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Topological two-dimensional transition metal dichalcogenides (TMDs) have a wide range of promising applications and are the subject of intense basic scientific research. Due to the existence of a direct optical bandgap, nano-optics and nano-optoelectronics employing monolayer TMDs are at the center of the development of next-generation devices. Magneto-resonant Raman scattering (MRRS) is a non-destructive fundamental technique that enables the study of magneto-electronic levels for TMD semiconductor device applications and hitherto unexplored optical transitions. Raman intensity in a Faraday backscattering configuration as a function of the magnetic field B, laser energy, and the circular polarization of light reveals a set of incoming and outgoing resonances with particular spin orientations and magneto-optical interband transitions at the [image: image]- and [image: image]-valleys of the Brillouin zone. This fact unequivocally allows for a straightforward determination of the important band parameters of TMD materials. A generalization of the MRRS theory is performed for the description of the magneto-polaron (MP) effects in the first-order light scattering process. It shows how strongly the simultaneous presence of the conduction and valence bands modifies the MP energy spectrum. The resonant MP Raman intensity reveals three resonant splitting processes of double avoided-crossing levels reflecting the electron-hole pair energy spectrum. The scattering profile allows for quantifying the relative contribution of the conduction and valence bands in the formation of MPs. Many avoided-crossing points due to the electron–phonon interaction in the MP spectrum, a superposition of the electron and hole states in the excitation branches, and their impact on Raman scattering are exceptional features of monolayer TMDs. Based on this, the reported theoretical studies open a pathway toward MRRS and resonant MP Raman scattering characterization of two-dimensional materials.
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1 INTRODUCTION
Application of a magnetic field B leads to sharp features and strong oscillations in the first-order magneto-resonant Raman scattering (MRRS) intensity. The scattering efficiency is enhanced whenever an interband magneto-optical transition between Landau levels occurs [1]. Magneto-resonant spectroscopy is a very efficient tool for describing the electronic structure, determining the mixing effect of the valence bands, the electron-hole correlation, and for evaluating the band non-parabolicity in bulk semiconductors [2]. Furthermore, by employing different scattering configurations, MRRS allows for a manipulation of the intermediate electron–hole pair (EHP) states and their symmetry properties, while the relative intensities can be controlled by tuning the field. Two-dimensional (2D) materials in the presence of an external field B possess Dirac [image: image]-singularities in the density of states, reinforcing the physical properties of the systems. MRRS is a powerful non-destructive tool used to study the total quantization of the EHP energy in 2D transition metal dichalcogenide (TMD) semiconductors [3]. By adjusting the laser energy and B, MRRS spectroscopy is a unique tool allowing one to analyze the fundamental differences between bulk systems and various 2D structures. The variations of the MRRS intensity with B open a promising road to novel efficient magneto-optical devices such as sensors and optical switches [4].
In a monolayer (ML) TMD, the optical phonon modes at the [image: image]-point of the Brillouin zone (BZ) belong to the symmetry group [image: image] [5] with irreducible representations [image: image], [image: image], [image: image] and [image: image] [6]. The modes with [image: image](LO, TO) symmetry correspond to longitudinal LO and transverse TO in-plane oscillations, while the irreducible representation [image: image](ZO) is related to an out-of-plane ZO-phonon. The Raman tensors are written as [7].
[image: image]
where [image: image], [image: image], [image: image] and [image: image] are the Raman polarizabilities.
We are searching the MRRS in 2D TMDs at the points [image: image] or [image: image] of the Brillouin zone in the presence of the field [image: image] perpendicular to the plane (see Figure 1A). The first-order scattering process is a three-step process, represented in Figure 1B. First, the incoming light creates an EHP in the virtual state [image: image] with quantum numbers [image: image]. Second, the EHP transition [image: image] takes place after the emission of an optical phonon [image: image] by the electron or hole. Finally, the EHP is annihilated, emitting a photon of frequency [image: image]. A quantitative picture of the scattering efficiencies allows us to delineate the key factors involved in the interband magneto-optical transitions between the conduction and valence bands at the [image: image]- or [image: image]-points of the BZ, as well as to obtain valuable information about the fan plots of the Landau levels [2]. Having access to analytical models that can describe the MRRS in TMD materials becomes a necessity for understanding the Raman measurements. This allows for acquiring knowledge about the electron–phonon interaction and the band structure of the materials under study, as well as manipulating the Raman intensity through B and the laser energy.
[image: Figure 1]FIGURE 1 | (A) Scheme of the magneto-Raman scattering measurement in a ML TMD in the Faraday backscattering configurations [image: image] with the magnetic field [image: image], [image: image] the polarization vector of the circularly polarized light, and [image: image] [image: image] the incident (scattered) photon frequency. (B) Resonant first-order scattering amplitude [image: image]. Full circles and a square represent the electron–radiation and electron–phonon interactions, correspondingly, [image: image] the optical phonon frequency with the phonon wave vector [image: image], [image: image] the virtual EHP states with the electron (hole) Landau level [image: image] [image: image] and the wave vector [image: image] [image: image] along the [image: image]-direction.
At high magnetic fields, the Landau levels in the conduction or valence bands can be coupled by the energy of one optical phonon. This resonance effect is due to the electron–phonon interaction (EPI), lifting the degeneracy between two Landau levels separated by an optical phonon; i.e., a resonant magneto-polaron (MP) coupling occurs. This effect was predicted in 1961 [8] and experimentally observed in the magneto-resistance of n-InSb [9]. MP effects have a huge impact on the transport properties [10], magneto-conductivity [11], cyclotron resonance [12], and magneto-optical properties [13]. Resonant magneto-polaron Raman scattering (RMPRS) measurements are useful to get accurate information on the band parameters in bulk semiconductors [14], phonon-impurity capture processes in Si [15], to describe the plasmon-LO–phonon interaction as a function of B [16], to study the quantum Hall effect and disorder in the graphene layers [17, 18]. A model describing RMPRS in III–IV bulk semiconductors was developed in [19, 20], where Raman intensities were reported for the scattering configurations, when an LO–phonon is emitted via intraband processes due to the Pekar-Fröhlich (PF) EPI or interband transitions owing to the deformation potential (DP) EPI. In the MP range, the intermediate EHP virtual states are renormalized by PF and DP interactions. MP resonances in graphene were addressed in the literature. The electronic states in a high field give rise to a series of discrete Landau levels, which couple to the [image: image]-phonon [18, 21, 22].
This paper presents a rigorous description of RMPRS in an ML TMD on the basis of Green’s function formalism. We find the peculiarities of the EHP MP spectrum that includes the coupling of the different Landau states for the electrons and holes with EPI in a systematic way. The MPRRS studies are required for characterizing TMD semiconductors [23] and for the study of disorder and doping in 2D materials [24, 25].
Our main objective is to describe the effects of a magnetic field on RRS in ML TMD semiconductors. For a better understanding and aiming at comparison of results, we split the study into processes with and without MP resonances. Section 2 describes general aspects of the first-order RSS in a magnetic field and magneto-Raman selection rules, and an explicit expression for the scattering efficiency via the [image: image]-DP EPI is derived. Furthermore, an analysis of the incoming and outgoing resonances in different scattering configurations with circularly polarized light and its relationship to the symmetry of the band parameters (effective masses and EH [image: image]-factors) of ML [image: image]-family (T = Mo, W; X = S, Se, and Te) at the [image: image]- and [image: image]-valleys are discussed. In Section 2.4, by employing Green’s function formalism, a generalization of the results of Subsection 2.1 on RMPRS is performed including the MP effects on Raman scattering. Conclusion is listed in Section 3. The detailed calculations of Raman intensities and the procedure for obtaining the MP spectrum are summarized in the Supplementary Material.
2 ONE-PHONON RESONANT RAMAN SCATTERING IN 2D TMD IN A MAGNETIC FIELD
The differential Raman scattering cross-section [image: image] per unit solid angle [image: image] and per unit scattered frequency [image: image] is related to the scattering amplitude [image: image] [26] from the initial state [image: image] of the system in the presence of an incident photon of frequency [image: image] to the final state [image: image] for Stokes scattering by an optical phonon [image: image]. It can be written as [27]
[image: image]
In resonance, the main contribution of the first-order MRRS amplitude [image: image] is represented by the Feynman diagram in Figure 1B; thus, it follows that
[image: image]
where [image: image] and [image: image] are the electron–radiation and electron–phonon Hamiltonians, respectively; the summation in Eq. 3 is carried over all virtual intermediate EHP states [image: image] [image: image] with energy [image: image]; [image: image] the EHP unperturbed Green’s function at [image: image] K; and [image: image] a residual lifetime broadening. The electron–radiation matrix element for the dipole-allowed magneto-optical transitions (detailed in Supplementary Material Section S1) is cast as
[image: image]
The same result is obtained for the [image: image]. From Eq. 4, the conservation of spins [image: image] and Landau levels [image: image] follows. Figure 2 schematically represents the band structure in the vicinity of the [image: image]- and [image: image]-valleys for a ML [image: image] (X[image: image]S, Se, and Te). The conduction and valence bands are spin-split due to a strong spin–orbit coupling. The sub-bands are indicated by [image: image], [image: image] and [image: image], and [image: image] for the conduction and valence bands, respectively, while the spin orientation is symbolized by red and blue colors for spin-up and spin-down, respectively [28]. In the vicinity of the [image: image] [image: image]-valley, the optical transition is dipole allowed for the [image: image] [image: image] polarization. Selection rules preserving the spin orientation for the [image: image] and [image: image] light polarization are illustrated in Figure 2 by vertical arrows between the valence and conduction bands. In case of the [image: image] family, the [image: image] polarization connects the [image: image] bands at the [image: image]- or [image: image]-points, while the [image: image] polarization plugs [image: image] bands. For the tungsten-based structures, the order of the spin orientation in the conduction band is reverse. Hence, for the [image: image] [image: image] polarization, the interband optical transitions occur between the valence band [image: image] [image: image] and the conduction band [image: image] [image: image] at the [image: image] [image: image]-valley. In general, the light polarizations [image: image] connect the [image: image] Bloch states with the change in the total angular momentum [image: image] [29]. We assume that the laser excitation is well above the band gap [image: image], where the wave function of the EHP can be taken as that of the free particle. Under these conditions, the optical measurement is ruled by the Landau levels and the Zeeman splitting. If [image: image], the diamagnetic shift for the excitons is observed in the magneto-optical spectra [30].
[image: Figure 2]FIGURE 2 | Scheme of the band structure of the ML [image: image] family at the [image: image]- and [image: image]-valleys. The conduction and valence sub-bands are denoted by [image: image] and [image: image] [image: image], respectively. The spin-up and spin-down orientations are symbolized by the red and blue arrows, and the allowed optical transitions, with the spin conservation, by the blue and red straight lines for [image: image] and [image: image] light polarization, correspondingly.
2.1 Scattering efficiency
In the Faraday backscattering configuration from the surface [image: image] of a ML at the parallel polarization [image: image], as shown in Figure 1A, the components of the Raman tensors (Equation 1) allow two phonon modes with the symmetry [image: image](LO) and [image: image]′(ZO) via intra-valley EPI. For the in-plane longitudinal [image: image](LO) mode, the first-order Raman scattering is mediated by the long-range PF interaction, while for the out-of-plane ZO-branch, it occurs due to the short-range DP coupling.
2.2 Long-range interaction
In the backscattering configuration [image: image], the in-plane phonon wave vector is 0. Hence, from Eqs 3, 4; Supplementary Equation S12, the scattering amplitude follows to be
[image: image]
Consequently, for a ML TMD, it follows from Equation 5 that the contribution of the 2D long-range electric field (linked to the longitudinal optical phonon) to the Raman intensity, [image: image], vanishes. As discussed in Ref. [31], a backscattering geometry with oblique incidence is necessary for enhancing the in-plane phonon wave vector, where the 2D PF one-phonon mechanism is allowed.
2.3 Deformation potential
Using Eqs 3, 4 and Supplementary Equation S10, we get
[image: image]
where [image: image]; [image: image] and [image: image] for spin-up and spin-down; [image: image] the EH [image: image]-factor; [image: image] the Bohr magneton; and [image: image] the EH–cyclotron frequency with the reduced mass given by [image: image]. Upon inserting Eq. 6 into Eq. 2, the Raman scattering efficiency per unit solid angle d[image: image] takes the form
[image: image]
where
[image: image]
2.3.1 Band parameters
Employing the [image: image], configurations, we select different spin orientations and interband optical transitions [image: image] ([image: image]1,2). For a fixed laser energy [image: image], the sets of the magnetic field values, for which the incoming, [image: image], and outgoing, [image: image], resonances occur, are given by
[image: image]
[image: image]
with the conditions [image: image] and [image: image]. 9, 10, [image: image] = 0, 1, 2, … [image: image], [image: image], and [image: image] are the gap energy and the cyclotron frequency for the transition between the valence band [image: image] and the conduction band [image: image] (i, j = 1,2). The above relations allow for a straightforward determination of the important band parameters of the TMD materials.
For ML [image: image] materials in the [image: image] configuration, the main contribution corresponds to the transition between the [image: image] and [image: image] bands at the [image: image]-valley of the BZ. The input of the [image: image]-valley for the [image: image] transition is negligible for laser energies in the vicinity of the gap energy. Typical 2D TMD structures present a valence band spin-splitting [image: image] ranging between 150 and 480 meV. In the [image: image] configuration, the situation is reverse; the direct optical transition is between the [image: image] bands (see Figure 2), and the contribution of the [image: image]-valley does not play a significant role. Employing the Faraday [image: image] configurations, we select different electron and hole effective masses, and spin orientation in the Raman spectra. The effective band parameters, phonon frequency, Landé [image: image]-factor, lattice constant, and EH-phonon DP coupling constant for [image: image] and [image: image] families are summarized in Table 1. In the [image: image] compounds, the spin sub-bands of the conduction band shown in Figure 2 are reversed; hence, there are the [image: image] and [image: image] allowed optical transitions for [image: image] and [image: image], respectively. Figure 3 shows the resonant Raman profiles calculated according to Eq. 7 as a function of B in [image: image] and [image: image]. The blue (red) solid lines correspond to the backscattering configuration [image: image] [image: image]. Following Eqs 9, 10, the incoming and outgoing resonances due to the interband magneto-optical transitions for different Landau [image: image] are indicated by olive and purple dashed lines, respectively. In evaluation of the Raman intensities, we assume a constant broadening ([image: image] = 2) independent of the magnetic field and the Landau quantum number. From Figure 3, it is seen that the resonance profile increases as [image: image] and the characteristic oscillatory behavior occurs due to a sequence of incoming and outgoing resonances as a function of the magnetic field. The resonance conditions are obtained for the magnetic fields satisfying Eqs 9, 10. For [image: image], the peaks of the magneto-Raman spectra for a given quantum number [image: image] are located at lower magnetic fields in the configuration [image: image] than in the configuration [image: image]. This fact reveals the dependence of the effective masses on the optical selection rules in [image: image] versus [image: image] families, and the value of the reduced effective mass for the [image: image] polarization is larger than that in the [image: image] case (see Table 1). Therefore, [image: image] for the (-,-) configuration is larger than that for the (+,+) configuration, and the resonances appear at lower B values as follows from Eqs 9, 10. The same calculations were performed for [image: image] and [image: image] (see Figure 4). When comparing the Raman spectra of the [image: image] versus [image: image] families, it is clear that the peak positions for a given [image: image] are shifted in the molybdenum-based materials to a higher energy in comparison to the tungsten-based ones, reflecting the band structure and the inherent symmetry of each family.
TABLE 1 | Parameters employed for the evaluation of the Raman intensity. [image: image] [image: image] is the electron effective mass of the C1 (C2) conduction band, and [image: image] [image: image] is the hole effective mass of the V1 (V2) valence band. [image: image] is the lattice constant, [image: image] is the phonon frequency with the symmetry [image: image], [image: image] is the EH [image: image]-factor, [image: image] is the EH-phonon DP coupling constant, and [image: image] is the gap energy. [image: image] is the free electron mass.
[image: Table 1][image: Figure 3]FIGURE 3 | Raman intensity in two scattering configurations [image: image] (red lines) and [image: image] (blue lines) for ML [image: image] and [image: image] as a function of B at three values of the parameter [image: image] 2.1, 1.8, and 1.4 (laser energy [image: image] = 1.954, 1.939, and 1.919 eV and 2.095, 2.08, and 2.005 eV for [image: image] and [image: image], respectively). Dashed lines label the incoming (olive) and outgoing (purple) resonances for the EHP Landau level [image: image].
[image: Figure 4]FIGURE 4 | Same as Figure 3 for [image: image] ([image: image]1.652, 1.643, and 1.631 eV) and [image: image] ([image: image] 1.823, 1.814, and 1.802a eV).
2.3.1.1 Electron–hole [image: image]-factor
In the [image: image] configurations, the electron–hole [image: image]-factor can be written as
[image: image]
with [image: image] and [image: image] being the field values, where the resonances occur (see Eqs 9, 10). From Eq. 11, it follows that the value of the [image: image] factor depends on the effective masses of the [image: image]- and [image: image]-valleys. Thus, observations of the incoming and outgoing resonances in the magneto-Raman spectrum can provide information on the band parameters of the ML TMDs as a function of the applied field B.
2.4 Polaron effects
MP effects on Raman scattering were investigated for a long time in nanostructures [32, 33]. The discrete nature of the Landau level transitions and their MP resonances in graphene were clearly identified by Raman spectroscopy. In a simple picture of two Landau levels, separated by the optical phonon energy, the MP resonance is split into two branches. This fact is not true in materials, where the magneto-optical transitions occur between the valence and conduction bands with similar effective masses. Generally, no part of the MP self-energy can be decoupled into two independent contributions originating from the conduction and valence bands: the overlap of the electron and hole Landau states must be taken into account. The self-energy, as displayed in Supplementary Equation S14, implies a summation over all Landau levels in the conduction and valences bands.
In the evaluation of the scattering efficiency shown in Figures 3, 4, the MP effects are not taken into account. In the first-order resonant Raman scattering, the impinging light and the scattered light lead to the creation and annihilation of electrons and holes simultaneously in the same quantum Landau state; therefore, at a certain laser energy and [image: image], the MP resonances should be involved in the light scattering process. Hence, the free EHP states in a magnetic field embedded in the Green’s function [image: image] are no longer a correct set of states valid for the description of resonant magneto-Raman scattering. In Eq. 3, the bare Green’s function [image: image], that appears in Figure 1B, must be replaced by summing the subset of Feynman diagrams considering the interaction of the EHP Landau states with the optical phonons. The procedure leads to the renormalized Green’s function, [image: image] = [image: image] [19, 20], where [image: image] labels the MP states. The complex-valued function [image: image], present in Supplementary Equation S21, provides the MP energy [image: image] = [image: image] (see Section 3 in Supplementary Material). For a fixed [image: image] value, the quantum number [image: image] labels the EHP quasi-particle states, i.e., the renormalized Landau state and the corresponding excited states as a function of B. The EHP MP spectra for the [image: image]2 and 3 states of a ML [image: image] and a ML [image: image] are displayed in Figures 5, 6. For the calculation, we employed the materials and parameters listed in Table 1. In the figures, the bare excited states for electrons, [image: image], and for holes, [image: image], ([image: image], [image: image] = 0,1,2,…,[image: image]-1), are symbolized by blue and red empty diamonds, respectively, while the uncoupled Landau levels [image: image] are symbolized by dashed lines. From the figures, the MP resonances due to the electron–phonon and hole–phonon interaction are clearly seen. For each EPH Landau level [image: image], there are three branches. The anti-crossing points are sited at the cyclotron resonance transition energies [image: image] = [image: image] and 1 for the conduction [image: image] and valence [image: image] bands, respectively. In particular, for [image: image] there are four avoided-crossing levels, and for [image: image] there exist six such levels. In [image: image] [image: image], the crossing points are at [image: image] = 0.61, 0.91, 1.81 (0.58, 0.87, 1.74) and 0.7, 1.1, 2.2 (0.78, 1.17, 2.34) for the electron and hole, respectively. Comparing spectra of Figures 5, 6, we find that the magnetic fields, where anti-crossings occur, are higher in [image: image] than those in [image: image], while the gap is also greater, reflecting the fact that the electron-deformation potential is smaller in the [image: image] family than in the [image: image] one. For the hole at each anti-crossing point, there exists a superposition between the renormalized electron and hole excited states. This effect is due to the values of the deformation potential [image: image] and [image: image] (see Table 1; Supplementary Equation S22). The ratio [image: image]/[image: image] 1 provokes a superposition of the electron and hole excited states at higher values of [image: image] (0.7, 1.1, 2.2 and 0.78, 1.17, 2.34 for [image: image] and [image: image], respectively). To visualize this effect, Figure 7 highlights the MP for [image: image]2 as a function of the ratio [image: image]. If [image: image], the anti-crossing takes place at the electron cyclotron frequency [image: image] ([image: image] 0.91), while for the hole cyclotron frequency [image: image] ([image: image] 1.1), a crossover occurs between the renormalized excited states of the electron and hole. For [image: image], the situation is reversed, the gap opens at the hole cyclotron frequency, [image: image], and the electron–hole superposition occurs at [image: image]. In the specific case of [image: image], the MP quasi-particle is absent, and the undressed Landau level [image: image] = 2 is recovered.
[image: Figure 5]FIGURE 5 | MP energy (solid lines) as a function of the relative cyclotron frequency [image: image] in a ML [image: image] for the states [image: image] 2 and 3. The [image: image] optical transition is considered.
[image: Figure 6]FIGURE 6 | Same as Figure 5 for [image: image]. The [image: image] optical transition is considered.
[image: Figure 7]FIGURE 7 | MP energy [image: image] as a function of B for [image: image] at three values of [image: image].
2.5 RMPRS efficiency
All of the previously discussed effects of the MP spectrum are reflected in the Raman intensity. Replacing the Green’s function [image: image] by the “dressed” Green’s function [image: image] in Eq. 3, we derive the resonant MP Raman efficiency
[image: image]
where [image: image] is the solution of the coupled Supplementary Equations S22, S23, and the sum for each [image: image] is over all MP states, i.e., the renormalized Landau level [image: image] and excited states with [image: image] and [image: image] = 1,…, [image: image]. Eq. 12 is isomorphic to Eq. 7, with MP effects included. The main difference lies in the replacement of the bare Landau levels [image: image] by the new set of the quasi-particle excitation energies [image: image]. As stated previously, the MP energies are the fundamental conceptual ingredient of the Raman scattering efficiency. By scanning the Raman intensity with the field B and different incident laser energies, we are able to study the EHP spectrum and the properties of the MP. Figures 8, 9 represent the resonant MP Raman efficiency profiles for a ML [image: image] and a ML [image: image]. For the numerical evaluations, we employ the data in Table 1 for the scattering configuration [image: image], assuming [image: image] = 1 meV and disregarding the Zeeman splitting. The resonant profiles are evaluated for the relative laser energies [image: image] = 2.5, 2.8, 3.1 and 2.0, 2.4, 2.8 in [image: image] and [image: image], respectively. The positions of the resonance peaks occur at different values of the magnetic field values due to the [image: image]-phonon energies, 29.4 meV versus 51 meV in [image: image] and [image: image], respectively. For a fixed value of the relative laser frequency, the resonances may or may not be close to the avoided-crossing point of certain excitation branches. In the range of the magnetic field values near anti-crossings, the Landau levels are strongly renormalized by the [image: image]-EPI. For a better analysis of the results shown in Figures 8, 9, the values of [image: image] employed for the evaluation of the RMPRS intensity are indicated by green dotted lines in the MP spectra of [image: image] and [image: image] (Figures 5, 6). For example, the structure manifested in Figure 8 at [image: image] = 2.5 in the range 10 T [image: image] 12 T represents the incoming resonances for three excitation branches of the MP energy spectrum. From Figure 5, it follows that these branches are near the avoided-crossing point [image: image] = 1/2. The resonances correspond to the renormalized hole (B = 10.4 T) and electron (B = 10.6 T) excited states with [image: image], next to the renormalized Landau level [image: image] = 2 (B = 11.7 T). As seen in the spectrum of Figure 5, there are no other contributions to the Raman profile, while for B [image: image] 9 T, the main contribution to [image: image] is provided by the [image: image] = 3 MP states. Namely, there exists a set of incoming resonances in the Raman profile for the [image: image] Landau level at B = 7.69 T as well as the electron and hole renormalized excited states with [image: image] (B = 8.79, 6.73, 5.5 T) and [image: image] (B = 7.66, 6.29, 5.35 T). The maximum in Figure 8 corresponds to the contribution of the renormalized Landau energy [image: image] = 3 at B = 7.69 T and the hole excited state [image: image] at B = 7.66 T (see the MP spectrum in Figure 5). Interestingly, there are more contributions to the Raman intensity due to the states with [image: image] = 2 and [image: image] = 1 (B = 7.97, 8.3 T). The same analysis is performed for other materials and laser energies. Thus, for [image: image] at [image: image] = 2.8, the maximum in the Raman profile corresponds to the renormalized Landau level [image: image]2 (B = 11.68 T) and the excited states of the polaron quasi-particle [image: image] = 0 (B = 11.55 T) (see the MP spectrum in Figure 6). Importantly, in the RMPRS, given by Eq. 12, there are also manifestations of the outgoing resonances. Therefore, there is the same set of MP states contributing to the Raman profile, but now shifted by the energy of an optical phonon. This is the case for the line shown in Figure 9 for [image: image] = 2.0 at B= 7.1 T, which is associated with the outgoing resonance of the [image: image] = 1 Landau dressed state.
[image: Figure 8]FIGURE 8 | MP Raman scattering efficiency (red solid line) as given by Eq. 12 for a ML [image: image] in [image: image] backscattering configuration as a function of B at [image: image] = 2.5, 2.8, and 3.1 ([image: image] = 1.6635, 1.6723, and 1.6811 eV). Black solid lines show the Raman intensity without the MP effect. The incoming and outgoing resonances for the Landau level [image: image] are indicated by the green and violet arrows, respectively. In the calculation, the values of [image: image] = 5.2 eV [42] and [image: image] = 4.9 eV [43] are used.
[image: Figure 9]FIGURE 9 | Same as Figure 8 for [image: image] at [image: image] = 2.0, 2.4, and 2.8 ([image: image] = 2.092, 2.1124, and 2.1328 eV). The values of [image: image] = 3.1 eV [42] and [image: image] = 2.3 eV [43] are employed.
3 CONCLUSION AND OUTLOOK
We have calculated the one-phonon magneto-resonant light scattering due to the out-of-plane [image: image]-phonon in ML TMD materials. The Raman efficiency in the backscattering configurations, [image: image], represented by Eq. 7, provides a direct experimentally accessible information on the band structure. Processing the set of incoming and outgoing resonances that correspond to different interband magneto-optical transitions, as given by Eqs 9, 10 together with Eq. 11 for the EH [image: image]-factor, provides a powerful tool to extract the information of the principal band parameters at the [image: image]- and [image: image]-valleys as a function of B. It is shown that the Raman intensity increases as B2, exhibiting oscillations following the Landau transitions of the EHP. The theoretical model is extended onto the B range, where the MP effects play the main role in the formation of the Raman profile. The renormalized Landau levels are obtained by solving the equation for the self-energy operator due to the [image: image]′—DP interaction. A compact mathematical expression for the MP quasi-particle energy (Supplementary Equation S22) and its lifetime broadening (Supplementary Equation S23), which are essential for the Raman intensity, is provided. We have further presented a theoretical analysis of the MP resonances in a ML [image: image] and a ML [image: image]. The unique characteristics of the conduction and valence bands and their contributions in the formation of the MP quasi-particle are revealed (see Figures 5, 6). The relative contributions of the electron and hole to the MP formation depend on the optical DP values. An analytical equation for RMPRS intensity as a function of the magnetic field (Eq. 12) is provided, allowing for the analysis of the MP formation in different ranges of the field B and the incoming laser energy. A central result of the present paper is the proof that the magneto-Raman efficiency is a fingerprint of the 2D MP excitation branches (see Figures 8, 9). The fundamental findings of this paper are of key importance for emerging novel electronic, optoelectronic [34, 35] and photonic devices [36], gas sensors [37], quantum-mechanical tunneling devices [38], tuning photodetectors by the magnetic field [39, 40], and controlling radiative lifetimes in TMD materials by an applied magnetic field [41], among numerous potential applications. The observation of the RMPRS is a heuristically important starting point for further basic research on a wide range of the magneto-optical properties of TMDs. As desirable developments, there are extensions of the present formalism to bilayer and Moiré structures, MP effects in multi-phonon resonant Raman scattering, and magneto-hot-luminescence.
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