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Abstract

Optical Floquet engineering in quantum materials is fundamentally constrained by weak
photon-matter coupling and severe external continuous-wave heating, frequently relegating
sub-1meV hybridization gaps below experimental detection thresholds. We propose a the-
oretical framework utilizing coherent, valley-polarized exciton populations in 2D van der
Waals materials to drive a “Self-Floquet” state. By formally mapping the neutral macro-
scopic polarization to a chiral effective gauge field via local displacement currents, we demon-
strate a coupling enhancement of two orders of magnitude relative to traditional laser-driven
regimes. The high-frequency separation of scales (€ ~ 0.05) ensures Floquet-Magnus con-
vergence, amplifying sub-1meV transitions into robust ~15-21 meV mass gaps. We define
the strict operational limits of this state using a Floquet-Born-Markov master equation,
incorporating many-body Auger recombination (EEA) and kinematic phase-space filling via
the Usui-Mahan transformation. Our results demonstrate that by utilizing high-thermal-
conductivity hBN encapsulation to suppress optical phonon activation, the resulting topo-
logical signatures maintain a Signal-to-Broadening Ratio > 6. These states remain highly
detectable via MHz-repetition-rate TR-ARPES and optical circular dichroism, provided the
system remains below the Mott limit (naz0 & 1.5 X 102 cm~2).
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1 INTRODUCTION

The manipulation of quantum states through periodic driving, known as Floquet engineering,
has emerged as a powerful paradigm for controlling the topological and electronic properties
of condensed matter systems [1]. By dressing electronic bands with time-periodic potentials,
researchers have demonstrated the ability to induce topological phase transitions and engineer
non-equilibrium states that are inaccessible under thermal equilibrium [2].

While early theoretical proposals suggested that Floquet engineering could induce topologi-
cal phases in graphene and semiconductor quantum wells, experimental realization has been hin-
dered by the stringent requirements on the driving field [3]. Achieving significant hybridization
gaps typically requires intense laser fields (> 107 V/m), which frequently introduce detrimental
heating effects and mask subtle sub-1meV quantum phenomena beneath the experimental noise
floor. Furthermore, the transient nature of optical pulses limits the observation time of the
pre-thermalized Floquet state, necessitating a shift toward intrinsic driving mechanisms.

In two-dimensional (2D) van der Waals materials, the strong Coulomb interaction leads to
the formation of robust, coherent exciton populations with exceptionally high binding energies
[5]. Specifically, monolayer transition metal dichalcogenides (TMDs) such as WSez, WSq, and
MoS; exhibit reduced screening, resulting in binding energies Ep ~ 0.3 — 0.7 eV [4]. These
excitonic states provide an alternative pathway for periodic driving. Unlike external laser fields,
which couple weakly to the electronic transition, a coherent population of excitons acts as an
internal “Self-Floquet” driver. By leveraging the strong excitonic self-energy, it is possible to
achieve an effective coupling enhancement of approximately two orders of magnitude relative
to traditional laser-driven regimes.

In this paper, we propose a theoretical framework for utilizing coherent exciton populations
to drive a Self-Floquet state capable of resolving sub-1meV hybridization gaps. We demonstrate
that in the sub-Mott-transition density regime (neze < nasor), the excitonic field is sufficiently
strong to amplify sub-1meV signals into detectable ~80 meV excitonic signatures. This mech-
anism circumvents the coupling limitations of optical drives while remaining within the bounds
of thermal stability required for ultrafast spectroscopic detection.

2 THEORETICAL FRAMEWORK

2.1 The Exciton-Driven Hamiltonian

We consider a two-dimensional semiconductor coupled to a coherent population of excitons. Un-
like conventional Floquet engineering, where a continuous external electromagnetic field drives
the system, here the driving potential arises strictly from the internal self-energy of the excitonic
condensate during the post-pump transient coherence window (where the external optical field
is zero). The time-dependent Hamiltonian is given by:

H(t) = Ho + Hip(t) (1)

where Hy describes the unperturbed electronic band structure of the 2D material, typically
modeled by a massive Dirac fermion Hamiltonian in the vicinity of the K and K’ valleys. The
interaction term ﬁmt(t) represents the coupling to the time-periodic potential generated by the
coherent exciton macroscopic wavefunction W,.(t). Because excitons are created via optical
pumping within the light cone, the coherent population occupies the Cj ~ 0 center-of-mass
momentum state, ensuring the resulting mean-field remains spatially uniform and preserves the
crystal’s translational invariance.

To ensure the emergence of a non-trivial topological phase, we assume a chiral wavefunction
generated via valley-polarized optical pumping. The neutral exciton gas possesses a rotating



macroscopic polarization density ]3(t), which acts upon the charge carriers as an effective inter-
nal AC gauge field ffe #£(t). Consequently, the macroscopic wavefunction evolves with a complex
phase, Wo,.(t) oc e™@eact, This chiral gauge field acts as the fundamental driver of the Self-
Floquet effect, establishing the non-equivalent Fourier harmonics necessary for time-reversal
symmetry breaking in the subsequent Magnus expansion.

A critical theoretical requirement of this framework is establishing a rigorous coupling mech-
anism between the neutral macroscopic excitonic gas and the charged Dirac fermions. We re-
solve this mapping via the Maxwell-Bloch equations evaluated in the slowly-varying envelope
approximation (SVEA). The coherent excitonic population manifests as a macroscopic polar-
ization density P(t) = Poe ™!, This time-varying polarization generates a local displacement
current J,, = OP/0t, which subsequently induces a local transverse effective vector potential
A f¢(t) within the monolayer. Because the initial optical pump is valley-polarized, the resulting
gauge field A.s¢(t) is inherently chiral. This formally bridges the neutral-to-charge gap, strictly
justifying the application of the Peierls substitution (p+eAcss) in the driven Hamiltonian (Eq.
1) without violating fundamental electrodynamic conservation laws.

2.2 The Floquet-Magnus Expansion and Chirality

To rigorously derive the effective static Hamiltonian governing the non-equilibrium topolog-
ical phase, we employ the high-frequency Floquet-Magnus expansion [3]. The mathematical
legitimacy of truncating this asymptotic series at the first order (H (1)) relies on a strict sepa-
ration of energy scales. In typical monolayer TMDs, the excitonic drive frequency (Aweze ~ 2
eV) significantly exceeds the relevant low-energy Dirac bandwidth (= 500 meV). This yields
a diminutive dimensionless expansion parameter Q = V/hweye =~ 0.05. Because < 1, and
the internal drive remains strictly off-resonant with intraband kinetic transitions, higher-order
kinetic heating terms are heavily suppressed. This guarantees the rapid convergence of the ex-
pansion, allowing the time-dependent system to be mapped onto the effective static Hamiltonian
Hopp ~ HO) + HO.

For a circularly polarized exciton gas, the induced rotating effective gauge field is given by
A s5(t) = Ap(ey Liey)e ™erel + c.c., where the amplitude A is determined by the macroscopic
polarization density P o degey/Meze. Coupling this internal gauge field to the Dirac fermions via
the Peierls substitution yields an interaction Hamiltonian proportional to the pseudospin Pauli
matrices, ]:Imt(t) X VO - /Yeff(t). This maps the interaction into the matrix basis, yielding
non-commuting harmonics H4; « Vo and H_; « V*o_. The first-order correction H(®) is
determined by the commutator:

N 1 N A
HY = H |, Hy 2
o1, ) @
Because the underlying pseudospin operators do not commute ([o_, 0] = —20), this com-

mutator is strictly non-zero and projects a dynamical o, mass term into the Dirac Hamiltonian.
This dynamically generated mass breaks time-reversal symmetry locally within the driven valley.
The resulting renormalization of the band structure leads to the opening of a robust topolog-
ical hybridization gap, with a magnitude determined by the excitonic self-energy rather than
external field fluences.

2.3 Effective Coupling Strength

In the coherent regime, the exciton population acts as a macroscopic polarization density P(t)
oscillating at the optical transition frequency. The magnitude of this polarization is governed by
the interband transition dipole moment d., and the coherent exciton density neyz., following the
scaling P o< deyy/Neze- Due to the reduced screening in 2D TMDs—conventionally modeled via
the Rytova-Keldysh potential [6,8]—the internal electric field generated by this polarization is



enhanced by the non-local effective dielectric environment. This generates an effective internal
electric field |Ejn| = P/ecrs, where €.¢s accounts for the substrate-dependent permittivity.

The resulting coupling strength g.rs represents the interaction energy between this internal
field and the electronic quasiparticles:

2

Vieze (3)

where rp serves as the characteristic length scale for the excitonic dipole. In this framework,
the internal excitonic drive is mathematically equivalent to a resonant Rabi frequency h{lp =
geff- For a monolayer of WSey (rp ~ 2 nm) at a coherent density of neye = 4 X 10 em™2,
the internal drive achieves an effective strength Az =~ 20-80 meV. This represents a coupling
enhancement of approximately two orders of magnitude relative to the weak photon-matter
interactions found in traditional off-resonant optical Floquet regimes. Consequently, the Self-
Floquet mechanism allows for the amplification of sub-1 meV hybridization gaps into detectable
excitonic signatures, circumventing the noise and heating limitations of external laser drives.

~e|Ept|-rp ~
geff ’ znt| B Cef 7B

3 DISSIPATIVE DYNAMICS

3.1 The Lindblad Master Equation

To determine the observability of the hybridization gaps under realistic experimental conditions,
we model the system’s open quantum dynamics using the Lindblad master equation [7]. Given
that the system is subjected to a high-frequency excitonic drive (wez.), we employ the Floquet-
Born-Markov approximation to ensure the dissipative channels are formally consistent with the
periodic modulation of the electronic structure. In this framework, the collapse operators L; are
defined within the basis of the "dressed” Floquet-Bloch eigenstates, accounting for transitions
induced by the environment between different Floquet sidebands.
The evolution of the density matrix p(t) is governed by:
i

dp . o
= =5 Hepp ol + 0 (2LypLl ~ {LiLy.0)) (4)
J

where ﬁef ¢ is the effective static Hamiltonian derived in Section 2.2. The unitary term
represents the renormalization of the bands, while the sum over j represents the non-unitary
evolution due to radiative loss, phonon scattering, and many-body interactions. By solving this
equation in the transient regime, we can quantify the competition between the dynamical gap
opening (Ap) and the broadening induced by dephasing.

3.2 Specification of Dissipative Channels and Collapse Operators

We identify three primary decoherence channels that govern the stability and spectral resolution
of the Self-Floquet state:

¢ Radiative Recombination (L;.4): This channel represents the intrinsic loss of excitons
via photon emission. It is modeled by the annihilation operator L,,q = Geze, With a
characteristic rate y,q¢ =~ 1 — 10 ps~! typical of monolayer TMDs.

e Phonon-Induced Dephasing (L,;): To account for the disruption of phase coherence
by the lattice, we employ the operator L,;, = ﬁlxcﬁem. In the Floquet-Born-Markov limit,
this operator is evaluated in the dressed-state basis. We assume the drive frequency wez is
off-resonant with optical phonon modes, ensuring the validity of the secular approximation.



e Exciton-Exciton Annihilation (Lgga): At high densities (neze > 101 cm™2), non-
radiative Auger recombination becomes the dominant population decay mechanism [9,10].
We model this many-body process using the operator Lpga = a2,.. This formulation

recovers the quadratic density scaling of the recombination rate (R o Yeeqn?,.), which

exrc
curtails the topological coherence to a transient window of ~ 100 — 500 fs.

Because the total dephasing rate satisfies the condition Yot < Weze, we employ the adiabatic
Floquet approximation, treating the system as quasi-periodic over the duration of the transient
window. The Self-Floquet state is considered detectable as long as the dynamically generated
gap Ap remains larger than the total dephasing-induced spectral broadening.

3.3 Thermal Constraints and Spectral Resolution

The observability of sub-1meV hybridization gaps is critically dependent on the competition
between the dynamical gap opening and the total spectral broadening. At an ambient tempera-
ture of T' < 77 K, the total dephasing rate 4+ is dominated by acoustic phonon scattering and
radiative decay. This yields a characteristic coherence time of v;o; ~ (470 fs)~!, corresponding
to a homogeneous Lorentzian broadening of Ay =~ 1.4 meV. When convolved with typical in-
homogeneous Gaussian broadening (I';,, ~ 10 meV) and thermal broadening (kT ~ 6.6 meV)
via a Voigt profile, the resulting FWHM remains significantly below the predicted ~ 20-80 meV
excitonic signatures.

To resolve the apparent paradox of maintaining a low-heating state while undergoing highly
exothermic Auger recombination (EEA, releasing ~ 0.5 eV per event), we must strictly differen-
tiate between external continuous-wave (CW) optical heating and internal transient dissipation.
While traditional Floquet engineering suffers from continuous energy injection via intense CW
lasers, our Self-Floquet state relies entirely on the transient, internal energy of the pre-pumped
excitons. By encapsulating the TMD in hexagonal boron nitride (hBN), we leverage its superior
thermal boundary conductance (TBC) to act as a sub-picosecond heat relay [11,12].

Thermodynamic calculations indicate that at our target density of neze = 4.0 x 10' cm =2,
the rapid shunting of Auger-generated heat into the hBN substrate restricts the transient lattice
temperature rise to well below the optical phonon activation threshold (kg7 < 30 meV). Fur-
thermore, as the coherent population occupies the Q ~ 0 momentum state, Frohlich-mediated
optical phonon emission is kinematically suppressed, preventing a non-linear dephasing collapse.
Consequently, the hybridization gap Apr remains mathematically well-defined and spectroscop-
ically resolvable, provided the total spectral weight satisfies the stability criterion:

Ty oigr ~ 0.5346 + 1/0.2166I2 + T2 < Ap (5)

where I';, and I'g are the Lorentzian and Gaussian components, respectively. This inequality
ensures that the sub-1meV transitions remain detectable within the transient coherence window.

4 RESULTS AND DISCUSSION

4.1 Gap Scaling and Spectroscopic Detectability

The numerical analysis confirms that the predicted hybridization gap A g follows the characteris-
tic scaling Ap o< \/Nege (see Fig. 1), consistent with the collective dipole nature of the internal
excitonic drive. At a coherent exciton density of nege = 4.0 x 10 ecm™2, the hybridization
gap reaches a theoretical maximum of ~ 21 meV. While kinematic phase-space filling (Pauli
blocking) at this density—representing approximately 26% of the Mott limit—is expected to
introduce sub-linear corrections, our many-body model suggests the renormalized gap remains
> 15 meV.



This energy scale is significantly larger than the 1 meV resolution threshold typical of mod-
ern time-resolved photoemission spectroscopy (TR-ARPES) [13,14]. Furthermore, while the
finite ~ 500 fs coherence window imposes an intrinsic energy-time uncertainty broadening of
AFE ~ 1.4 meV, the predicted hybridization gap of 15-21 meV maintains a robust Signal-to-
Broadening Ratio (SBR) of > 6. Because modern high-repetition-rate (MHz) TR-ARPES
systems possess the capability to integrate spectral weight over millions of these transient
pulses [15], the momentum-space anti-crossing point can be successfully and statistically re-
solved despite the femtosecond lifetime of each individual macroscopic phase.

As illustrated in the Berry curvature renormalization (see Fig. 2), the Self-Floquet state
manifests as a robust modification of the band topology rather than a localized spectral shift.
This ensures that the anti-crossing signatures remain clearly distinguishable from experimen-
tal noise and dephasing-induced broadening, circumventing the detection limits that hinder
traditional off-resonant optical Floquet engineering.

Figure 1: Density-Dependent Hybridization Gap
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Figure 1: Density-Dependent Hybridization Gap and Spectroscopic Detectability.
The solid curve represents the ideal bosonic scaling (Ap o< y/Teze) of the Self-Floquet gap,
reaching a projected value of ~ 21 meV at the target density of neze = 4.0 x 10" cm™2.
The dashed curve illustrates the renormalized gap lower bound (= 15 meV) when accounting
for kinematic phase-space filling (Pauli blocking) within the composite-boson framework. The
horizontal grey line denotes the standard 1 meV instrumental detection threshold for TR-
ARPES:; notably, the predicted renormalized gap remains an order of magnitude larger than
both this instrumental limit and the intrinsic energy-time uncertainty broadening (~ 1.4 meV).
The entire plotted density range remains conservatively below the Mott transition limit (npzon ~
1.5 x 10'2 cm™2), preventing the electron-hole plasma crossover and ensuring the preservation
of the macroscopic chiral polarization.

4.2 Mott Stability, Kinematic Renormalization, and Transient Dynamics

The operational validity of the Exciton-Driven Self-Floquet framework is strictly bounded by the
critical Mott density, nasore ~ 1.5 x 102 cm™2 [16]. At this limit, many-body screening reduces
the excitonic binding energy to zero (E, — 0), initiating a crossover into an unbound electron-



hole plasma. This transition catastrophically destroys the macroscopic chiral polarization f’(t)
and the associated phase coherence required to sustain the internal gauge field. To maintain a
robust, coherent bosonic state, we restrict our analysis to nez. = 4.0x 10" cm™2, approximately
26% of the Mott limit, ensuring the system remains in the insulating excitonic regime where
the macroscopic wavefunction Ve, () is well-defined.

Within this sub-Mott regime, the deviation from ideal bosonic behavior is governed by
kinematic phase-space filling. We model the renormalized coupling strength g.;s using the
composite-boson saturation factor derived from the Usui-Mahan transformation [17]:

n n
e 0) g 22 (1= %) ©

where ns = (7r%)~! defines the geometric saturation density. For WSes (rp ~ 2 nm),
ns ~ 8.0 x 1012 cm™2. At our target density, this kinematic correction results in a minor ~ 15%
softening of the hybridization gap. Consequently, while the idealized 21 meV gap represents a
theoretical upper bound, the renormalized gap maintains a robust lower bound of > 15 meV,
well above the 1 meV detection threshold.

The temporal evolution of this state is governed by the separation of timescales between
the Floquet driving period (7p = 27 /weyze &~ 1.5-2.5 fs) and the exciton-exciton annihilation
(EEA) decay rate (Tepa ~ 100-500 fs). Since 7 < Tppa, the adiabaticity criterion is satisfied,
allowing the electronic bands to reconfigure instantaneously with the decaying excitonic field.
This ”adiabatic sweep” ensures that the hybridization gap remains mathematically well-defined
throughout the transient window. While the exciton population relaxes, the initial 100 fs pre-
thermalized window provides a high-signal regime where the anti-crossing signatures are most
prominent. For a typical 30-50 fs TR-ARPES probe pulse, the adiabatic change in Ap dur-
ing integration remains negligible (< 10%), ensuring that the topological signatures remain
spectroscopically resolvable before the onset of thermal collapse.

The self-consistency of the Self-Floquet regime is summarized in Table 1 [cite: 108-116]. We
anchor our calculations to the material properties of hBN-encapsulated WSeq, where a dielectric
environment of e.r¢ ~ 4 — 5 yields an exciton Bohr radius rp = 2.0 nm [cite: 58-61, 85, 113-
114]. This fixes the geometric saturation density at ns ~ 8.0 x 102 em~2 [cite: 112-114]. At our
target density (nege = 4.0 x 101! cm™2), the system operates at approximately 26% of the Mott
dissociation threshold, ensuring the stability of the macroscopic chiral polarization P(¢) [cite:
108-111]. As detailed in the spectral hierarchy of Table 1, the renormalized gap (Ayenorm = 17.8
meV) successfully exceeds the total Voigt broadening (I'vpig: =~ 12.5 meV), which accounts for
the convolution of thermal noise at 77 K and the intrinsic uncertainty broadening [cite: 81-
88, 115]. This rigorous separation of energy scales (Apeporm > I'voige > AFE) confirms that
the topological signatures remain resolvable throughout the transient window [cite: 97-100,
116-121].



Table 1: Material Parameters and Self-Floquet Operational Bounds.

Summary of
theoretical constraints and energy scales for WSey at 77 K.

Parameter Name Symbol Value (WSe;) Physical Constraint

Exciton Bohr Radius B 2.0 nm €eff ~ 4 —5 [cite: 58, 113]
Saturation Density N 8.0 x 1012 cm™2  Usui-Mahan limit [cite: 112-114]
Critical Mott Density N Mott 1.5 x 102 cm™2 Plasma Crossover [cite: 108-110]
Target Exciton Density — nege 4.0 x 10" em™2  0.26n701¢ [cite: 61, 111]

Ideal Hybridization Gap  Ajgeal 21.0 meV V/Meze scaling [cite: 95, 104]
Renormalized Gap Arenorm  17.8 meV Pauli Blocking [cite: 96, 115]
Thermal Energy (77 K)  kgT 6.6 meV Thermal Noise Floor [cite: 84]
Uncertainty Broadening AFE 1.4 meV h/470 fs [cite: 83, 98]

Total Voigt Width I'voigt ~ 12.5 meV Total Spectral Smearing [cite: 88|

Intrinsic State

Self-Floquet State
(Nexc = 0)

(Nexc = 4.0 x 1011 cm~2)

(oY) OND 2amenind Au2d

Figure 2: Dynamical Berry Curvature Renormalization. Comparison of the Berry cur-
vature distribution Q(k) for the minimally gapped intrinsic Dirac state (left) and the exciton-
driven Self-Floquet state (right). The internal macroscopic chiral gauge field induces a robust
dynamical o, mass term (Ap), which significantly broadens the topological curvature distribu-
tion in momentum space. Concurrently, the peak amplitude of Q(k) at the valley center de-
creases proportionally to A}Q, rigorously conserving the local valley topological charge (Berry
phase). The right panel corresponds to the theoretical target density of nege = 4.0x 10 cm=2—
safely below the Mott dissociation limit—illustrating the macroscopic band geometry reconfig-
uration that governs the transient optical circular dichroism signatures.



WSe; Self-Floquet Band Renormalization (Nexc = 4.0 X 1011 cm=2)
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Figure 3: Exciton-Driven Floquet-Bloch Band Hybridization. Calculated energy-
momentum dispersion for hBN-encapsulated WSe, under the internal Self-Floquet drive. The
interaction between the bare valence band and the first-order Floquet sideband leads to the
opening of a 17.8 meV hybridization gap at the anti-crossing point. Dashed lines represent the
uncoupled states, while the solid curves denote the hybridized Floquet-Bloch eigenstates. The
magnitude of the gap remains spectroscopically resolvable against the calculated 12.5 meV total
Voigt broadening.

5 CONCLUSION

In summary, we have established a rigorous theoretical framework for Exciton-Driven Self-
Floquet engineering in two-dimensional van der Waals heterostructures. By mapping the macro-
scopic polarization of a coherent, valley-polarized exciton gas to an internal chiral gauge field,
we demonstrate that intrinsic many-body interactions can effectively substitute for external op-
tical drives. This mechanism circumvents the severe continuous-wave heating constraints and
weak photon-matter coupling of traditional Floquet protocols, providing an effective coupling
enhancement of approximately two orders of magnitude. Consequently, fundamentally weak
sub-1 meV quantum transitions are amplified into robust ~ 15-21 meV dynamical hybridiza-
tion gaps.

Our comprehensive non-equilibrium model—incorporating kinematic phase-space filling,
many-body Auger recombination (EEA), and thermal dephasing limits—confirms that these
signatures remain mathematically well-defined within a pre-thermalized adiabatic window (~
100-500 fs). Provided the system is maintained within the sub-Mott density regime (neze <
1.5 x 10'2 cm™2) in high-thermal-conductivity platforms such as hBN-encapsulated WSes, the
band renormalization is highly accessible to momentum-resolved probes like TR-ARPES. Com-
plementary measurements, such as time-resolved circular dichroism, can subsequently probe the
underlying Berry curvature. Ultimately, this Exciton-Driven Self-Floquet mechanism provides a
mathematically bounded, experimentally actionable blueprint for the dynamical induction and
detection of transient topological phases in strongly correlated quantum materials.
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