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to magneto-polaron states

in monolayer transition metal
dichalcogenides
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Magneto-optical measurements are fundamental research tools that allow for studying the hitherto
unexplored optical transitions and the related applications of topological two-dimensional (2D)
transition metal dichalcogenides (TMDs). A theoretical model is developed for the first-order
magneto-resonant Raman scattering in a monolayer of TMD. A significant number of avoided crossing
points involving optical phonons in the magneto-polaron (MP) spectrum, a superposition of the
electron and hole states in the excitation branches, and their manifestations in optical transitions

at various light scattering configurations are unique features for these 2D structures. The Raman
intensity reveals three resonant splittings of double avoided-crossing levels. The three excitation
branches are present in the MP spectrum provoked by the coupling of the Landau levels in the
conduction and valence bands via an out-of-plane A;-optical phonon mode. The energy gaps at the
anticrossing points in the MP scattering spectrum are revealed as a function of the electron and hole
optical deformation potential constants. The resonant MP Raman scattering efficiency profile allows
for quantifying the relative contribution of the conduction and valence bands in the formation of MPs.
The results obtained are a guideline for controlling MP effects on the magneto-optical properties of
TMD semiconductors, which open pathways to novel optoelectronic devices based on 2D TMDs.

Resonant Raman scattering in a magnetic field B is a powerful nondestructive tool to study the electron-hole pair
(EHP) energy spectrum in transition metal dichalcogenide (TMD) semiconductors'. Recently, a new series of
magneto-polaron resonances (MPRs) in monlayer (ML) TMD materials was reported?. The coupling of the two
Landau levels with the optical phonons leads to the appearance of three excitation branches. This effect should
strongly impact the magneto-optical properties, in particular, those related to magneto-resonant Raman spectros-
copy (MRRS)?. The first observation and explanation of the existence of excited states in the magneto-resonant
Raman scattering were reported in InP*>. It was shown that renormalized Landau levels exhibit a ladder-like
structure coupling the excited states via the electron-phonon interaction (EPI), as found experimentally. By
adjusting the laser energy and the field B, Raman spectroscopy allows for revealing the fundamental differ-
ences between bulk systems and 2D structures. The reported series of MPRs in TMDs raise new fundamental
questions on the resonant magneto-polaron Raman scattering (RMPRS), where a strong anticrossing between
Landau levels can occur in the conduction and valence bands. Hence, it is imperative to address the role of the
EPI in the RMPRS, the relative contribution of scattering intensities in different scattering configurations, and
how the Raman spectrum results in the range of B, where both electron and hole states can resonate via an opti-
cal phonon. Straight-forward analytical models that describe RMPRS in the TMD materials are necessary for
understanding Raman measurements. These allow us to determine conditions of the MP resonance and to acquire
hitherto inaccessible information about the strength of the EPI and the band structure of the TMD materials.
Since the magnetic field is efficient for tuning the light-matter interaction in ML TMDs, the analyzed RMPRS
open perspectives for creation of new optoelectronic devices ranging from lasers®” and light emitters®, through
frequency converters®, modulators”?, and detectors’ to plasmonic generators® and sensors®. The fundamental
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findings of the present work are the characterization and the quantitative assessment of the parameters governing
the effects of MP on the first-order resonant Raman scattering in ML TMDs.

Results

We investigate the RMPRS in 2D TMDs at the K (K/ )-point of the Brillouin zone (BZ) (see Fig. 1), assuming the
photon excitation energy hw, well above the gap energy, Eg, and high field B, when the scattering is ruled by the
uncorrelated electron-hole pair (EHP). When the energies of two Landau levels are separated by the energy of
one optical phonon, the MP resonance takes place!’. The resonant effect is due to EPI that lifts the degeneracy of
the involved Landau levels. At a certain critical magnetic field, B,, two Landau levels N; and N, are coupled by
the phonon frequency, therefore the polaron effects should be detected in the light dispersion. The resonances
at B, between different Landau levels via one phonon raise questions about how MPRRS actually occurs. It is
clear that, for a realistic treatment of Raman scattering, it is necessary to know the renormalized spectrum of
the EHP in an applied field B due to the electron interaction with the phonon field.

The Raman efficiency in a 2D TMD is defined as!!
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where $ is the normalization area, dI/dS2 is a dimensionless quantity, d*o/(20ws) is the scattering cross-section
in a volume V' = Sb (b is the sample width) per unit solid angle €2 and per unit scattered light frequency ws, ;(1s)
is the refractive index for the incoming (scattered) light, c is the speed of light in the vacuum, Wiy is the scattering
amplitude from the initial state I of the system in the presence of the incident photon wj to the final state F with
a scattered photon of frequency w; and a phonon w,.

At the resonance, the main contribution to the scattering amplitude Wi, considering the MP effects (see
Fig. 1) it is written down as

Wi = Z (F|ICIJ(S+1R(G:E)|WH2>G{Mz}(hwl - hw0)<wﬂz‘ﬁE—P|qjm>
{11 {2} (1)

X Giyuy) (o) (W |ﬁg>—R(0i)|1),

where Ag_p and HZ ; are the EPI and the electron-radiation Hamiltonians, W, (i = 1,2) are the intermedi-
ate EHP Landau states, & = (4(Ne, key; Nj, kiy) represents the set of the EHP states with the Landau quantum
numbers N,, Nj, and the wave vectors key, kpy, Gy, is the Green’s function at T = 0 K considering the MP
quasi-particle. The summation in Eq. (1) is carried out over the MP virtual intermediate states {i;} (i = 1, 2),
the coupling between the free EHP state | 1) with the phonon field provides a new set of quantum numbers, i.e
|1) — [{e}) (see Supplementary Information). A zero-order correction is assumed for the vertices that corre-
spond to the electron-radiation Hamiltonian and the EPT!>13,

Resonant magneto-polaron Raman efficiency
In the case of backscattering from a surface S in ML TMD in the Faraday configuration, where B || Z, «jgns
|| B (see Fig. 1), the Raman selection rules provide that the light scattering is mediated by the short-range

Figure 1. Scheme of the RMPRS in the Faraday configuration in a ML TMD. The incoming light with the
frequency w; and the momentum «; creates an EHP in an external magnetic field B. If the energies of the two
electronic states are coupled by the phonon field, a magneto-polaron quasi-particle occurs. Finally, the resonant
MP quasi-particle annihilates with emitting a scattered photon with the frequency w; and the momentum ;.
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A1(Z0O)-homopolar deformation potential (DP) and the long-range Pekar-Frohlich (PF) electron-phonon
interactions'*"*. Employing Eq. (1), collecting the Egs. (S1) and (S2) and considering the MP spectrum displayed
in the Supplementary Information S2, the Raman scattering intensity due to the intravalley-DP interaction for
the A1(ZO)-mode, is

drPr 1
—4
— = Ipl; E - - , 2)
[hw; — Eg — Envy (B) — i8] [hwy — Eg — hwa, — Envy (B) — i8]

where

)
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and Ep () is the renormalized EHP energy given by Eq. (4). For fixed values of N and B, in the sum above, the
“dressed” states must be added: (i) the Landau ground state plus (ii) the excited states of the electron and hole
with indexes pe, pp=0, 1,.., N — 1. For the case of PF matrix element as given in (see Supplementary Information

S1, Eq. (S3)), the in-plane phonon wave vector q = 0. Therefore, the scattering intensity dI*C /d Q2 is zero, i.e. the
long-range interaction mechanism in a strictly 2D system is not active. Invoking a deviation from the normal
incidence of light'}, in the presence of impurities or defects'®, the g = 0 selection rule is lifted, which leads to
the light scattering via an LO-phonon mode. In the present treatment, we are focusing on strict backscattering
configurations on the surface S. The dependence of the scattering efficiency in Eq. (2) on B for two and three
values of the dimensionless laser energies Z; = (fiw; — E¢)/hwa, for MLs of MoS; and WSe, is displayed in
Figs. 2 and 3, respectively. The insets show the regions of the polaronic spectrum contributing to the Raman
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Figure 2. Profile of the resonant MP Raman efficiency (red solid lines) at the relative laser frequencies

Z; = (hw; — Eg)/hwa,= 2.3 and 2.6 (hwj= 1.964 and 1.979 V) for MoS,. Black solid lines show the Raman
scattering without the MP effects. The incoming and outgoing resonances for the bare Landau level N are
indicated with black arrows. Insets represent the range of the MP spectra contributing to the Raman intensities:
Z1=2.6,11T<B<15Tand Z;=2.3,12.5T < B < 15.5 T. Red (blue) dashed lines are guide for the eye, the value
of Z; is indicated by a red doted line. The bare exited states are labeled by (N; p;) (i = e, h), ag, bo and ¢y denote
the peaks related to the anticrossings at N = 2 (see the text).
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Figure 3. The same as Fig. 2 at Z;=2.4, 2.7 and 3.0 (hw; = 1.812, 1.822, 1.831 eV) for WSe;. Inset demostrates
the MP spectra as a function of B contributing to Raman intensities for Z=3.0 and 4.6 T < B< 6.5 T (see the
text).

intensities. The intersections of the excitation energy Z; (black dotted lines) with the relative energies €,(ny/hwa,
of the EHP MP spectrum, determine the resonance peaks in the Raman profile. The uncoupled electron and hole
excited states are labeled by (N; p;), (i = e, h).

In the calculation, we consider the Z(6 =, 0 ")Z backscattering configuration at the K-valley of the BZ. For
MoS;, the main contribution corresponds to the valence band V; and the conduction band C, with the effective
masses Mp(y,) /Mo = 0.54, Me(cy) /Mo = 0.43", hwa, = 49.5 meV™, and Eg= 1.85 eV'%, while for WSe,, the main
contribution correspond to the interband allowed optical transitions Vi <> C; with my,,)/mo= 0.36, m,(c,)/mo=
0.28", fiwa, = 30.2 meV', and E, = 1.74 eV'®. For simplicity and without loss of generality, the Zeeman splitting
is neglected. In this case, for the Mo (W) family, the difference of the Raman scattering intensity in the resonance
ranges between 10 and 13 percent (4 and 6 percent) for the N = 2 Landau level. These ranges scale with the fac-
tors of 0.71 and 0.56 for N = 3 and 4. The Raman efficiency, in the backscattering configurations with circular
polarization, and especially, the incoming and outgoing resonances, correspond to different spin orientations and
optical transitions in the K- and K -valleys. These measurements provide the EH g-factor and information on the
band parameters as a function of B. For the electronic virtual intermediate states in the Eq. (2), the presence of
EHP intravalley transition is assisted by the A;-phonon, where anticrossings occur between the Landau level and
the excited states of the electron or hole at different magnetic fields. These avoided-crossing levels give rise to the
three excitation branches, as demonstrated in Figs. 4 and 5 for the MP spectra of MoS; and WSe,, respectively.
In our results, the more realistic life-time broadening, ') (B) as a function of B, occurring from a solution
of the Dyson’s equation, is taken into account for each renormalized state with the energy €,y (see Section S2
in Supplementary Information, where the effect of the broadening dependent on B in ML MoS; and WS; on
the dressed Landau level N = 2 and four renormalized excited states with p. and pj = 0, 1 is shown). In Figs. 2
and 3, several regions are represented, where the MP effects determine the characteristics of the Raman intensity.
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Figure 4. EPH MP spectra (solid black lines) of a ML of MoS; as a function of the relative cyclotron frequency
wc/wa, for the quantum numbers 7 = 2 and 3. The renormalized Landau levels are obtained taking Re{E} in

Eq. (4). The black dashed lines represent the bare Landau level N, the blue and red diamonds display the bare
excited states for the electron ha)gm) (N, p.) and hole hw,(fxc) (N, pn) with pe, pp =0, 1, 2. The inset illustrates

the contribution of the hole. In the calcglation, the values oii al()Eg{) = appme/EH = 0.0323 (ugy being the EH
reduced mass), 8 = 1 meV, D, = 5.8 eV/A" and D,= 4.6 eV/A? are used..
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Figure 5. The same as Fig. 4 for a ML of WSe,. The inset shows the second avoided crossing point for the

valence band at w. /w4, ~ 1.2. The values ofozl()EpH): 0.0044, 5= 1 meV, D.= 2.3 eV/A and D,= 3.1/AeV? are used

for the V; — C; optical transition.
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Discussion
According to Eq. (2), Raman profiles provide insights into the EPH MP spectrum of each material. The relative
contributions of the conduction and valence bands to the RMP coupling can be discerned from the Raman pro-
file, depending on the exciting laser energy and the magnetic induction B. At MP resonances, each bare Landau
level gives rise to three resonance lines. For illustration, consider the Raman profile of MoS; at Zj=2.3, where
three peaks (labeled as ay, by, and c) are associated with the avoided crossing point at w¢,(B ~ 16 T)=wy, /2.
The inset of the figure displays the excited states with p, = py = 0 occurring at the MP n = 2 level. In all instances,
characteristic shifts of polaronic states relative to the bare Landau level are evident. However, the three resonant
branches exhibit distinct features depending on the excitation energy iw; and the range of B. As depicted in
Fig. 3, the anticrossing with N = 3 is masked by the simultaneous presence of the outgoing resonance from the
N©u — 2 ]evel and the renormalized hole excited state (N = 2; pn = 1). For each MP state with the energy é,(B),
two resonance peaks occur in the Raman profile at hw; — Eg = €,(v) (B) and hiws = hw; — hawy, for the incoming
and outgoing resonances, respectively. This phenomenon is clearly illustrated for both materials in Figs. 2 and 3,
highlighting the distinct sets of incoming and outgoing resonances for the n = 2, 3 MP states. In Fig. 2, at Z;
=2.3, the electron contribution to the MP spectrum of MoS; becomes evident for B values corresponding to the
vicinity of the Landau level N = 2, as illustrated in the inset of Fig. 2. Equation (5) reveals that the MP states arise
from the avoided crossing point at w.,(B ~ 16 T)=w4, /2 (refer to the inset of Fig. 4). Similarly, for WSe,, cacula-
tions at Z;=3.0 indicate that for w., (B ~ 7 T)=w,, /2 and w,(B ~ 5 T)=w4, /3, the valence band predominantly
contributes to the polaronic quasi-particles. This is a consequence of the reconstruction of states N = 3 and N
=2 due to the EP]J, as elaborated in Fig. 5, which shows the n = 2 and n = 3 components of the MP spectrum.

Importantly, the obtained results allow for the determining parameters of the band structure dominating
the Raman efficiency. For MoS,, the largest gaps of the MP states are provoked by the conduction band, while
for WSe; those are attributed to the valence band. These effects are transferred to the sequence of peaks in the
resonant profiles, which are linked to the €,y energies. The sequence of resonances is a function of the effective
masses 1., my, and the deformation potentials D, D, (see Eq. (4)). Employing Eq. (3), we find that the relative
contribution of the electron-hole-phonon interaction to the Raman intensity for MoS, and WSe; is R = 1.7. In
the calculation, the values of the lattice constant a= 3.1635 A (3.2954 A) and the frequency wy, = 399.29 cm™!
(243.83 cm™!) are used for MoS, (WSe,). '* This result implies that the MP effects are stronger in Mo$S; than in
WSe;. It is clearly manifested in the EHP MP spectra displayed in Figs. 4 and 5 and, consequently, in the Raman
intensities for MoS; and WSe; (compare Figs. 2 and 3). The relative contribution of the electrons or holes to the
selfenergy S(E, N) (see Eq. (S7)) is ruled by the ratio D, /D.. Therefore, the gaps occurring at each crossing point
are associated with the peak positions determined by the conduction or the valence bands if D, /D, <1 or D, /D,
>1, respectively. This fact allows for determining the band parameters, in particular, the optical DP, for which
the reported values in the literature show a broad dispersion. '5-2

At the avoided crossing point, the sequence of three excitation branches in MoS; is as follows: the Landau
level N plus two associated excited states, (N; p,) for the conduction band and (N; py,) for the valence band, in this
order. For WSe, there is exchange between the electron and hole, i.e. (N; p,) < (N; py,). This fact is a consequence
of the DP values for the two materials. Finally, for laser energies below the bare excited states heol™ (N; pe)and
}‘La);m) (N pp), the magneto-Raman scattering efficiency without the MP contribution is recovered, i.e., outside
of the range of the MP spectrum. For comparison and discussion, the limit of a negligible polaron coupling is
shown in Figs. 2 and 3 by solid black lines. Comparing both cases, with and without the polaronic coupling,
reveals a rich structure derived when a MP quasiparticle is present. Not only the three MP branches, but also the
renormalized excited states are present in a wide range of B. Moreover, those incoming and outgoing resonances,
associated with the renormalized states (N; p.) and (N; py), remain well-defined in the resonance profiles. Their
relative intensities and peak positions depend on the excitation energy and the applied field B.

Conclusions and outlook

We have provided an explicit expression for the resonant MP Raman scattering via the short-range DP EPI of a
ML TMD. It is shown that the Raman scattering is prohibited in the parallel polarization for the 2D PF Hamil-
tonian. The essential features of MP quasiparticles and the role of the EHP on the spectra are studied. The reso-
nant polaron coupling occurs through the A;-DP mechanism. Optical phonons break the degeneracy between
the EHP Landau levels and the bare electron (wg*) and hole (w}*) excited states, giving rise to three resonant
branches in the renormalized energy spectrum. There exist two different sets of cyclotron frequencies due to the
conduction and valence bands described by Eq. (5). The central results of these contributions are summarized
in Figs. 4 and 5, where MP gaps, the splittings of double avoided-crossing levels in three levels, and the relative
contribution of the valence or conduction bands to the RMPRS as a function of B are deduced. These studies are
based on the reported MP complex-valued energy E, v as given by Eq. (4). In the polaron range, the incoming
or outgoing resonances split into triplets (see Figs. 2 and 3). The amplitude and width of the upper, intermediate
and lower branches mimic the renormalized complex energy E, ) (B). Scanning the excitation light w; and B,
EHP fan plots are derived from the Raman measurements, after excitonic correction (see Refs.*?1), allowing for
a direct comparison with the theoretical predictions (4). The RMPRS, described by Eq. (2), provides a simple
experimental alternative that allows for characterizing the excitation branches reported here as a function of
B. In addition, further interesting studies of the light scattering processes can be carried out, such as, extension
of the present model to the transitions between valleys (K <> K') assisted by the acoustic-phonon modes. Here,
a second-order Raman scattering takes place between two different EHP MP states in different valleys: the

renormalized EHP energies E,(K), En(K /) at the K- and K/—points of the BZ are coupled by the LA or TA modes.
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Finally, our results are of key importance for a wide range of magneto-optical effects, where interband opti-
cal transitions take place, as, for example, magneto-optical absorption??, magneto-reflectance?®, and magneto-
hot-luminescence®’. The strong advantages opened up by the RMPRS lie in the fact that by varying B one can
efficiently control the light-mater interaction through the MP spectra. This opens a powerful platform for analysis
of optoelectronic applications, such as tunable bandgaps enabling visible to near and middle infrared ultrafast
lasers®>?, light emitters”, and biochemical sensors®®. Among the further applications, it is important that TMD
microcavities and polariton laser exhibit excellent stability being tunable by the applied magnetic field**.

Methods
For the evaluation of the Raman intensity, dI/d<, it is necessary to know the matrix elements for the electron-
radiation, (F|H gl R (6%) | W, >, and electron-phonon, <\IJ,L2 ’I:I E—p ! v, > interaction, along with the structure of
the Green’s function considering MP states. These quantities are derived by using the Green’s function method
by casting the irreducible Feynman diagrams and solving the Dyson’s equation (see Supporting Information S2).
From the Raman selection rules, the renormalized state {;t} — n(N), hence, G, — Gy (). In TMD materials,
the electron and hole effective masses are similar'”. Under these considerations, the renormalization process for
the EHP in a field B interacting with the optical phonon must be taken into account the contribution of both
particles. Magneto-optical transitions between Landau levels have been observed in monolayer WSe;*"*2. The
electron-hole correlation can be disregarded in case of high fields B and laser energies higher than the semi-
conductor gap. If the magnetic length I is smaller than the exciton radius .y, the energetic space between the
Landau levels will be greater than the exciton binding energy®. The relationship between /g and r, depends on
the excitonic states under consideration; for highly excited states the exciton energy dependence on B approaches
the Landau levels. Typically, the energy separation in TMD between the 1S and 2§ excitonic states is larger than
the optical phonon energy, therefore the magneto-polaron effect is absent. For high values of B, the magneto-
exciton energy shows a quasi-linear behavior with B*; this dependence is more pronounced in the high excited
states. The same trend has been observed in bulk III-V materials and quantum wells. The resonant polaron
energy E, ), which appears in Eq. (2), is obtained by solving the transcendental equation

1 D)\ & 1 D, /D,
E = hw:;| N + — h 1— — — s
n(N) c( + 2) + opp w6< DC)N'Z_:O <E_AN’,N_i8 E_AN,N’_i‘S (4)

where w, is the EHP cyclotron frequency and Ay n» = hwa, + Ao, (N + %) + haw, (N + %). The complex
energy E=¢é,(n) + [yov) with €,v) and ') being the “dressed” EHP energy and its life-time broadening,
respectively. The results (4) highlight that for a given Landau quantum number N, the MP quasi-particle is
a combination of two independent electron or hole intravalley transitions described by the first and second
term in Eq. (4). The presence of the hole (electron) Landau energy acts as a renormalized phonon energy, i.e.
hwa, — hwa, + ko, (N 4+ 1/2) (hwa, — hwa, + hliwg, (N + 1/2) ). Furthermore, the sum in Eq. (4) over N’
indicates a mixing effect between different Landau levels in the conduction and valence bands. The contribution
of the electron or hole states to the E ) depend on the D, D, and on the m,, my, effective masses. Equation (4)
together with the 2D MP energy levels disclosed in the Subsection EHP magneto-polaron energy, are the key
methodological pillars of the present work.

EHP magneto-polaron energy
Solving the transcendent Eq. (4), we obtain the EHP MP energies €,y and the broadenings I', . For fixed N and
B values, we label the new quantum states with # arranged in the increasing order of the energies €,(x). Unlike a

particle, where there is only one type of excited state, in the present case we are dealing with two different types
(exc)

of excitations, due to electrons and holes with energies hwe = = hwa, + hwe, (pe + 1/2) + hwe, (N + 1/2) and
hwgfxc) = hwa, + hwe, (N + 1/2) + hog, (pn + 1/2) (pe> pr=0, 1, 2,...), respectively. The frequencies wgfxc) and

a)é,fxc) depend on the effective masses of the conduction and valence bands. Therefore, the slopes for the bare

excited states are steeper, than those in the single-particle case. The EPI changes the symmetry imposed by the
external field B on electrons and holes with Landau levels N, and Np, establishing a new quantum state #. For a
given B, the index n denotes the polaron ground state energy plus two sets of normalized excited states associated
to the unperturbed energies hw{™ (p,) and hw;fxc) (pn). Therefore, there are two independent groups of avoiding
crossings at the magnetic fields B, and By, as given by

w. .
0, (B) = 1 0, (By) = _Alph; (Perph =0, 1,...,N = 1), 5)

N—p. N

The coupling of the bare excited states, hwém) and hw with a certain Landau level leads to three excita-

tion branches. We have two different types of MP resonances: one due to the coupling of two Landau levels in
the conduction band via the EPI causing the occurrence of two branches, and another one due to the similar
intervention of the holes in the valence band.

Figures 4 and 5 illustrate the EHP magneto-polaron spectra €, with the quantum numbersn =2 and 3 as a
function of the reduced cyclotron frequency w. /w4, for MoS; and WSe;. The renormalized (uncoupled Landau
levels) energies are indicated by solid (dashed) black lines and the bare electron (hole) excited states with p, (py)
=0,1,...,N — lare shown by blue (red) open diamonds. In both materials, there are three branches involving
the electron and hole cyclotron frequencies w., (B,) and w, (By). In the case of MoS, the avoided crossings due

(exc)
h
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to electron contributions occur at w.(B.) /w4, = 0.6, 0.9 and 1.8, while for WSe,, the gaps are clearly manifested
for the valence band at w.(By) /w4, = 0.76, 1.14 and 2.29. This is a consequence of the ZO-deformation potential
values, the relative contributions of the conduction and valences bands in the MP spectrum depend on the ratio
D, /D, (see Eq. (4)), which is 0.79 and 1.35 for MoS; and WSe;, respectively. Therefore, the resonance effect
due to the valence band will be more pronounced in WSe; than in the MoS; as it can be seen in Figs. 4 and 5.
From Fig. 4, it follows that for n =2 the energy of the lower branch is asymptotic to the bare electron excited

state hoo!™) (pe = 0). The intermediate p, = 0 and the third p; = 0 renormalized MP states approach the bare

Landau level N =2. There is a mixing effect between the intermediate branch p,=0 and the renormalized p,=0
(exc)

excited state. These two branches are asymptotic to the hole iw;, ™ (p;, = 0) and the electron hwgm) (Pe=1
energies. The electron branch becomes the lower renormarlized energy of the next anticrossing at w.(B.) /w4, ~
1.9. Here, the EPI couples the Landau level N = 2 and two bare excited states with p, = 1, p, = 1. The same trend
holds further for the MP quaisiparticle for n = 3. In Fig. 5, for the WSe, sample, a similar behavior holds true,
with taking into account the exchange between the conduction and valence bands.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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