𝑓
−𝑐 −𝑑 𝑒
−𝑓 𝑒 0

) (
1
𝑖
0

)|

2

=

|
1

2
(1 𝑖 0) (

𝑐 + 𝑖𝑑
𝑑 − 𝑖𝑐
𝑒 + 𝑖𝑓

)|

2

+  |
1

2
(1 𝑖 0) (

𝑑 − 𝑖𝑐
−𝑐 − 𝑖𝑑
−𝑓 + 𝑖𝑒

)|

2

=

|
1

2
(𝑐 + 𝑖𝑑 + 𝑐 + 𝑖𝑑)|

2
+  |

1

2
(𝑑 − 𝑖𝑐 − 𝑖𝑐 + 𝑑)|

2
= 𝟐(𝒄𝟐 + 𝒅𝟐) 
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