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1. Calculation of optical absorption 

In order to explain the observed anisotropy of Raman scattering and optical extinction for 

GaTe, we carried out a calculation of the electron-photon interaction. The electron-photon 

matrix element, 〈𝑚|𝐻op|𝑖〉, which can be calculated within the dipole approximation,
1
 is 

responsible for an optical transition from the state 𝑖 to 𝑚 and is given by 

〈𝑚|𝐻op|𝑖〉 ∝ 𝑃 ⋅ 𝐷𝑚𝑖    (S1) 

where 𝑃 is the polarization vector for the incident light, and 𝐷𝑚𝑖  is the dipole vector 

defined as 𝐷𝑚𝑖 = 〈𝑚|𝛻|𝑖〉 . The electronic wave functions for the states 𝑖  and 𝑚  are 

obtained from first-principles density functional theory (DFT) calculations. 

Optical extinction and absorption probability can be given by the absorption 

coefficient 𝛼, which is given by the Fermi’s Golden Rule: 

𝛼(𝐸𝐿) ∝ ∑ |〈𝑚|𝐻op|𝑖〉|
2

𝛿(𝐸𝑚 − 𝐸𝑖 − 𝐸𝐿)𝑚,𝑖        (S2) 

where 𝐸𝐿 is the energy of the incident photon, and 𝐸𝑖 (𝐸𝑚) is the energy of the electronic 

state 𝑖 (𝑚). In the numerical calculations, we approximate the delta function δ(𝐸𝑚 − 𝐸𝑖 −

𝐸𝐿)  with a Gaussian function 
1

√2𝜋𝛾
exp {

(𝐸𝑚−𝐸𝑖−𝐸𝐿)

2𝛾2 } , where γ  is a broadening factor 

corresponding to the lifetime of a photo-excited electron. Here γ can be determined from 

the spectral width of the optical absorption
2
 and we adopt γ = 0.03 eV in this calculation. 

The calculated optical absorption spectrum is shown in Figure S10(a). The absorption 

spectrum thus obtained reproduces the fact that x- (0°) polarized light is more absorbed 

than y- (90°) polarized light. 

 

2. Analysis of the absorption anisotropy using group theory 

Monoclinic bulk GaTe belongs to the C2h
3
 (C2/m) space group. The high symmetry points 

𝜞, 𝒁 and 𝑷 in the Brillouin zone have the same C2h
3
 (C2/m) symmetry. As discussed in 

the main text, the direct energy bandgap occurs at the Z point and the gap energy is 

similar to that at the P point. Therefore we can discuss the selection rules of optical 

transitions near the gap energy by group theory analysis at the Z and P points in the 

Brillouin zone. We applied the projection operators of each irreducible representation for 

the C2h
3
 space group (Table S3) to the wave functions and determined the symmetry of 
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the eigenfunction for each energy band at the Z and P points. Figure 4(a) shows the 

selection rules of optical transitions near the Fermi energy. Details of the symmetry 

assignment for the energy bands are given in Figure S9. These optical transitions follow 

the optical selection rules of the C2h
3 

space group shown in Table S4. As shown in Table 

S4, the transitions between the 𝐴𝑔 and 𝐵𝑢 states and between the 𝐴𝑢 and 𝐵𝑔 states occur 

with x-polarized light, while the transitions between the 𝐴𝑔 and 𝐴𝑢 states and between 

the 𝐵𝑔  and 𝐵𝑢  states occur with y-polarized light. The main contribution near the gap 

energy comes from the x-polarized light, and as the photon energy increases, the y-

polarized light is absorbed. Thus the anisotropy of the optical absorption and extinction 

becomes weak with increasing photon energy. 

 

3. Analysis of Raman anisotropy using group theory 

With the selection rules of optical transitions, we can explain the first-order polarization 

dependence presented in Table 1, Figures 2, S4, S5 and S7. The Raman intensity can be 

obtained by incorporating two electron-photon matrix elements with one electron-phonon 

matrix element as follows:
3
 

𝐼𝜈(𝐸𝐿) =  |∑
⟨𝑓|𝐻op|𝑚′⟩⟨𝑚′|𝐻ep

𝑣 |𝑚⟩⟨𝑚|𝐻op|𝑖⟩

(𝐸𝐿−Δ𝐸𝑚𝑖)(𝐸𝐿−ℏ𝜔𝜈−Δ𝐸
𝑚′𝑖

)𝑖,𝑚,𝑚′ |
2

        (S3) 

 

where Δ𝐸𝑚𝑖 = 𝐸𝑚 − 𝐸𝑖 − iΓ , 𝑚  (𝑚′) is the intermediate state and Γ is a broadening 

factor corresponding to the life time of the photo-excited carriers. The initial (𝑖) and final 

(𝑓) states in Eq. (S3) are the same in a Raman process. In the optical absorption and 

Raman spectra, finite values of the electron-photon matrix elements can be obtained 

when the direction of D𝑚𝑖 is not perpendicular to the light polarization direction 𝑃 from 

Eq. (S1). Here, we neglect the polarization dependence of the electron-phonon matrix 

element ⟨𝑚′|𝐻ep
𝑣 |𝑚⟩ for simplicity and thus the polarization dependence of the Raman 

intensity can be described by the product of two electron-photon matrix elements. We 

show the selection rules for the 𝐴𝑔  and 𝐵𝑔  Raman modes in Tables S5 and S6, 

respectively, and an example of the transition corresponding to the 𝐴𝑔 and 𝐵𝑔 modes at 
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the P point in Figures S10(b-c). For the 𝐴𝑔 mode, the 𝑚 and 𝑚′ states have the same 

symmetry, and both electron-photon interaction matrices in Eq. (S3) have the same 

polarization dependence that gives a 180° period for the 𝐴𝑔 polarization profile; while for 

the 𝐵𝑔 mode, the 𝑚 and 𝑚′ states have different symmetries, and the two electron-photon 

interaction matrices have the opposite polarization dependences, resulting in the 90° 

period of the 𝐵𝑔 polarization profiles as shown in Table 1. We can see that the calculated 

results well reproduce the shape of the polarization dependence of the Raman spectra 

found in the experiment.  

 

4. Calculation of the interference effect 

The interference effect in the sample and substrate contributes to the dependence of the 

observed optical extinction and Raman scattering on thickness of the sample and 

wavelength of the laser. We evaluate the interference effect by calculating the 

transmission probability with use of the transfer matrix method for the optical 

absorption/extinction and the enhancement factor for Raman scattering.
4–6

 The refractive 

indices of the substrates as a function of the wavelength are adopted from Malitson, et al. 

(SiO2)
7
  and Vuye, et al. (Si),

8
 which are listed in Table S7. 

For the optical absorption of GaTe, we consider the setup of the experiment with 

the GaTe sample on a 𝑑2 = 0.5 mm quartz substrate (Figure S11(a)) and we calculate the 

reflection, transmission, and absorption probabilities (𝑅, 𝑇, and 𝐴) by the transfer matrix 

method, as shown below. We assume the electromagnetic wave oscillating with a 

frequency ω and we obtain the relation between the electric and magnetic field from the 

Maxwell equation 𝛻 × 𝐸 = −𝜇0
𝜕𝐻

𝜕𝑡
: 

𝑖𝜔𝜇0𝐻𝑖,𝑥(𝑧) = −
𝜕𝐸𝑖,𝑦(𝑧)

𝜕𝑧
            (S4) 

where x  and y are the in-plane directions, z is the direction perpendicular to the substrate 

layer, and 𝜇0  is the magnetic permeability in vacuum. The electric field in the i-th 

medium at the position of 𝑧 is written as 

𝐸𝑖,𝑦(𝑧) = 𝐸𝑖,+𝑒−𝑖𝑘𝑖,𝑧(𝑧−𝐿𝑖) + 𝐸𝑖,−𝑒𝑖𝑘𝑖,𝑧(𝑧−𝐿𝑖)          (S5) 
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where 𝐸𝑖,+ (𝐸𝑖,−) is the amplitude of the electric field propagating in the +z (-z) direction 

and  𝐿𝑖 = ∑ 𝑑𝑢
𝑖−1
𝑢=1  in which 𝑑𝑢 is the thickness of the u-th medium. From Eqs. (S4) and 

(S5), we can also obtain the expression for the magnetic field as 

𝐻𝑖,𝑥(𝑧) = −𝛤𝑖(−𝐸𝑖,+𝑒−𝑖𝑘𝑖,𝑧(𝑧−𝐿𝑖) + 𝐸𝑖,−𝑒𝑖𝑘𝑖,𝑧(𝑧−𝐿𝑖))            (S6) 

where 𝛤𝑖 =
𝑘𝑖,𝑧

𝜔𝜇0
= 𝑛𝑖√

𝜀0

𝜇0
. Using 𝐸𝑖,𝑦(𝐿𝑖) and 𝐻𝑖,𝑥(𝐿𝑖), 𝐸+ and 𝐸− are written as 

𝐸𝑖,+ =
1

2
(𝐸𝑖,𝑦(𝐿𝑖) +

𝐻𝑖,𝑥(𝐿𝑖)

𝛤𝑖
), and 𝐸𝑖,− =

1

2
(𝐸𝑖,𝑦(𝐿𝑖) −

𝐻𝑖,𝑥(𝐿𝑖)

𝛤𝑖
)        (S7) 

Using Eqs. (S5), (S6) and (S7), we can obtain the conditions of propagating the fields in 

the i-th medium (𝐿𝑖 < 𝑧 < 𝐿𝑖+1) as follows: 

     (
𝐸𝑖,𝑦(𝑧)

𝐻𝑖,𝑥(𝑧)
)

= (

1

2
(𝑒−𝑖𝑘𝑖,𝑧(𝑧−𝐿𝑖) + 𝑒𝑖𝑘𝑖,𝑧(𝑧−𝐿𝑖))

1

2𝛤𝑖
(𝑒−𝑖𝑘𝑖,𝑧(𝑧−𝐿𝑖) − 𝑒𝑖𝑘𝑖,𝑧(𝑧−𝐿𝑖))

𝛤𝑖

2
(𝑒−𝑖𝑘𝑖,𝑧(𝑧−𝐿𝑖) − 𝑒𝑖𝑘𝑖,𝑧(𝑧−𝐿𝑖))

1

2
(𝑒−𝑖𝑘𝑖,𝑧(𝑧−𝐿𝑖) + 𝑒𝑖𝑘𝑖,𝑧(𝑧−𝐿𝑖))

) (
𝐸𝑖,𝑦(𝐿𝑖)

𝐻𝑖,𝑥(𝐿𝑖)
)        (S8) 

Further, when we use the boundary conditions for 𝐸𝑖,𝑦  and 𝐻𝑖,𝑥  that are 𝐸𝑖,𝑦(𝐿𝑖) =

𝐸𝑖+1,𝑦(𝐿𝑖)  and 𝐻𝑖,𝑥(𝐿𝑖) = 𝐻𝑖+1,𝑥(𝐿𝑖) , the transfer matrix of the boundary conditions 

becomes an identity matrix. Therefore the relations of 𝐸𝑖,𝑦 and 𝐻𝑖,𝑥 between the depth at 

z = 𝐿𝑖 and z = 𝐿𝑖+1 are given by 

     (
𝐸𝑖,𝑦(𝐿𝑖+1)

𝐻𝑖,𝑥(𝐿𝑖+1)
)

= (

1

2
(𝑒−𝑖𝑘𝑖,𝑧(𝐿𝑖+1−𝐿𝑖) + 𝑒𝑖𝑘𝑖,𝑧(𝐿𝑖+1−𝐿𝑖))

1

2𝛤𝑖
(𝑒−𝑖𝑘𝑖,𝑧(𝐿𝑖+1−𝐿𝑖) − 𝑒𝑖𝑘𝑖,𝑧(𝐿𝑖+1−𝐿𝑖))

𝛤𝑖

2
(𝑒−𝑖𝑘𝑖,𝑧(𝐿𝑖+1−𝐿𝑖) − 𝑒𝑖𝑘𝑖,𝑧(𝐿𝑖+1−𝐿𝑖))

1

2
(𝑒−𝑖𝑘𝑖,𝑧(𝐿𝑖+1−𝐿𝑖) + 𝑒𝑖𝑘𝑖,𝑧(𝐿𝑖+1−𝐿𝑖))

) (
𝐸𝑖,𝑦(𝐿𝑖)

𝐻𝑖,𝑥(𝐿𝑖)
)

= ℳ𝑖 (
𝐸𝑖,𝑦(𝐿𝑖)

𝐻𝑖,𝑥(𝐿𝑖)
)      (S9) 

Using the relations of Eq. (S9) repeatedly, we can obtain the relations for 𝐸𝑖,𝑦 and 𝐻𝑖,𝑥 

between the depth at z = 0 and z = 𝐿 as follows: 

(
𝐸0,𝑦(0)

𝐻0,𝑥(0)
) = ℳ1

−1ℳ2
−1 (

𝐸3,𝑦(𝐿)

𝐻3,𝑥(𝐿)
) , (S10) 
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where ℳ = ℳ1
−1ℳ2

−1  is the transfer matrix. The reflection and transmission 

coefficients, 𝑟 and 𝑡, are associated with 𝐸𝑖,+ and 𝐸𝑖,− as follows: 

𝑟 =
𝐸0,−

𝐸0,+
, 𝑡 =

𝐸3,+

𝐸0,+
           (S11) 

Using Eq. (S11), we can obtain the expression for 𝑟 and 𝑡 as follows: 

𝑟 =
𝑀11𝛤0 + 𝑀12𝛤0𝛤3 − 𝑀21 − 𝑀22𝛤3

𝑀11𝛤0 + 𝑀12𝛤0𝛤3 + 𝑀21 + 𝑀22𝛤3
, 𝑡 =

2𝛤0

𝑀11𝛤0 + 𝑀12𝛤0𝛤3 + 𝑀21 + 𝑀22𝛤3
        (S12) 

where 𝑀𝑖𝑗  means the 𝑖, 𝑗 component of the transfer matrix ℳ𝑖𝑗 . Finally, the reflection, 

transmission, and absorption probabilities (𝐴, 𝑅, and 𝑇) are given by 

𝑅 = |𝑟|2, 𝑇 = |𝑡|2, 𝐴 = 1 − 𝑅 − 𝑇            (S13) 

In order to calculate the absorption probability by the transfer matrix method, we need to 

obtain the complex refractive index of GaTe. We calculate the refractive index by a first-

principles calculation, and also by fitting with the experimental extinction spectra to the 

Drude-Lorentz model; 

휀′ = 1 −
𝜔𝑝

2(𝜔2−𝜔0
2)

2

(𝜔2−𝜔0
2)2+(𝜔 𝜏⁄ )2, and 휀" =

𝜔𝑝
2(𝜔 𝜏⁄ )

(𝜔2−𝜔0
2)2+(𝜔 𝜏⁄ )2         (S14) 

where 휀′ and 휀" are the real and imaginary parts of dielectric function, respectively. Here 

ℏω corresponds to the laser energy. The refractive index can be obtained by the relation: 

          𝑛 = √
√𝜀′2

+𝜀"2+𝜀′

2
, and 𝜅 = √

√𝜀′2
+𝜀"2−𝜀′

2
+

𝐼

√2𝜋𝜎
exp (−

(ℏ𝜔−𝐸0)2

2𝜎2 ).       (S15) 

We take into account the term  
𝐼

√2𝜋𝜎
exp (−

(ℏ𝜔−𝐸0)2

2𝜎2 )  in 𝜅  in order to describe the 

absorption by the exciton. In order to reproduce the experiments, we fit with the 

experiments and determine the parameters: 𝜔0, 𝜔𝑝, 𝜏, 𝐼, 𝜎, and  𝐸0 . We thus obtain the 

parameter as: ℏ𝜔0 = 3.6 eV, ℏ𝜔𝑝 = 10.2 eV, 𝜏 ℏ⁄ = 2.7 eV−1, 𝐼 = 0.17 eV, 𝜎 =

0.20 eV, and 𝐸0 = 1.62 eV  for x- ( 0° ) polarized light, and ℏ𝜔0 = 3.8 eV, ℏ𝜔𝑝 =

11.0 eV, 𝜏 ℏ⁄ = 2.7  eV−1, 𝐼 = 0.14 eV, 𝜎 = 0.18 eV, and 𝐸0 = 1.66 eV  for y- ( 90° ) 

polarized light. In Figure S11(b), we show the calculated optical absorption probability 

using the refractive index from the first-principles calculation. The absorption probability 

oscillates with wavelength and GaTe thickness due to the interference effect. In Figure 

S11(c), we show the optical extinction spectra obtained by the Drude-Lorentz model with 
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the above fitting parameters. In order to compare with experiment directly, we evaluate 

the optical extinction ln(𝑇substrate 𝑇⁄ ) , where 𝑇  and  𝑇substrate are the transmission 

probability of the sample with the substrate, and only the substrate, respectively. From the 

fitted calculation result, we conclude that the peak at 530 nm is given by an interference 

effect and the peak at 730 nm is given by the absorption in GaTe.  

For the observation of Raman scattering, we consider the same situation with the 

experiment that the GaTe sample is on the Si/SiO2 (300 nm) substrate (Figure S12(a)). 

The amplitude of the excitation light at the depth z from the top of sample is given by 

𝐹𝑒𝑥 = 𝑡01

(1 + 𝑟12𝑟23𝑒−2𝑖𝛽2)𝑒−𝑖𝛽𝑧 + (𝑟12 + 𝑟23𝑒−2𝑖𝛽2)𝑒−2𝑖(𝛽1−𝛽𝑧)

1 + 𝑟12𝑟23𝑒−2𝑖𝛽2 + (𝑟12 + 𝑟23𝑒−2𝑖𝛽2)𝑟01𝑒−2𝑖𝛽1
, (S16) 

where 𝑡𝑖𝑗 = 2�̃�𝑖 (�̃�𝑖 + �̃�𝑗)⁄  and 𝑟𝑖𝑗 = (�̃�𝑖 − �̃�𝑗) (�̃�𝑖 + �̃�𝑗)⁄  are the Fresnel transmittance 

and reflection coefficients at the interfaces between the i-th and j-th medium with 

complex refractive indices �̃�𝑖  and �̃�𝑗 . 𝛽𝑖 = 2𝜋𝑑𝑖�̃�𝑖 𝜆⁄  and 𝛽𝑧 = 2𝜋𝑧�̃�1 𝜆⁄  are the phase 

factors with the wavelength of the incident light λ and the thickness of the i-th medium 

𝑑𝑖. We obtain the complex refractive index of GaTe from the first-principles calculation. 

The amplitude of the Raman scattered light at the depth 𝑧 in GaTe sample is given by 

𝐹𝑠𝑐 = 𝑡10

(1 + 𝑟12𝑟23𝑒−2𝑖𝛽2)𝑒−𝑖𝛽𝑧 + (𝑟12 + 𝑟23𝑒−2𝑖𝛽2)𝑒−2𝑖(𝛽1−𝛽𝑧)

1 + 𝑟12𝑟23𝑒−2𝑖𝛽2 + (𝑟12 + 𝑟23𝑒−2𝑖𝛽2)𝑟01𝑒−2𝑖𝛽1
.      (S17) 

We can assume that 𝛽𝑖 is the same for 𝐹𝑒𝑥 and 𝐹𝑠𝑐 since the wavenumber of the scattered 

light is almost the same as the incident light. Actually, the Raman shift of GaTe observed 

in this experiment is smaller than 300 cm
-1

. The total enhancement factor 𝐹 is written as 

follows: 

𝐹 = ∫ |𝐹𝑒𝑥 ⋅ 𝐹𝑠𝑐|2
𝑑1

0

𝑑𝑧, (S18) 

and the total Raman intensity 𝐼 is written as 𝐼 = 𝐼𝑖 ⋅ 𝐹, with the intrinsic Raman intensity 

denoted by 𝐼𝑖. In the calculation of the enhancement factor, we use the refractive index 

obtained from the first-principles calculation. Figures S12(b-d) are the GaTe thickness 

dependence of the calculated enhancement factor. As seen in Figure S12(b), which shows 

the calculated ratio of the enhancement factors in the x- and y-directions for the Raman 

intensity, the interference effect causes the Raman intensity in the x-direction to be 
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smaller than in the y-direction for both excitation wavelengths 532 and 633 nm, and 

almost the same intensity in the x and y-directions for the wavelength 785 nm. These 

differ from the experimental observations (Table 1), suggesting that the anisotropy of the 

Raman intensity cannot be mainly attributed to the interference effect, but is mostly due 

to the anisotropy of the light-matter interactions. 
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5. Supporting figures and tables 

 

Figure S1. Electronic energy bands of bulk-GaTe. The maximum energy of the valence 

band at the Z point is set to zero. (a) The first Brillouin zone of GaTe showing high 

symmetry points. (b-f) are the energy band structures along the high-symmetry lines 

obtained from density functional theory (DFT) calculations. The right panel of (b) shows 

the density of states. (g) Measured photoluminescence spectrum of a GaTe flake with a 

thickness of 152 nm. The peak position is at 1.65 eV. The excitation laser wavelength is 

532 nm, and the measurement was performed at room temperature. There is a direct 

energy bandgap at the Z point and similar bandgaps around the P, M, and M’ points. 

Conduction bands are upshifted by 0.7 eV due to the underestimation of the energy gap 

1.5 1.6 1.7 1.8 1.9
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from the DFT calculation; thus we adjust the energy bands according to the peak position 

of the photoluminescence spectrum in (g).   
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Figure S2. (a) The phonon dispersion relations of bulk GaTe along the 

𝜞𝑴𝒁𝑴’𝑷𝑴𝑵𝜞  line calculated by the density functional perturbation theory 

(DFPT) method. From the dispersion relations, we obtained the phonon frequencies at the 

Γ point to assign the Raman peaks. The calculated frequency values and vibrational 

motions of all the phonon modes at the Γ point are listed in Table S1 and Figure S3, 

respectively. (b) The excitation laser power dependence of the measured Raman intensity. 

The Raman spectra were measured on a GaTe flake under 532 nm laser excitation with 

three different power levels: 500, 50 and 5 µW. The spectrum with 500 µW excitation 

laser power is shown with 1/5 the measured intensity. The intensities of the peaks at 126 

cm
-1

 and 142 cm
-1

 are proportional to the laser power. 
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Figure S3. Illustration of the atomic vibrational motions of the phonon modes at the 𝜞 

point in bulk GaTe. See Table S1 for assignment of phonon modes. 
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Figure S4. (a) Experimental Raman spectra of the GaTe flake in Figure 2(a) at different 

polarization angles from 0° to 150° with the excitation wavelength of 633 nm. (b-d) show 

in more detail the peak fittings and peak frequencies (in units of cm
-1

). (b-d) show 

different spectral ranges.  
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Figure S5. The Raman intensity vs. polarization angle for eight Raman modes on the 

same GaTe flake as shown in Figure 2. The squares are experimental values and the 

curves are numerical fittings. The Raman shift values are labeled above each panel. 0° 

(90°) corresponds to the x- (y-) axis of the GaTe crystal. 
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Figure S6. Non-polarized optical extinction spectra of GaTe flakes with thicknesses from 

6 to 169 nm, which are labeled and color coded beside the corresponding spectra.  
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Figure S7. Polarized optical extinction and Raman spectra of GaTe. (a) The optical 

microscope image (same as Figure 3(a)) of the four flakes (the thicknesses are labeled in 

units of nm). The flakes have the same crystalline orientation, because they are physically 

connected to each other and are exfoliated from the same single-crystal bulk. (b) 

Polarized optical extinction spectra of the 169 nm-thick flake (labeled with a star in (a)) 

measured with incident light polarized at 0
o
 and 90

o
. (c-f) The extinction at wavelengths 

532, 633 and 785 nm with different polarization angles for flakes with thicknesses of 58, 

88, 112 and 169 nm, respectively. (g-h) The polarized Raman peak intensity of the 169 
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nm-thick flake (g) and the 112 nm-thick flake (h) for Raman modes 161 cm
-1

 and 268 cm
-

1
. The excitation wavelength is 532 nm. The squares are experimental values and the 

curves are numerical fittings. The polarization angle corresponds to the angular 

coordinates in (a). Using the polarized Raman (g-h), we can determine that the 0° (90°) 

orientations in (a) and Figure 3(a) correspond to x- (y-) axis as below. Here the excitation 

wavelength is 532 nm, under which the anisotropy of the 268 cm
-1

 mode with the major 

(secondary) maximum axis is along the y- (x-) axis of the GaTe crystal, while the 

minimum values of the 161 cm
-1

 mode are along both x- and y-axes (Table 1). Therefore, 

from the polarization dependence of the Raman spectra, we can identify the crystalline 

orientation: for the flakes in (a) and in Figure 3 in the main text, the 0° and 90° 

orientations correspond to the x- and y-axes, respectively.  
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Figure S8. Thickness dependence of the extinction ratio of x- and y- polarized light. (a-c) 

show the optical extinction ratio at wavelengths 532, 633 and 785 nm, respectively. 

Dashed horizontal lines indicate the extinction ratio equals 1.0 (isotropic). 
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Figure S9. Symmetry assignment of the electronic energy bands of bulk GaTe at the Z 

and P points in the Brillouin zone. Different colors indicate different symmetries. 
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Figure S10. (a) Absorption spectrum of bulk GaTe for x- (0°) and y- (90°) polarized light 

calculated from the electron-photon matrix elements obtained by our first-principles 

calculation. (b-c) One of the expected transitions for Raman scattering and the expected 

polarization shape for the 𝐴𝑔 (b) and 𝐵𝑔 (c) modes at the P point. 𝑀ep

𝐴𝑔
 (𝑀ep

𝐵𝑔
) indicates 

the electron-phonon interaction emitting an 𝐴𝑔 (𝐵𝑔) phonon.  
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Figure S11. Calculated results for the interference effect for the optical absorption and 

extinction. (a) Geometrical arrangement of the experiment. (b) GaTe thickness 

dependence of the calculated optical absorption probability for x- (solid line) and y- 

(dashed line) polarized light. The results for the three laser energies (532, 633 and 785 

nm) are shown. We use the complex refractive index obtained from the first-principles 

calculation (Table S7) whose energy dependence is shifted by 0.7 eV in order to be 

consistent with the experiment. (c) Calculated optical extinction, fitted to the experiment 

of the 112 nm-thick sample (Figure 3(b) in the main text) with the Drude-Lorentz model 

including the exciton absorption term.  
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Figure S12. Calculated results for the enhancement factor for the interference effect on 

the Raman intensity. (a) Geometrical arrangement of the experiment. (b) The ratio of the 

enhancement factor for x- and y-polarized light as a function of GaTe thickness. (c-d) 

GaTe thickness dependence of the enhancement factor for x- (c) and y- (d) polarized 

light. Calculated results for the three laser wavelengths (532, 633 and 785 nm) are shown.  
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Table S1. Calculated 𝛤  point phonon and assignments with experiment. Blue and red 

colors are Raman-active 𝐴𝑔 and 𝐵𝑔 modes, respectively. Black color shows the Raman-

inactive modes. The labeled number of each phonon mode corresponds to the illustration 

in Figure S3. “Calc.” and “Exp.” show the calculated and experimental values of phonon 

frequencies, respectively. 

 
Calc. 

(cm
-1

) 
Symmetry 

Exp. 

(cm
-1

) 
  

Calc. 

(cm
-1

) 
Symmetry 

Exp. 

(cm
-1

) 

1 0 Bu   19 142.4 Bu  

2 0 Au   20 155.2 Ag  

3 0 Bu   21 163.2 Bu  

4 40.4 Ag   22 167.6 Bg 161 

5 41.8 Bu   23 168.8 Au  

6 42.2 Bg   24 172.7 Bg  

7 51.6 Au   25 173.6 Au  

8 51.7 Ag   26 178.2 Au  

9 58.2 Bg   27 178.4 Bg  

10 64.7 Bg   28 181.7 Ag  

11 66.8 Ag   29 198.1 Bu  

12 69.7 Au   30 206.6 Bu  

13 75.5 Ag   31 211.4 Ag 208 

14 90.3 Bu   32 212.8 Ag 208 

15 91.9 Bu   33 216.3 Bu  

16 109.0 Ag 107  34 271.0 Ag 268 

17 114.4 Ag 115  35 280.1 Bu  

18 116.0 Bu   36 289.2 Ag 280 
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Table S2. The Raman anisotropy dependence on the flake thickness and laser wavelength 

for the two double-resonant phonon modes: 126 and 142 cm
-1

. The Raman intensity polar 

plots for the two flakes (same flakes as in Table 1) with different thicknesses: 58 and 136 

nm, are shown here. These two flakes have the same crystalline orientation. The dots are 

experimental values and the curves are numerical fittings. The laser excitation 

wavelengths and the Raman peak frequencies are also labeled. 0° (90°) corresponds to 

the x- (y-) axis of the GaTe crystal. 
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Table S3. Character table for the C2h
3 

space group. 𝐶2(𝑦) is a two-fold rotational axis 

along the y-direction, and 𝜎ℎ denotes the x-z mirror plane in bulk monoclinic GaTe. 

C2h
3
 E 𝐶2(𝑦) i 𝜎ℎ 

Linear functions, 

rotations 

𝐴𝑔 1 1 1 1 𝑅𝑦 

𝐵𝑔 1 -1 1 -1 𝑅𝑥, 𝑅𝑧 

𝐴𝑢 1 1 -1 -1 y 

𝐵𝑢 1 -1 -1 1 x, z 
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Table S4. Selection rules of optical transitions for the C2h
3
 space group. These selection 

rules correspond to the electron-photon matrix element ⟨𝑓|𝐻op|𝑖⟩, which is described by 

𝛻 and is coupled by the inner product with polarization vector (Eq. (S1)). 

x-polarized light 𝛻 = 𝐵𝑢 y-polarized light 𝛻 = A𝑢 

|𝑓〉 |𝑖〉 |𝑓〉 |𝑖〉 

𝐵𝑢 𝐴𝑔 𝐴𝑢 𝐴𝑔 

𝐴𝑢 𝐵𝑔 𝐵𝑢 𝐵𝑔 

𝐵𝑔 𝐴𝑢 𝐴𝑔 𝐴𝑢 

𝐴𝑔 𝐵𝑢 𝐵𝑔 𝐵𝑢 
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Table S5. Selection rules of Raman scattering for the 𝐴𝑔 mode phonon. |𝑖〉, |𝑚〉 and |𝑚′〉 

are the initial state and two intermediate states, respectively. xx (yy) are polarization 

vectors for the incident and scattered light: both are x- (y-) polarized. These selection 

rules correspond to the product of the matrix elements: 

⟨𝑓|𝐻op
𝑥 |𝑚′⟩⟨𝑚′|𝐻ep(𝐴𝑔)|𝑚⟩⟨𝑚|𝐻op

𝑥 |𝑖⟩ and ⟨𝑓|𝐻op
𝑦

|𝑚′⟩⟨𝑚′|𝐻ep(𝐴𝑔)|𝑚⟩⟨𝑚|𝐻op
𝑦

|𝑖⟩. 

xx yy 

|𝑖〉 = |𝑓〉 |𝑚〉 = |𝑚′〉 |𝑖〉 = |𝑓〉 |𝑚〉 = |𝑚′〉 

𝐴𝑔 𝐵𝑢 𝐴𝑔 𝐴𝑢 

𝐵𝑔 𝐴𝑢 𝐵𝑔 𝐵𝑢 

𝐴𝑢 𝐵𝑔 𝐴𝑢 𝐴𝑔 

𝐵𝑢 𝐴𝑔 𝐵𝑢 𝐵𝑔 
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Table S6. Selection rules of Raman scattering for the 𝐵𝑔 mode phonon. The polarization 

is different for the incident and scattered light for the 𝐵𝑔 mode. xy means that the incident 

light is y-polarized, and the scattered light is x-polarized. These selection rules 

correspond to the product of the matrix elements: ⟨𝑓|𝐻op
𝑥 |𝑚′⟩⟨𝑚′|𝐻ep(𝐵𝑔)|𝑚⟩⟨𝑚|𝐻op

𝑦
|𝑖⟩ 

and ⟨𝑓|𝐻op
𝑦

|𝑚′⟩⟨𝑚′|𝐻ep(𝐵𝑔)|𝑚⟩⟨𝑚|𝐻op
𝑥 |𝑖⟩. 

xy yx 

|𝑖〉 = |𝑓〉 |𝑚〉 |𝑚′〉 |𝑖〉 = |𝑓〉 |𝑚〉 |𝑚′〉 

𝐴𝑔 𝐴𝑢 𝐵𝑢 𝐴𝑔 𝐵𝑢 𝐴𝑢 

𝐵𝑔 𝐵𝑢 𝐴𝑢 𝐵𝑔 𝐴𝑢 𝐵𝑢 

𝐴𝑢 𝐴𝑔 𝐵𝑔 𝐴𝑢 𝐵𝑔 𝐴𝑔 

𝐵𝑢 𝐵𝑔 𝐴𝑔 𝐵𝑢 𝐴𝑔 𝐵𝑔 

 

  



29 

 

Table S7. Laser wavelength dependence of the complex refractive index �̃� of bulk GaTe 

for the x- and y- directions, SiO2,
7
 and Si.

8
 

Wavelength GaTe (x) GaTe (y) SiO2 Si 

532 nm 3.70 − 0.515𝑖 3.87 − 0.211𝑖 1.46 4.21 − 0.010𝑖 

633 nm 3.74 − 0.318𝑖 3.65 − 0.0926𝑖 1.46 4.14 − 0.0010𝑖 

785 nm 3.59 − 0.0923𝑖 3.49 − 0.0389𝑖 1.46 4.00 − 0.0010𝑖 
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