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Fig. S1. Laser-induced degradation of few-layer GaSe by a 532-nm laser. Optical images taken (a) 

before and (b) after laser exposure in vacuum showing that damages are not visible except for the 

case of 15-min irradiation with the power of 300 μW. (c) AFM image of the sample after laser 

exposure. The laser powers and the exposure times are indicated. For 100 μW or below, no 

apparent change is observed. At 200 μW, a slight change is seen after 10 min. At 300 μW, obvious 

degradation is seen after 10 min. 
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Fig. S2. Ultra-low-frequency Raman spectra for 1-, 2-, 3-, 4-, 5-layer, and bulk GaSe in cross and 

parallel polarization configurations. 
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Fig. S3. Polarization dependence of Raman peak intensities of (a) 1A (2) , (b) E , and (c) 1A (2)  

modes measured in the parallel polarization configuration, showing in-plane isotropy. 

 

 

Fig. S4. Raman spectra of 6- and 7-layer and bulk GaSe. P1 and P2 are occasionally observed in 

thick samples. 
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Note S1. Raman tensor calculations for four polytypes of bulk GaSe in linear and circular 

polarization configurationsS1, S2 

The β- and ε-GaSe have 24 normal vibrational modes with 4

6hD  and 1

3hD  space group, 

respectively. Since the γ-GaSe with 5

3vC  space group includes three layers in one unit cell, 36 

normal modes exist. The δ-GaSe has 4

6vC  space group corresponding to 48 normal modes. The 

four different polytypes of bulk GaSe show the following irreducible representations at the zone 

center: 

2u 1g 1u 2g 1u 2 1g 2u

1 2

1

1 1 1 2

Γ  = 2A +2A +2B +2B +2E +2E +2E +2E

Γ  = 4A +4A +4E +4E

Γ  = 12A +12E

Γ  = 8A +8B 8E 8E

g







   

 

       (S1) 

The β-GaSe has 6 Raman active modes (
1g2A , 

2g2E , and 
1g2E  modes) and the ε-GaSe have 

11 nondegenerate Raman active modes ( 14A , 3E , and 14E ). On the other hand, all the optical 

modes in γ-GaSe are both infrared and Raman active, so 22 nondegenerate Raman active modes 

exist. For the δ-GaSe, 7 1A  and 7 1E  modes except the acoustic modes are Raman allowed as well 

as 8 modes of 2E . 

The intensity of each mode is proportional to 
2

s i
ˆ ˆRe e  , where sê  and îe  are polarizations of 

the scattered and incident photons, respectively, and R  is the Raman tensor. For the hexagonal 

(β-, ε-, and δ-) GaSe, the Raman tensors can be written as 
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1g 1g 1g

2g 2g

0 0 0 0 0 0 0

-GaSe :  A 0 0 , E 0 0 , E 0 0 0 ,

0 0 0 0 0 0

0 0 0 0

    E 0 0 , E 0 0

0 0 0 0 0 0

a c

a c

b c c

d d

d d



     
     

  
     
          

   
   

   
   
   
   

     (S2) 

1

0 0 0 0 0 0 0

-GaSe :  A 0 0 , E 0 0 , E 0 0 0 ,

0 0 0 0 0 0

0 0 0 0

    E ( ) 0 0 , E ( ) 0 0

0 0 0 0 0 0

a c

a c

b c c

d d

x d y d



     
         
     
          

   
       
   
   
   

     (S3) 

1 1 1

2 2

0 0 0 0 0 0 0

-GaSe :  A ( ) 0 0 , E ( ) 0 0 0 , E ( ) 0 0 ,

0 0 0 0 0 0

0 0 0 0

    E 0 0 , E 0 0

0 0 0 0 0 0

a c

z a x y c

b c c

d d

d d



     
     

  
     
     
     

   
   

   
   
   
   

    (S4) 

where a, b, c and d are constants. On the other hand, γ-GaSe has the Raman tensors: 

1

0 0 0 0 0

-GaSe :  A ( ) 0 0 , E( ) 0 0 , E( ) 0

0 0 0 0 0 0

a c d c

z a x c y c d

b d d



     
     

   
     
     
     

    (S5) 

For the case of the linearly polarized light in back-scattering geometry, we can write down the 

incident and scattered light vectors as  i i i
ˆ cos sin 0e    and  s s s

ˆ cos sin 0e   , 

respectively. The angles i  and s  are angle of the incident and scattered light polarization with 

respect to an arbitrary reference direction 0°. Therefore, the intensities depending on the 

polarization angle of 
1gA  modes for β-GaSe, for example, can be calculated as 
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 
1g

2

i
2 22

A s i s s i i s

0 0 cos

ˆ ˆI R = cos sin 0 0 0 sin cos( )

0 0 0

a

e e a a

b



    

  
  

    
  
  
  

    (S6) 

If the incident and scattered light are perpendicular, the term is zero. Therefore, we can only 

observe the 
1gA  modes in the parallel polarization configuration and not in the cross polarization 

configuration. Since the 1A  mode for ε-GaSe and 1A ( )z  modes for δ-GaSe and γ-GaSe have the 

identical for of the Raman tensors, the polarization dependences are the same. 

In contrast to the A modes, some E modes are forbidden in back-scattering geometry although 

they are Raman active. The Raman tensors of two 
1gE  modes for β-GaSe, two of E  modes for ε-

GaSe, and 1E ( )x  and 1E ( )y  modes for δ-GaSe have no elements in the first and second columns 

and rows. Therefore, these E modes are forbidden in the back-scattering geometry. On the other 

hand, the intensities of two 
2gE  modes for β-GaSe depending on the polarization angle are 

 
2g

2

i
22

E s s i i s

0 0 cos

I cos sin 0 0 0 sin cos( )

0 0 0 0

d

d d



    

  
  

   
  
  
  

,     (S7) 

 
2g

2

i
22

E s s i i s

0 0 cos

I cos sin 0 0 0 sin sin( )

0 0 0 0

d

d d



    

  
  

   
  
  
  

     (S8) 

Since these two 
2gE  modes are degenerate, the polarization dependence has a superposed form 

of the two modes, resulting in the total intensity proportional to a constant 
2d . Therefore, the 

2gE  

modes can be observed regardless of the polarization configuration. The E ( )x  and E ( )y  modes 
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for ε-GaSe and the 2E  modes for δ-GaSe have the identical tensor forms, leading to the identical 

polarization dependences.  

The Raman tensors of the E( )x  and E( )y  modes for the γ-Gase are 

0

0 0

0 0

c d

c

d

 
 
 
 
 

 and 

0 0

0

0 0

c

c d

d

 
 

 
 
 

, 

respectively. The intensities are 

  

2

i
22

E( ) s s i i s

0 cos

I cos sin 0 0 0 sin sin( )

0 0 0

x

c d

c c

d



    

  
  

  
  
  
  

and     (S9) 

 

2

i
22

E( ) s s i i s

0 0 cos

I cos sin 0 0 sin cos( )

0 0 0

y

c

c d c

d



    

  
  

   
  
  
  

,   (S10) 

the same as the case of the 
2gE  modes for β-GaSe: the E modes for γ-GaSe have no polarization 

dependence.  

Consequently, for linearly polarization configuration, all the A modes are observed in the 

parallel polarization configuration and not in the cross polarization configuration. The 
1gE  mode 

for β-GaSe, E  mode for ε-GaSe, and 1E ( )x  and 1E ( )y  modes for δ-GaSe are not allowed in 

back-scattering geometry. All the other E modes for all the polytypes are allowed and have no 

polarization dependence. The results are summarized in Table S1.  

Circularly polarized light in back-scattering geometry is represented by  
1

1 0
2

i   . 

The intensities of 
1gA  modes for all the polytypes are proportional to 𝑎2 when the incident and 
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scattered light have the same polarizations [(𝜎 + 𝜎+)or (𝜎 − 𝜎−)] whereas the intensity is zero 

with the opposite polarizations [(𝜎 + 𝜎−)or (𝜎 − 𝜎+)], according to the following calculations: 

 
1g

2

2 2† 2

A

0 0 1
1 1

( ) R ( ) 1 0 0 0 0
4 4

0 0 0

a

i a i a a a

b

 

  
  

         
  
  
  

 

 
1g

2

2 2† 2

A

0 0 1
1 1

( ) R ( ) 1 0 0 0 0
4 4

0 0 0

a

i a i a a a

b

 

  
  

         
  
  
  

 

 
1g

2

2 2†

A

0 0 1
1 1

( ) R ( ) 1 0 0 0 0 0
4 4

0 0 0

a

i a i a a

b

 

  
  

        
  
  
  

 

 
1g

2

2 2†

A

0 0 1
1 1

( ) R ( ) 1 0 0 0 0 0
4 4

0 0 0

a

i a i a a

b

 

  
  

          
  
  
  

   (S11) 

All the other A modes for other polytypes have the same polarization dependences.  

As we mentioned above, two 
1gE  modes for β-GaSe, two of the E  modes for ε-GaSe, and 

the 1E ( )x  and 1E ( )y  modes for δ-GaSe are forbidden in back-scattering geometry. The Raman 

tensors of the 
2gE  modes for β-GaSe, the E ( )x  and E ( )y  modes for ε-GaSe, and the 2E  modes 

for δ-GaSe are

0 0

0 0

0 0 0

d

d

 
 

 
 
 

 and 

0 0

0 0

0 0 0

d

d

 
 
 
 
 

. These show opposite tendency compared to the A 

modes in terms of the polarization dependences. 
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 
2g 2

2

2 2†

E , E ( ), E

0 0 1
1 1

( ) R ( ) 1 0 0 0 0 0
4 4

0 0 0 0
x

d

i d i d d 


  
  

          
  
  
  

 

 
2g 2

2

2 2†

E , E ( ), E

0 0 1
1 1

( ) R ( ) 1 0 0 0 0 0
4 4

0 0 0 0
x

d

i d i d d 


  
  

          
  
  
  

 

 
2g 2

2

2 2† 2

E , E ( ), E

0 0 1
1 1

( ) R ( ) 1 0 0 0 0
4 4

0 0 0 0
x

d

i d i d d d 


  
  

         
  
  
  

 

 
2g 2

2

2 2† 2

E , E ( ), E

0 0 1
1 1

( ) R ( ) 1 0 0 0 0
4 4

0 0 0 0
x

d

i d i d d d 


  
  

           
  
  
  

 (S12) 

Similarly, for 

0 0

0 0

0 0 0

d

d

 
 

 
 
 

, the results are exactly same. 

The Raman tensors of

0 0 0

E( ) 0 0 , E(y)= 0

0 0 0 0

c d c

x c c d

d d

   
   

 
   
   
   

 for δ-GaSe result in the identical 

dependence. For the E( )x and E( )y  mode, the intensity is zero in the same polarization 

configuration and proportional to c2 in the opposite polarization configuration. 

 

2

2 2†

E( )

0 1
1 1

( ) R ( ) 1 0 0 0 0 0
4 4

0 0 0
x

c d

i c i ic ic

d

 

  
  

         
  
  
  
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 

2

2 2†

E( )

0 1
1 1

( ) R ( ) 1 0 0 0 0 0
4 4

0 0 0
x

c d

i c i ic ic

d

 

  
  

          
  
  
  

 

 

2

2 2† 2

E( )

0 1
1 1

( ) R ( ) 1 0 0 0 2
4 4

0 0 0
x

c d

i c i ic c

d

 

  
  

      
  
  
  

 

 

2

2 2† 2

E( )

0 1
1 1

( ) R ( ) 1 0 0 0 2
4 4

0 0 0
x

c d

i c i ic c

d

 

  
  

         
  
  
  

  (S13) 

Consequently, the A modes are observed in the same polarization configuration and the E 

modes in the opposite polarization configuration. It is possible to differentiate the A and E modes 

by using the circularly polarized light. The results are summarized in Table S1. 
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Table S1. Raman intensities of bulk GaSe in linear and circular polarization configurations 

Polytype Vibrational modes 𝐳̅(𝒙𝒙)𝒛 𝐳̅(𝒙𝒚)𝒛 𝝈 ± 𝝈 ± 𝝈 ± 𝝈 ∓ 

β 

1g

0 0
A 0 0

0 0

a
a

b

 
 
 
 

 2a  0 2a  0 

1g

0 0 0
E 0 0

0 0
c

c

 
 
 
 

 

0 0 0 0 

1g

0 0
E 0 0 0

0 0

c

c

 
 
  

 

2g

0 0
E 0 0

0 0 0

d
d

 
  
 
 

 

2d  2d  0 2d  

2g

0 0
E 0 0

0 0 0

d
d

 
  
 
 

 

ε 

1

0 0
A 0 0

0 0

a
a

b

 
  

 
 

 2a  0 2a  0 

0 0 0
E 0 0

0 0
c

c

 
  

 
 

 

0 0 0 0 
0 0

E 0 0 0
0 0

c

c

 
  

  

 

0 0
E ( ) 0 0

0 0 0

d
x d

 
   

 
 

 

2d  2d  0 2d  
0 0

E ( ) 0 0
0 0 0

d
y d

 
   

 
 

 

δ 

1

0 0
A ( ) 0 0

0 0

a
z a

b

 
 
 
 
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Fig. S5. Various trilayer GaSe samples measured in our work. The colored circles indicate the 

spots where Raman spectra were taken, with the color corresponding to the type of the ultra-low-

frequency Raman spectrum: Type 1 (black), Type 2 (red), Type 3 (green), and Type 4 (blue). 
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Fig. S6. Circularly polarized Raman spectra from trilayer GaSe samples with four different types 

of the ultra-low-frequency Raman spectra: (a), (e) Type 1, (b), (f) Type 2, (c), (g) Type 3, and (d), 

(h) Type 4. 
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Fig. S7. Possible stacking sequences in trilayer GaSe. Each column consists of different atoms in 

the (a) AAʹA, (b) ABA, (c) BAB, (e) AAʹBʹ, and (f) AʹBʹB, stacking sequences, whereas (d) all 

the columns in the ABC stacking sequences have the same atoms, two Ga and two Se, which is 

consistent with S/TEM results. 
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Note S2. Inter-layer bond polarizability modelS3 

In addition to the first-principles DFT method, Raman intensities of low-frequency inter-layer 

modes in 2D materials can also be computed by a simple inter-layer bond polarizability model.S3 

This model can provide more physical insights compared to the DFT approach. Generally speaking, 

Raman intensity of each normal mode is proportional to the change of the system’s polarizability 

with respect to the normal coordinates of the corresponding vibration, and so obtaining the 

polarizability change by the vibration is crucial for calculating the intensity. For an inter-layer 

vibration mode, each layer oscillates as a quasi-rigid body, and therefore it can be treated as a 

single object. For the layer i, if the derivative of the system’s polarizability with respect to its 

displacement is 
i   and its displacement during the inter-layer vibration is 

ir , the change of the 

polarizability by this displacement is 
i i ir    . The total change of the system’s polarizability 

by the inter-layer vibration is the sum of the changes of every layer: 
i i ii i

r        , 

where 
i   is related to the properties of the inter-layer bonds, including the inter-layer bond 

polarizabilities and the inter-layer bond vectors (lengths and directions).3 We note that if every 

layer moves in the same manner (i.e., 
ir r   for any layer i), the polarizability change of the 

system is given by ( )ii
r    . Such a motion corresponds to the translation of the whole 

system by r , and the translational invariance of the system’s polarizability requires 0  , 

leading to a general relationship 0ii
  . For a trilayer system, we then have 1 2 3 0       . 

The general form of 
i   can be simply determined based on the directions of the inter-layer bond 

vectors.S3,S4 Meanwhile, the displacement of each layer, 
ir , can be determined by the linear chain 

model.S5 Finally, Raman intensity of the inter-layer vibration mode is obtained based on the 
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formula 
21

I
n





  , where 

1( 1)Bk T
n e



  is the phonon occupation according to Bose–

Einstein statistics and ω is the frequency of the vibration mode.  

In trilayer GaSe, for an inter-layer shear vibration along the x direction, the polarizability 

change is 
i ii

x    , where i   can change notably with the stacking, since it is sensitive 

to the inter-layer bond polarizabilities and bond directions that vary with the stacking, according 

to the inter-layer bond polarizability model.S3, S4 Bilayer GaSe has two stacking patterns of AAʹ 

and AB, and the inter-layer bond properties are different as the relative layer-layer atomic 

alignments are different between AAʹ and AB stackings. For trilayer GaSe, there are a variety of 

stacking configurations, including AAʹA, ABA, ABC, AAʹBʹ, and AʹBʹB. Note that both AAʹBʹ 

and AʹBʹB originate from the bulk stacking AAʹBʹB. For AAʹA stacking in trilayer GaSe, the top 

layer and bottom layer (i.e., layer 1 and layer 3) are in the equivalent positions, thereby giving 

1 3 1      and subsequently 2 12     (recalling the aforementioned general relation 

1 2 3 0       ); for ABA stacking, the top layer and bottom layer are also in the equivalent 

positions, and it has the same form of inter-layer bond vectors as AAʹA stacking but different inter-

layer bond polarizabilities, therefore giving 1 3 2      and subsequently 2 22     (note that 

1  and 2  are related to the inter-layer bond polarizabilities of AAʹ and AB stackings, 

respectively); for ABC stacking, the layer-layer stacking assumes the same AB type as ABA 

stacking (i.e., BC stacking equivalent to BA), but layer 2 and layer 3 have different stacking 

directions and thus the opposite inter-layer bond directions compared to ABA stacking, thus 

yielding 1 3 2      and subsequently 2 0  ; for AAʹBʹ stacking, the situation is more 

complicated due to a mixture of AAʹ stacking between layer 1 and layer 2 and AB stacking between 

layer 2 and layer 3 (AʹBʹ stacking equivalent to AB), and we can derive that 



 

19 

1 2 3 1 1 2 2( , , ) ( , , )             ; for AʹBʹB stacking, it is a mixture of AB stacking between layer 

1 and layer 2 and AʹA stacking between layer 2 and layer 3 (BʹB stacking equivalent to AʹA, the 

reversed AAʹ stacking), and we can derive that 1 2 3 2 2 1 1( , , ) ( , , )            .  

In summary, the polarizability derivatives of layer 1, layer 2 and layer 3 are 

1 2 3 1 1 1( , , ) ( , 2 , )           for AAʹA stacking; 2 2 2( , 2 , )    for ABA stacking; 2 2( ,0, )   for 

ABC stacking; 1 1 2 2( , , )       for AAʹBʹ stacking; 2 2 1 1( , , )     for AʹBʹB stacking. On 

the other hand, for weakly coupled layered materials such as GaSe, graphene, MoS2, etc, there are 

two inter-layer shear modes (S1 and S2) for the trilayer, and their frequencies and eigenvectors (i.e., 

layer displacements) show little dependence on the stacking pattern. Therefore, regardless of the 

stacking detail in trilayer GaSe, the normalized displacements of layer 1, layer 2 and layer 3 are 

1 2 3

1
( , , ) (1,0, 1)

2
x x x      for the lower-frequency shear mode S1, and 

1
(0.5, 1,0.5)

1.5
 for 

the higher-frequency shear mode S2, according to the linear chain model. Based on the formula 

i ii
x    , we can subsequently obtain the polarizability changes by the shear vibrations as 

follows: 

1(ΑΑ Α, S ) 0   ;                             2 1(ΑΑΑ, S ) 6   ; 

1(ΑBΑ, S ) 0  ;                              2 2(ΑBΑ, S ) 6   ; 

1 2(ΑBC, S ) 2   ;                        2(ΑBC, S ) 0  ;     (S14) 

1 1 2(ΑA B , S ) 0.5( )      ;        2 1 2(ΑA B , S ) 1.5( )      ; 

1 1 2(Α B B, S ) 0.5( )       ;       2 1 2(Α B B, S ) 1.5( )      . 
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Since 
21

I
n





  , Raman intensities of the shear modes S1 and S2 at different stacking 

configurations in trilayer GaSe are the following: 

1I(ΑΑ Α, S ) 0  ;                                       
22

2 1

2

1
I(ΑA A, S ) 6

n





  ; 

1I(ΑBΑ, S ) 0 ;                                       
22

2 2

2

1
I(ΑBA, S ) 6

n





 ; 

21
1 2

1

1
I(ΑBC, S ) 2

n





 ;                       2I(ΑBC, S ) 0 ;    (S15) 

21
1 1 2

1

1
I(ΑA B , S ) 0.5

n
 




    ;           

22
2 1 2

2

1
I(ΑA B , S ) 1.5

n
 




    ; 

21
1 1 2

1

1
I(A B B, S ) 0.5

n
 




    ;            

22
2 1 2

2

1
I(A B B, S ) 1.5

n
 




    , 

where 1n  and 1  are the occupation number and frequency of the shear mode S1, respectively; 2n

and 2  are the occupation number and frequency of the shear mode S2, respectively. According 

to the experimental data, 1 ≈9.6 cm-1 and 2 ≈16.6 cm-1, leading to 1

1

1
2.30

n




  and 2

2

1
0.78

n




  

at room temperature. Therefore, 

1I(ΑΑ Α, S ) 0  ;                                    
2

2 1I(ΑA A, S ) 4.68   ; 

1I(ΑBΑ, S ) 0 ;                                     
2

2 2I(ΑBA, S ) 4.68  ; 

2

1 2I(ΑBC, S ) 4.60  ;                        2I(ΑBC, S ) 0 ;     (S16) 
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2

1 1 2I(ΑA B , S ) 1.15      ;             
2

2 1 2I(ΑA B , S ) 1.17      ; 

2

1 1 2I(A B B, S ) 1.15      ;             
2

2 1 2I(A B B, S ) 1.17      . 

 

 

 

 

 

 

 

Table S2. Simulated intensity ratios of the spots in the HR-S/TEM images for AAʹBʹ and AʹBʹB 

stacking.  

Stacking 

sequences 
Number of Ga atoms Number of Se atoms Intensity ratio 

AAʹBʹ 

0 2 1 

2 2 1.51 

4 2 1.98 

AʹBʹB 

2 0 1 

2 2 1.65 

2 4 2.18 
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Fig. S8. (a) High-resolution TEM results from the surrounding region of the Type1 sample of 

Figure 5e showing an irregular intensity profile due to vacancies and (b) blurred diffraction pattern 

from the region showing poor crystallinity. 
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