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characteristics of both light and electrons, and demonstrate rich novel

physical properties and functional application prospects in low-

dimensional quantum systems. This article provides a systematic
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electron-phonon coupling. Furthermore, we established a polaron-

bipolaron two-fluid model to explain the anomalous electrical transport

in (Li;—«Fex)FeSe films, and proposed a "phonon + plasmon™ multi- channel pairing
mechanism, successfully explaining the non-monotonic evolution of Tc with carrier
concentration in monolayer FeSe/STO, and predicting the isotope effect and plasmon-
induced replica bands under multi-channel pairing. In topological quantum systems, we
established an effective coupling model between topological surface states and two-
dimensional electron gas, predicting gap opening in novel interband plasmons induced by
band inversion and Dirac plasmons; two newly tunable plasmon modes were discovered in

graphene/topological insulator heterostructures, and a novel probing approach based on
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inverting the topology of the system through plasmon modes was proposed by analogy with
the bulk-boundary correspondence. This article concludes with a summary of the limitations

of the innovations and an outlook on the development directions of this field.

KEYWORDS: Plasmon; Unconventional superconductivity; FeSe-based superconductors;

Polarons; Multi-channel pairing; Topological insulators; Heterostructures.

1 INTRODUCTION

1.1 Overview of Plasmons and Quantum Plasmons

Plasmons describe the collective oscillation of free electrons relative to ion cores in solids,
and their excitation modes can be induced by light or high-energy electrons.™ In metals or on
nanoparticle surfaces, plasmons exist as surface plasmons, which can focus incident light to
subwavelength scales, enabling nanoscale manipulation of light™™, with broad application
prospects in photonics, sensing, and information circuits.! With the rise of two-dimensional
layered materials, low dimensionality and small size make the quantum confinement effects
of the system significant, rendering classical electromagnetic field models inapplicable; such

systems fall within the domain of quantum plasmons.

1.2 Overview of Research Techniques and Theoretical Method Advances

FeSe-based superconductors, due to their simplest structure and the sensitivity of
superconducting transition temperature to carrier concentration, have become an ideal
platform for understanding the mechanism of high-temperature superconductivity.® Bulk
FeSe has a Tc of only about 8 K, but when monolayer FeSe is grown on SrTiO; substrate,
Tc can increase dramatically, with in-situ angle-resolved photoemission spectroscopy
observing clear replica bands and high transition temperaturel”), and scanning tunneling
microscopy even reporting superconducting gap features exceeding 100 K. The
microscopic mechanism of substrate enhancement of superconductivity charge transfer,

interfacial phonons, or electronic correlations remains debated to this day."!

Theoretically, conventional BCS and Migdal-Eliashberg theory is built on the adiabatic
approximation, requiring phonon frequencies to be much lower than the Fermi energy.!*%
However, unconventional superconducting systems generally have low carrier concentration,
with Fermi energy comparable to boson energy, placing the system in a non-adiabatic regime
where traditional pseudocoulomb potential treatment fails.™™ This opens space for plasmon

participation in pairing: Takada proposed early on the plasmon-mediated superconducting

WWW.Wjert.org 1ISO 9001: 2015 Certified Journal 86




Zhongxiu et al. World Journal of Engineering Research and Technology

mechanism in two- and three-dimensional electron systems™?, and Akashi and Avrita further
developed density functional theory for plasmon-assisted superconducting states.*¥) On the
other hand, the experimental discovery of the quantum spin Hall effect and topological Dirac
insulators opened the research of topological quantum states®, with Dirac cone surface
states protected by time-reversal symmetry existing on the surface of three-dimensional
topological insulators™?*! and surface electron doping introducing a trivial two-dimensional
electron gas.!*™ The spatial proximity of the two necessarily leads to coupling, providing a

completely new band environment for surface plasmons.

2 Polarons and Plasmons in FeSe-Based Superconductors

2.1 Interfacial Dynamical Polarons in Monolayer FeSe/STO

In the monolayer FeSe/SrTiO3 system, experiments have found that its collective excitations
exhibit polaronic behavior: electrons carry polaron properties, where polarons are formed by
electrons in the FeSe layer and the lattice distortion they induce in STO. Considering the non-
adiabatic nature of the system (E./Q ph < 1), we proposed a phenomenological model of
interfacial dynamical polarons: the high-frequency longitudinal optical phonons of the
substrate act as pairing glue, further strengthening the pairing strength of electrons in the
FeSe layer through electron-phonon coupling. The effective Hamiltonian of polaron-phonon

coupling can be written as
H_p-ph=%_qg(@) p_q(b_q+b_{-q}t) (1)

where g(q) is the interfacial electron-phonon coupling strength, p_q is the FeSe layer electron
density operator, and b_q is the substrate phonon annihilation operator. This model, beyond
explaining charge transfer effects, quantitatively characterizes the enhancement contribution
of substrate phonons to interfacial superconductivity.'”! The effect of substrate charge doping
on monolayer FeSe superconductivity has been independently calibrated by experimentst!,
and the theoretical picture of substrate interfacial soft phonons driving high-temperature
superconductivity in monolayer FeSe is complementary to this®, jointly supporting the

coexistence of phonon and charge two functions in the interfacial dynamical polaron model.

2.2 Polaron-Bipolaron Two-Fluid Model in (Li;_Fes)FeSe
Extending the polaron picture to bulk layered systems, a polaron-bipolaron two-fluid model
was established in (Li;_<Fes)FeSe films. When the electron-phonon coupling is sufficiently

strong, two polarons can bind to form bipolarons, and the system simultaneously contains
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two types of carriers — single polarons and bipolarons — whose transport properties are
determined by the competition and conversion between the two fluids. This model
successfully explains the experimentally observed "S"-shaped normal-state -electrical
transport curves, indirectly confirming that electron-phonon interaction is the primary glue
source for electron pairing in this system.® The binding energy of bipolarons can be
estimated through variational methods, and their stability directly depends on the balance
between Coulomb repulsion and lattice distortion energy. The surface electronic structure
measurement of the isotropic superconducting gap in this film!*! provides experimental basis

for the determination of s-wave pairing under the polaron picture.

3 Phonon + Plasmon Multi-Channel Pairing Mechanism
3.1 Pairing Contribution of Low-Energy Plasmons
V_plas(k, k’) = [V_eff(q)P D(q, ®) (2)

The electron-phonon picture alone is insufficient to explain all features of FeSe-based
superconductors, especially the sensitive dependence of Tc on carrier concentration — rising
from 8 K in bulk to approximately 40 K through electron doping.[®! We found that the energy
of low-energy plasmons in the monolayer FeSe/STO system is comparable to phonon energy,
and the pairing coherence length induced by plasmons is close to that induced by phonons, so
the two can cooperatively enhance electron pairing strength. The effective interaction under
multi-channel pairing is
V eff=V_ph+V plas (3)

where V_ph and V_plas are the attractive interactions of the phonon and plasmon channels,
respectively. In non-adiabatic systems, the treatment of the traditional pseudocoulomb
potential p* fails, and the existence of low-energy plasmon modes greatly weakens Coulomb
repulsion, significantly reducing the effective repulsive potential p* eff. Consequently, the
effective pairing strength of the system can be approximately expressed as the sum of the
two-channel coupling constants

A eff=A ph+A plas (4)

3.2 Explanation of Tc-Carrier Concentration Relation and Isotope Effect
The phonon + plasmon two-channel mechanism can naturally explain the variation of Tc with
carrier concentration in the monolayer FeSe/STO system: at low carrier concentration, the

system is in the non-adiabatic regime with significant polaron effects; the plasmon channel

WWW.Wjert.org 1ISO 9001: 2015 Certified Journal 88




Zhongxiu et al. World Journal of Engineering Research and Technology

strengthens with doping while the phonon channel remains relatively stable, and their
synergy causes Tc to rise; upon further increasing doping, the Fermi energy rises and the
system tends toward the adiabatic regime, the plasmon contribution weakens, and Tc
decreases, thereby reproducing the dome-shaped phase diagram observed experimentally.[*”
The BCS-BEC crossover behavior exhibited by bulk FeSe under magnetic field provides
independent corroboration for this carrier-concentration-driven pairing strength evolution.™
Furthermore, the two-channel mechanism predicts an anomalous isotope coefficient between
0 and 0.5, and predicts the plasmon-induced replica band phenomenon: in addition to the
main band and phonon replica bands in ARPES spectra, an additional replica band whose
spacing is determined by the plasmon energy should appear at higher binding energy,
providing a directly testable experimental criterion for the multi-channel pairing
mechanism.?! It is worth emphasizing that the prerequisite for low-energy plasmon
contribution to superconductivity is the non-adiabatic mechanism caused by low carrier
concentration, a prerequisite that commonly exists in unconventional superconducting
systems such as FeSe-based, cuprate, alkali-metal-doped fullerenes, and twisted graphene.
4 Novel Plasmons in Topological Quantum Systems

4.1 Coupling of Topological Surface States and Two-Dimensional Electron Gas

H _coupling=2 {kk’} V(k,k’) ct_{k, TS} ¢ {k’,2DEG} +h.c. (5)

Three-dimensional topological insulators such as Bi,Se; possess a single Dirac cone surface
state™!, while intrinsic impurities or artificial surface electron doping introduce a two-
dimensional electron gas near the surface due to band bending.!*® Considering the close
spatial proximity of the two, coupling necessarily occurs. Taking Bi,Se; as an example, the
effective coupling Hamiltonian between the topological surface state and the trivial two-

dimensional electron gas is

After coupling, the topological nature of the topological surface state itself remains
unaffected, but the topology can be "shared" with the originally trivial two-dimensional
electron gas through the proximity effect, opening the spin-degenerate states to form Rashba-
split states.'”? The physical content of this surface state coupling has been comprehensively
discussed in systematic reviews of topological insulators and superconductors.”!
4.2 Interband Plasmons and Dirac Plasmon Gap

o pl(k) < V(k) (6)
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Based on the coupled single-particle ground state, band inversion greatly enhances the
lifetime of interband electron-hole pairs, leading to the appearance of a new interband optical
branch plasmon mode.!*®! Meanwhile, the previously widely studied Dirac plasmons acquire
a gap due to the opening of additional interband dissipation channels. The dispersion of two-
dimensional Dirac plasmons satisfies the square root law where the plasmon velocity is
jointly determined by the Fermi velocity and the dielectric environment, and undergoes
significant changes with the type of doped carriers (electrons or holes).”®! In topological
insulator thin films, the coupling of upper and lower surface plasmons also leads to mode

splitting, forming symmetric and antisymmetric plasmon branches.!**!

4.3 Plasmons in Graphene/Topological Insulator Heterostructures

Both graphene and topological insulators have attracted considerable attention due to their
Dirac-type electronic dispersion, and heterostructures composed of the two can acquire novel
properties through mutual proximity effects.l?® First-principles calculations have found that
after hybridization coupling between the graphene Dirac bands and the topological insulator
upper surface states, two characteristic bands crossing the Fermi level are formed — a
(mexican-hat-shaped) band and a bell-shaped band. After constructing a low-energy effective
Hamiltonian to fit the bands near the Fermi level, it was found that the two plasmon modes
respectively originate from the contributions of these two characteristic bands, while the
remaining bands only provide additional interband electron-hole dissipation channels.) By
doping different types and concentrations of carriers, active selection of plasmon modes can
be achieved in this system, providing guidance for applications of graphene/topological

insulator heterostructures in optical devices.

4.4 Plasmons as Probes of Topology

The above novel plasmon modes are inextricably linked to topological surface states: the
disappearance of surface states means the disappearance of corresponding plasmon modes.
By analogy with the well-known bulk-boundary correspondence in topological insulators,
experiments can verify the existence of surface states by measuring the plasmon modes
corresponding to surface states — that is, using plasmon spectroscopy as a non-destructive
probe of system topology.l*®! This approach is consistent with the research direction of
determining non-trivial band topology in emerging topological quantum materials such as
kagome superconductors through spectroscopic methods'®; and thermodynamic evidence for

nematic superconductivity in doped topological insulator Cu_xBi,Se; also indicates that
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symmetry-breaking collective behavior can similarly be cross-confirmed through
[35]

thermodynamic and spectroscopic methods.
5 Limitations of Innovations and Future Directions

5.1 Main Innovations

First, the interfacial dynamical polaron model for monolayer FeSe/STO was proposed,
unifying the pairing glue function of substrate phonons with polaron physics!*”); second, the
polaron-bipolaron two-fluid model was established, explaining the anomalous electrical
transport in (Li;_Fe,)FeSel*®!: third, the phonon + plasmon multi-channel pairing mechanism
was proposed, explaining the Tc-carrier concentration dome and predicting anomalous
isotope effects and plasmon replica bands; fourth, interband plasmons and Dirac plasmon
gaps induced by coupling of topological surface states and two-dimensional electron gas were
predicted; fifth, the probing principle of inverting system topology through plasmon modes

was proposed, extending the experimental connotation of bulk-boundary correspondence.

5.2 Existing Limitations

The existing work still has limitations. The plasmon spectral functions in the multi-channel
pairing model are mostly taken from RPA approximation, with insufficient characterization
of local field effects in strongly correlated systems; the parameters of the polaron picture rely
on a combination of first-principles calculations and experimental fitting, lacking
independent determination methods; the predicted plasmon replica bands and anomalous
isotope effects still await direct verification by high-resolution ARPES and isotope
substitution experiments; calculations of plasmons in topological systems are mostly based
on low-energy effective models, with insufficient inclusion of real material band details,
impurity scattering, and temperature effects.’*!

5.3 Future Directions

Future directions include: developing multi-channel Eliashberg theory in the non-adiabatic
limit, incorporating phonons, plasmons, and spin fluctuations into a unified self-consistent
framework!®®; directly observing interfacial plasmon modes and their correlation with
superconducting gaps using high-resolution EELS and near-field optical microscopy
techniques; extending the multi-channel pairing picture to emerging low-carrier-
concentration systems such as twisted graphene and nickel-based superconductors; and
exploring applications of actively selectable plasmon modes in graphene/topological insulator

heterostructures in terahertz modulators and quantum sensing devices.
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6 Summary and Outlook on Broad Field Directions

Starting from solid quasiparticles — plasmons — this article summarizes their properties and
applications in unconventional superconductivity and topological quantum systems along two
main threads. Regarding superconducting pairing mechanisms, the interfacial dynamical
polaron model and the phonon + plasmon multi-channel mechanism provide self-consistent
explanations for core experimental features of FeSe-based superconductors, including

substrate enhancement and the Tc-carrier concentration dome!*®

, and yield two testable
predictions: the isotope effect and replica bands. In topological quantum systems, the
coupling of topological surface states and two-dimensional electron gas produces novel
collective excitations such as interband plasmons, and the tunable plasmon modes in
graphene/topological insulator heterostructures provide a design blueprint for nanophotonic

devices.

From the perspective of broad field directions, the resolution of the high-temperature
superconducting pairing mechanism still faces dual bottlenecks: experimentally, there is a
lack of conclusive evidence — the order parameter symmetry of monolayer FeSe/STO
remains disputed across different measurements®”; theoretically, no tool can rigorously treat
strong correlation effects, and existing microscopic and phenomenological theories all rely on
system-specific approximations.™ What is urgently needed at present is innovation in
experimental techniques and theoretical methods: on one hand, developing in-situ, non-
destructive, energy-momentum fully resolved spectroscopic methods; on the other hand,
establishing a universal theoretical framework that can simultaneously accommodate
electron-phonon coupling, Coulomb correlations, and collective mode feedback. With the
emergence of new platforms such as twisted graphene®; topological superconductor
candidates’?”!, and kagome superconductorsm], plasmons, as a bridge connecting many-body
physics, topological quantum theory, and nanophotonic applications, will undoubtedly play
an increasingly crucial role on both fronts of high-temperature superconducting mechanism

and topological quantum information.
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