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Abstract 

Chemical composition dependent vibrational modes of MBE grown magnesium-based 

bismuth telluride (MBT) magnetic topological insulators thin films were studied by Raman 

spectroscopy and compared with the vibrational modes of Bi2Te3 films. Intensity of E𝑔
3 TO 

mode was much stronger in Bi reach MBT film. In contrast, intensity of A1𝑔
2  LO mode was 

stronger in Bi deficient MBT compound. E𝑔
3 TO mode corresponds to in-plane vibrations of 

the top and the bottom Bi-Te atomic layers in the manner similar to that of Bi2Te3. Deficiency 

of Bi atoms in the MBT indicated that the vibrational degree of freedom of Bi-Ti in the 

septuple unit cell was less probable. Antisymmetric out-of-phase vibration of Te-Te atoms 

resulted in A1𝑔
2  LO mode in which Bi atom was stationary, therefore vibrational cross section 

of this mode for Bi deficient MBT film was stronger. Near resonance condition of Eg and A1g 

modes was observed at lower excitation energy 1.57 eV associated to deformation potential 

and Frohlich electron-phonon coupling, respectively. 

Keywords: Magnetic topological insulators, polarization-resolved resonant Raman 

spectroscopy, vibrational modes.  
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1. Introduction  

Three-dimensional topological insulators (3DTIs) obey the time reversal symmetry 

originating from spin-orbit interaction, which consists of an insulating bulk and a gapless 

surface state where dispersion of electron is linear [1–5]. However, magnetism breaks the time 

reversal symmetry leading to gap opening in the surface of topological states due to magnetic 

exchange interaction [6–8]. This can lead to numerous novel topological quantum states 

including quantum anomalous Hall effect, axion insulator and magnetic Weyl semimetallic 

phase [6–8]. 

Manganese-based bismuth telluride (MBT) is a widely studied magnetic topological insulator 

materials [11]. This consists of Te-Bi-Te-Mn-Te-Bi-Te septuple layers (SLs) stacking in the 

ABC sequence along the c-axis. Therefore, it can be viewed as a Bi2Te3 topological insulator 

by inserting a Mn-Te layer into the middle of Te-Bi-Te-Bi-Te quintuple layer (QL). According 

to Hund’s rule each Mn2+ in high-spin configuration adds 5 μB magnetic moment. The 

intralayer exchange coupling between Mn atoms exhibits ferromagnetic order along an out-

of-plane easy axis, while the interlayer exchange coupling between neighboring SLs is 

antiferromagnetic (AFM), generating a three-dimensional A-type antiferromagnetic order [9–

11].  

Many compelling properties of magnetic topological materials originate from the gapped 

electron surface states that are protected by discrete symmetry. A scattering between charge 

carriers and lattice vibrations is one of the elementary interactions in condensed matter system 

which manifest to modify the various physical properties. The microscopic understanding of 

this process is vital for the analysis of a wide range of phenomena including transport of charge 

carriers [12, 13]. At finite temperature, electron−phonon interaction is believed to be the main 

scattering mechanism of surface states [13]. In this regard investigation of lattice dynamics 

and phonon modes of MBT is a relevant task to study. Raman scattering is an important non-

destructive method for probing the lattice dynamics and vibrational modes. Recently, Raman 
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spectroscopy was used to explore the lattice dynamics and resultant vibrational modes of 

MnBi2Te4 [14, 15]. Raman modes in MnBi2nTe3n+1(n = 1, 2, 3, 4) magnetic topological 

heterostructures was studied by Cho et al [16]. The vibrational modes in Raman spectroscopy 

with the variation of their composition in MBT is so far not clearly understood.  

Here, we proposed to study chemical composition dependent vibrational modes of MBE 

grown MBT topological insulator thin films with the comparison of the modes of Bi2Te3 using 

polarization-resolved Raman spectroscopy at various excitation energy of photons (Ep).  

2. Experimental 

MBE method was used for the growth of Bi2Te3 and MBT topological insulators thin films on the Si 

(111) substrate with the variation of chemical composition. Chemical composition of the MBT 

compounds was investigated by X-ray photoelectron spectroscopy and the sets of samples are 

presented in table 1. It is worth mentioning that first three samples can be considered as Bi deficient 

films (1-3) and three last are Bi efficient films (4-6).  

Table 1. Chemical composition and film thickness of magnetic topological insulator grown 

by MBE method.  

No.  Chemical composition Film thickness (nm) 

1 Mn2BiTe4 45 

2 MnBiTe2 25 

3 Mn1.3BiMnTe2.5 20 

4 MnBi1.7Te2.8 40 

5 MnBi2.2Te3.5 45 

6 MnBi2Te2.8 35 

 

A micro-Raman spectrometer with backscattering configuration was performed for the 

investigation of phonon modes in these materials. Polarization-resolved Raman spectroscopy 

in polarization directions V−V, H−H and V−H configuration was used. In the case of V−V 

and H−H polarization, both the A1g and Eg tensors can be measured, whereas in the V−H 
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polarization geometry only a mode of Eg symmetry is allowed. In order to obtain the resonance 

condition, lasers of various photon energies, Ep = 1.57, 1.94 and 2.3 were used for the lattice 

and resonant electronic excitation. All spectra were obtained at room temperature and ambient 

pressure with the 1800 lines/mm grating and spectral resolution 1-2 cm−1. Raman line width 

represent broadening caused by the spectrometer and the Lorentz oscillatory distribution of 

phonons in the crystal lattice. It is usually assumed that the spectrometer enforces a Gaussian 

characteristic from the crystal lattice, which itself is Lorentzian in nature. Thus, Raman spectra 

data were selected using mathematical convolution of these functions using the Voigt profile 

[17].  

3. Results and discussion 

Raman spectra of MBT is similar to Bi2Te3 [14, 15], because of similarity in the symmetry of 

crystal structure. The crystal structure of Bi2Te3 and MBT consists of five (Te-Bi-Te-Bi-Te) 

and seven atomic layers (Te−Bi−Te−Mn−Te−Bi−Te) stacked along the c-direction, 

respectively. Bi2Te3 consist of four Raman active modes, two of them is transverse optical 

(TO) mode of Eg symmetry (E𝑔
1 and E𝑔

2) and other two are longitudinal optical (LO) mode of 

A1g symmetry (A1𝑔
1  and A1𝑔

2 ). Eg and A1g describes shear mode with in-plane and breathing 

mode due to out-of-plane atomic displacements, respectively. According to group theory, 

MnBi2Te4 contains doubly degenerate Eg and nondegenerate A1g symmetry Raman modes 

[16]. It must have six Raman active modes: 3Eg (E𝑔
1, E𝑔

2 and E𝑔
3), and 3Ag (A1𝑔

1 , A1𝑔
2  and A1𝑔

3 ) 

modes. The vibrational modes of Bi2Te3 and MBT are shown in schematic diagram (Fig. 1), 

this will be further discussed below.  
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Fig. 1. Raman active vibrational degree of freedom of (a) Bi2Te3 and (b) MBT chains; 4 and 

6 degree of freedom of vibrations in Bi2Te3 and MBT, respectively.  

 

Chemical composition dependent Raman spectroscopy of MBT films are shown in Fig. 2 at 

three different Ep 2.33, 1.94 and 1.57 eV with linearly polarized light. The results can be 

mainly divided into two distinct parts, in one part the intensity of A1𝑔
2  mode is strong at all the 

three Ep (films 1 to 3 in table 1). In other parts, the intensity of E𝑔
2 mode is stronger at all the 

three Ep (films 4 to 6 in table 1). It can be seen that E𝑔
2 mode is stronger in intensity when Bi 

atom is efficient in the compound. However, Bi deficient compound showed stronger intensity 

of A1𝑔
2  mode. It can be argued that the potential energy of the oscillator and phonon density 

of states mainly depend upon the number of Bi atoms in the unit cell.  
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Fig. 2. Chemical composition dependent Raman spectroscopy of magnetic topological 

insulators: 1 – Mn2BiTe4, 2 – MnBiTe2, 3 – Mn1.3BiMnTe2.5, 4 – MnBi1.7Te2.8, 5 – 

MnBi2.2Te3.5 and 6 – MnBi2Te2.8 at three different excitation energy of photons 2.33, 1.94 and 

1.57 eV.  
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Other differences in the spectra includes resonant excitation of E𝑔
2 mode at Ep 1.57 eV for all 

the films, however, this mode is weak at Ep 2.33 eV. The intensity of A1𝑔
2  mode is sensitive to 

Bi atoms, intensity of this mode increases for higher contribution of Bi atoms in the compound 

(films 5 and 6) at all the Ep. However, intensity of A1𝑔
3  mode is not sensitive to Bi atoms in 

the films 4 to 6, and the intensity of this mode is almost similar for all the Ep. Due to lattice 

expansion a redshift of Raman modes of A1𝑔
2  was observed at lower excitation energy of Bi 

deficient film. Low frequency shifts of this mode in Bi efficient sample compared to Bi 

deficient in all the Ep can be explained by oscillator strength, considering mass and spring 

constant of the oscillator. In Bi efficient sample the displacement of Bi-Te atoms, and in Bi 

deficient sample displacement of Te-Te atoms in the oscillator is considered.  

From the above results one can select any two distinct samples out of six, for example: Bi 

deficient Mn1.3BiTe2.5 (sample number 3) and Bi efficient MnBi1.7Te2.8 MBT films (sample 

number 4) for detail study, and comparing the results with Bi2Te3 film. Raman spectroscopy 

of these samples at excitation energy Ep 1.57, 1.94 and 2.3 eV with linearly polarized light are 

shown in Fig. 3. Corresponding surface topography of these films are also resented in this 

figure. Bi2Te3 film showed steps-like feature which indicates layered structure, in MBT such 

distinct layer is absent because for misoriented planes and defects.  

At first, we present the results of Bi2Te3 in curves (a), (b) and (c) which showed three distinct 

and strong Raman peaks 2A1g (A1𝑔
1 , and A1𝑔

2 ) and 1Eg (E𝑔
2) modes indicated by peaks 1, 2 and 

3, respectively (Fig. 3). We have not observed low frequency E𝑔
1 vibrational mode because of 

low frequency cutoff of spectrometer. The intensity of E𝑔
2 mode is stronger in Bi2Te3 film in 

off resonance condition for Ep 1.94 and 2.3 eV which must be driven by deformation potential.  
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Fig. 3. Raman spectra of Bi2Te3 (a-c), Mn1.3BiTe2.5 (d-f) and MnBi1.7Te2.8 (g-i) with excitation 

energy 2.3 eV curves (a), (d), (g); 1.94 eV curves (b), (e), (h); 1.57 eV curves (c), (f), and (i), 

and corresponding AFM images.  

 

This potential is based on the deformation of the atomic lattice by phonons, leading to the 

indirect interaction with an electron via the modulations of the periodic potential of lattice 

[18]. Intensity of A1𝑔
1  LO mode is higher compared to E𝑔

2 mode at Ep 1.57 eV which satisfies 

the resonance condition between electronic transition of first occupied and second unoccupied 

Dirac states [19−21]. At higher Ep 2.3 eV, the intensity of this mode (A1𝑔
1  LO) is slightly lower 

compared to Ep 1.57 eV. However, intensity of this mode is much weaker at Ep 1.94 eV which 

is off resonance condition [19−21]. At Ep 2.3 eV, near resonance condition is manifested due 

to electronic transition between the Dirac state and higher order bulk conduction band 
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[19−21]. The probability of this resonance is weak because of asymmetric crystal momentum 

of Dirac and bulk conduction band. Therefore, the intensity of A1𝑔
1  LO mode is weaker in case 

of Ep 2.3 eV compared to 1.57 eV. The dominance of A1𝑔
1  LO mode in resonance excitation 

of 1.57 eV can be explained by coupling of phonons to the electronic states, which is mediated 

via Frohlich electron-phonon interaction [18, 22, 23]. It is worth mentioning that only LO 

mode satisfies Frohlich electron-phonon interaction. It involves the direct coupling of the 

polarization of the lattice vibrations to the electronic charge in the following manner.  

 

𝐏(𝐫) =  
ℏΩLOϵ0

e
∑ g𝐩

γ
𝐩

𝐩

|𝐩|
ei𝐩.𝐫(d𝐩 − d−𝐩

† )     (1) 

 

where, 
𝐩

|𝐩|
(d𝐩 − d−𝐩

† ) describes the quantized version of induced displacement with Boson 

creation and annihilation operators d−𝐩
†

 and d𝐩 for phonon with wave vector p, ℏΩLO is LO 

phonon energy, ϵ0 is vacuum permittivity, and gp
γ
 is Frohlich matrix element. The associated 

polarization creates a macroscopic field via a Coulombic term, and the band-independent 

Frohlich matrix element can be written as follows: 

 

|g𝐩
γ

|
2

=
e2

ϵ0ξ32ℏΩLO

1

|𝐩|2
[

1

ϵ(∞)
−

1

ϵ(0)
] ;  γ =  {CB, VB}    (2) 

 

where, 𝜉3 is normalized volume of unit cell, CB and VB is conduction and valence bands, 

respectively, 𝜖(∞) and 𝜖(0) is dielectric constants for both high-frequency and low-

frequency, respectively, into Frohlich matrix element gp
γ
. The momentum exchange between 

the electron and LO phonon is described as p. The lattice vibrations couple with γ electrons 

with momentum k, which is described by the phonon-carrier interaction, and in this case the 

Hamiltonian takes the following form [23]:  
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Hph =  ℏΩLO ∑ g𝐩
γ

γ,𝐤,𝐩 aγ,𝐤−𝐩
† aγ,𝐤(d−𝐩 − d𝐩

†)    (3) 

 

where, aγ
†
 and aγ is Fermion creation and annihilation operators.  

On the other hand, deformation-potential coupling originates from the variations of the bond 

lengths and bond angles that locally change the electronic band energies and lead to strongly 

band dependent matrix elements. The resulting carrier-phonon interaction has the same form 

as described in equation (2); however, one needs to replace g𝐩
γ
 by the deformation potential 

matrix element gγ,def which is described by reduced mass, deformation potential constant dγ 

and lattice parameter a [18, 23]: 

 

|gγ,def|
2

=
1

2ρξ3ΩTO+LO
3

(M1+M2)

2M1M2

|dγ|2

𝑎2       (4) 

 

where ρ is the density of the material, M1 and M2 are the masses of the two basis atoms in the 

unit cell. From the above relationship, it can be seen that the Frohlich matrix element gp
γ
 

depend upon the inverse of ℏΩLO, dielectric constants, and inverse mode square of wave 

vector 
1

|𝐩|2
. It means that the Frohlich coupling is strong for phonon with lower wave vector 

p. However, matrix element of deformation potential gγ,def weakly depend upon energy of 

LO and TO phonon as 
1

Ω(TO+LO)
3 .  

Matrix element showed that Frohlich interaction decays for large k and it is, therefore, 

efficient for exchanging small momenta between electrons and phonons in resonance 

condition at k=0 which showed resonantly excited peak of A1𝑔
1  LO mode in Bi2Te3 at Ep 1.57 

eV. In deformation potential, carrier-phonon scattering mechanism is based on the 



11 
 

deformation of the atomic lattice by a phonon. The strength of the deformation potential 

scattering is essentially constant in k and leads to a relatively weak dependence of the coupling 

on the transferred momentum. Nevertheless, for small k values, the absolute interaction 

strength is considerably smaller compared to the Frohlich interaction [18]. A deformation 

potential is caused by both the LO and TO phonon interaction with lattices, however, Frohlich 

coupling is mediated by LO phonon.  

In Mn1.3BiTe2.5 (curves d-f) and MnBi1.7Te2.8 ( curves g-i) films, out of six, we have observed 

four distinct strong Raman active modes: two of Eg modes (E1𝑔
2  – peak 1 and E𝑔

3 – peak 2), 

and two of A1g modes (A1𝑔
2  – peak 3 and A1𝑔

3  – peak 4) shown in Fig. 3. Other two low 

frequency E1𝑔
1  

Depending upon the chemical composition of Mn1.3BiTe2.5 and MnBi1.7Te2.8, peak intensity 

of E𝑔
2, A1𝑔

2  and A1𝑔
3  distinctly differs as shown in deconvoluted spectra Fig. 4.  
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Fig. 4. Raman spectra of Mn1.3BiTe2.5 (a-c), and MnBi1.7Te2.8 (d-f); excitation energies of 2.3 

eV curves (a) and (d), 1.94 eV curves (b) and (e), and 1.57 eV curves (c) and (f); peaks 1, 5, 

6 and 7 – E𝑔
2, E𝑔

3, A1𝑔
2  and A1𝑔

3  modes, respectively.  

 

The intensity of E𝑔
3 mode is much stronger in MnBi1.7Te2.8 compared to Mn1.3BiTe2.5 sample. 

However, intensity of A1𝑔
2  mode is stronger in Mn1.3BiTe2.5 sample. Peaks 1, 5, 6, and 7 
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belongs to Raman active modes [24−26], others are Raman forbidden IR-active modes 

[24−27]. Peak 5 is E𝑔
3 mode which is much stronger in MnBi1.7Te2.8 sample. However, peak 6 

belongs to A1𝑔
2  symmetry and it is stronger in Mn1.3BiTe2.5 sample. The ratio of peak intensity 

of E𝑔
3/A1𝑔

2  and E𝑔
3/A1𝑔

3  can be considered as more effective way to describe the intensity 

variation of these modes as shown in Fig. 5.  

 

Fig. 5. Excitation energy dependent intensity ratio of E𝑔
3/A1𝑔

2  and E𝑔
3/A1𝑔

3  modes in 

Mn1.3BiTe2.5 and MnBi1.7Te2.8 samples.  

 

It can be shown that the ratio of E𝑔
3/A1𝑔

2  and E𝑔
3/A1𝑔

3  is much lower in Mn1.3BiTe2.5 sample. 

With decrease in Ep, the ratio of E𝑔
3/A1𝑔

2  and E𝑔
3/A1𝑔

3  increases for Mn1.3BiTe2.5 which indicate 

that the deformation potential [18, 28] of TO mode in the matrix element is more favorable at 
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lower Ep 1.57 eV. However, for MnBi1.7Te2.8 film, the ratio of E𝑔
3/A1𝑔

2  and E𝑔
3/A1𝑔

3  is lower for 

Ep 1.94 eV and highest for Ep 1.57 eV.  

The main contribution to the E𝑔
3 mode comes from the vibrations of the top and the bottom 

Bi-Te atomic layers, similar to that of Bi2Te3. In the case of Mn1.3BiTe2.5, the Bi atom is 

deficient in the chain, it means the phonon vibrational cross section of this mode is lower. The 

deficiency of atom in the chain is shown in the inset of Fig. 4. However, the symmetry of the 

septuple layer of chain in the case of MnBi1.7Te2.8 is preserved which causes vibrations of the 

top and the bottom Bi-Te atomic layers in phase, hence higher vibrational cross-section of E𝑔
3 

mode.  

The intensity of A1𝑔
2  mode is stronger in Mn1.3BiTe2.5 compared to MnBi1.7Te2.8. In A1𝑔

2  mode, 

the Bi atom is stationary and it does not displaces from their center of mass position. The 

displacement of Te-Te atoms is not disrupted in case if Bi atom in the chain of unit cell is 

deficient. In fact, the vibrational cross section of Te-Te atoms is more efficient which showed 

higher intensity of peak in Mn1.3BiTe2.5 film. In both type of vibrations, either Bi-Te or Te-Te 

in the unit cell, the frequency of A1𝑔
2  mode is different because the difference in reduced mass 

and oscillator strength of Bi-Te or Te-Te. Intensity of A1𝑔
2  in Mn1.3BiTe2.5 is weak compared 

to MnBi1.7Te2.8 because in this mode three atoms top and three atoms bottom with the 

combination of Bi-Te displaces in out-of-phase in antisymmetric direction. From the results 

one can notice that the intensity of E𝑔
2 and E𝑔

3 mode increases with decreasing the Ep which 

may be related with enhancement of deformation potential. The peak width of all the modes 

is much narrow for Bi2Te3 film compared to MBT which directly correspond to long range 

ordering of crystal structure in Bi2Te3 film.  

Polarization induced Raman spectra of Bi2Te3 and MnBi1.7Te2.8 films are shown in Fig. 6 in 

H−H, V−V and V−H scattering configurations. Both H−H and V−V probe the diagonal 

elements z(x, x)z̅ in Porto notation, and V−H probe the off-diagonal z(x, y)z̅ elements of the 

Raman tensor [22, 23, 27, 28].  
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Fig. 6. Polarization-resolved Raman spectra of Bi2Te3 (a-c), and MnBi1.7Te2.8 (d-f); curves (a) 

and (d) H−H; curves (b) and (e) V−V; curves (c) and (f) V−H; excitation energy 2.3 eV.  

 

The selection rule for the Eg phonons is the same as for dipole-allowed scattering. However, 

Ag mode corresponds to the Frohlich-interaction —induced (quadrupole-allowed) scattering 

[22, 23]. Hence, we expect to find Eg phonons in the V − H off-diagonal z(x, y)z̅ scattering 

geometry and both Ag and Eg phonons in the H−H, and V−V diagonal z(x, x)z̅ scattering 

configuration.  

 

Ag =  (
𝑎 0 0
0 𝑎 0
0 0 𝑎

); Eg =  (
𝑐 0 0
0 −𝑐 0
0 0 𝑑

) ; Eg =  (
0 −𝑐 𝑑

−𝑐 𝑎 0
𝑑 0 0

) (5) 
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It means that Eg phonons in the z(x, y)z̅ and Ag phonons in the z(x, x)z̅ scattering configuration 

is expected. It is shown in the equation (5) that the off-diagonal elements of the Ag mode 

vanishes in the V − H polarization geometry, on the other hand, Eg mode has non-vanishing 

off-diagonal elements in the matrix. However, both Ag and Eg modes has non vanishing 

diagonal elements in the matrix. The results clearly manifest that peak at 100 cm–1 in Bi2Te3 

belong to Eg mode (E𝑔
2 symmetry) in z(x, y)z̅ polarization direction. Two weak intensity peaks 

located left and right of the E𝑔
2 mode are A1𝑔

1  and A1𝑔
2  modes, respectively. The signature of 

these peaks in z(x, y)z̅ polarization direction is associated to symmetry breaking of epitaxial 

direction. Peaks A1𝑔
1  and A1𝑔

2  modes along with E𝑔
3 mode are stronger in H−H and V−V 

scattering configuration which satisfies non zero diagonal matrix element allowed in z(x, x)z̅ 

polarization direction.  

In case of MBT film (MnBi1.7Te2.8), both Raman active Eg and A1g modes are present in the 

H−H and V−V polarization direction. However, in V − H polarization geometry, a strong Eg 

mode and weak intensity of all the A1g modes was also observed. The excitation of A1g modes 

indicate that the off-diagonal elements in the matrix is activated because the direction of 

crystal plane oriented off-diagonally. The intensity of the A1𝑔
2  is much stronger in the H−H 

polarization direction in which the Bi atom is stationary and Te atoms below and above the 

central stationary Mn atom displaces antisymmetrically out-of-phase.  

The intensity and peak shape of A1𝑔
2  mode is found to be sensitive to laser power as shown in 

Fig. 7.  
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Fig. 7. Laser power dependent Raman spectra of MnBi1.7Te2.8 film (a) 0.05 mW (b) 0.1 mW 

(c) 0.25 mW (d) 0.5 mW (e) 1.0 mW; peaks 1, 2, 3 and 4 – E𝑔
2, E𝑔

3, A1𝑔
2  and A1𝑔

3 .  

 

The intensity of this mode increases and peak become more symmetric upon increase in laser 

power due to local heating which modify the lattice [29]. A peak shift and intensity variation 
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of other modes was not observed significantly which confirmed the absence of anharmoinc 

effect and thermal expansion of lattices due to heating.  

4. Conclusions 

Magnesium-based bismuth telluride and Bi2Te3 topological insulator thin films were grown 

by MBE method. Chemical composition dependent vibrational modes of these films was 

investigated by polarization-resolved Raman scattering spectroscopy with three different 

excitation energies 1.57, 1.94 and 2.33 eV. Intensity of vibrational modes was contrasting 

depending upon the elemental composition of magnesium-based bismuth telluride 

compounds. Intensity of E𝑔
3 TO mode was much stronger in Bi reach magnesium-based 

bismuth telluride compared to Bi deficient compound. However, intensity of A1𝑔
2  LO mode 

was stronger in Bi deficient magnesium-based bismuth telluride. E𝑔
3 TO mode corresponds to 

in-plane vibrations of Bi-Te atomic layers. The probability of vibrational cross section of this 

mode decreased due to deficiency of Bi atoms in the unit cell of magnesium-based bismuth 

telluride compound. Antisymmetric out-of-plane vibration of Te-Te atoms resulted in A1𝑔
2  LO 

mode, vibrational degree of freedom of this mode was stronger in Bi deficient compound. 

Intensity enhancement of Eg and A1g mode was observed at lower excitation energy 1.57 eV 

associated to resonance effect.  
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