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INTRODUCTION

Wave-particle duality (WPD) is foundational to modern physics, as established by
Einstein and de Broglie!. By contrast, classical transport laws such as Ohm’s law,
Fourier’s law, and Fick’s laws describe transport through gradient-driven particle

3-5]

motion in real spacet ), while Arrhenius and reaction-rate approaches extend this
picture by thermal activation over energy barriers'®”. These descriptions have been
highly successful, but they also inherit an essentially particle-based view of realized

transport processes.

Modern transport studies increasingly show that pathway existence alone is not
always sufficient to explain realized transmission phenomena. Mesoscopic
transmission concepts, resonant tunneling, and resonance-governed power transfer
indicate that admissible states, coupling conditions, and intrinsic dynamical scales
can become decisive!*'?). Recent mathematical treatments of particle-wave
mechanical systems further underscore the need to interpret particle-like and
wave-like descriptions within a broader transport framework!?.
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In the present article, transport is therefore reconsidered not solely as particle-like migration through real
space, but also as a process that may be governed by wave-like/resonance-conditioned state admission. The
aim is to provide a concise conceptual perspective for distinguishing two limiting pictures: classical diffusive
migration and state-resonant transmission from the perspective of WPD. Ton transport is used as a
representative and important application of this broader transmission picture, because transport in
electrolytes, interfaces, and confined pathways often depends on selectivity, coupling, and dynamical-scale
effects beyond a purely classical diffusion picture!*'?,

This perspective is especially relevant to electrochemical energy storage (EES) systems such as fuel cells,
batteries, and electrolysis devices, where ionic motion and ion-electron coupled energy flow may evolve from
classical diffusion toward resonance-conditioned transport. Recent developments in particle-wave
mechanical analysis and contemporary ion-transport theory indicate that transport descriptions increasingly
require attention to state sensitivity, confinement, and interface-conditioned realization, rather than pathway
existence alone. Accordingly, the present article aims to bridge the long-standing particle-wave distinction
with a more explicit transmission viewpoint, while keeping ion transport as a representative and practically
important manifestation of the broader framework.

MINIMAL TRANSMISSION FRAMEWORK

A state-resonant energy transmission law (SRETL), @ = v,R(E)"*, is introduced to express the distinction
described above. Here, @ is defined at the most fundamental level as a transmission-event rate, v, is an
intrinsic renewal or attempt frequency, and R(E) is a dimensionless state-admission function that determines
whether transmission is physically realized under a given energy condition. In this sense, v, governs the
cadence of possible transmission events, whereas R(E) governs their wave-conditioned admissibility.
Classical diffusion corresponds to the limit in which admissibility is broad and weakly selective, whereas
quantum transport emerges when admissibility becomes sharply resonance-selective.

This formulation is not intended as a fully projected macroscopic constitutive law for current density, heat
flux, or mass flux. Instead, it provides a source-level organizing expression from which practical observables
may be derived through projection onto the relevant transported quantity, together with the necessary
density and geometric factors. This separation between event occurrence and physical transport reflects a
first-principles requirement: a universal event law must be defined at the level of occurrence to remain
dimensionally closed and transferable across systems, while specific transport expressions arise only at
subsequent levels of physical specification.

A second point is that this framework distinguishes between levels of description that are often conflated in
transport discussions. At the elementary level, realized transmission is treated as a state-admitted event. At a
higher level, experimentally measured observables such as current, conductivity, and energy flow are
interpreted as projected consequences that additionally depend on carrier density, geometry, coupling, and
the transported physical quantity itself. In this way, the SRETL is used to organize the mechanism by which
transmission is realized, whereas conventional transport coefficients remain necessary to quantify
system-specific performance. Thus, transport realization depends on two coupled elements: an intrinsic
dynamical renewal scale, represented by v,, and a state-admission factor, represented by R(E), which
determines whether the relevant transport state is effectively accessible, without yet constituting a fully closed
constitutive theory for all macroscopic observables.

Within this perspective, classical diffusion corresponds to the particle-like limit in which R(E) is broad and
weakly selective. Transport is then governed mainly by local hopping, drift, and barrier crossing along
continuous pathways, and classical transport laws remain valid limiting descriptions. By contrast, resonant
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Figure 1. Energy-state transmission framework. Schematic illustration of transmission shifting from particle-like real-space migration
toward energy-state admission under wave-/resonance-conditioned dynamics.

state transmission corresponds to the quantum wave-related limit in which R(E) becomes sharply selective,
so that the decisive factor is not merely the existence of a pathway but whether a transmissible state is
admitted. The key conceptual change is therefore not only mathematical but physical: WPD is treated here as
relevant to realized transmission itself. Wave-like behavior is reflected not only through state selectivity,
resonance conditioning, and intrinsic dynamical matching, but also through transmission across a spatially
correlated network of admitted states, rather than through stepwise local migration alone. By contrast,
particle-like behavior is reflected mainly through classical real-space hopping, drift, and barrier crossing. The
present manuscript thus reframes WPD from a descriptive property of carriers to a guiding distinction
between transport regimes.

For ion transport, this distinction is especially important. The existence of a geometrical pathway,
defect-mediated route, or interfacial channel does not by itself guarantee realized transmission; the transport
state must also become energetically and dynamically admissible. From this viewpoint, classical diffusion
represents the pathway-dominated limit, whereas state-resonant transmission represents the
admission-dominated limit. Within the SRETL framework, the quantum-like nature of the wave-dominant
regime is expressed through a transition from broad ensemble transmission to resonant-state-selective
admission. In this regime, ion transport is no longer controlled mainly by the statistical participation of
many diffusive events or by stepwise local hopping, but by a set of admitted states forming a spatially
correlated transmission network whose realization is enhanced under resonance. This selective and
sharpened response is the physical basis for describing the process as wave-like and quantum-type. Figure 1
further illustrates the scientific principle behind.

Therefore, transport becomes wave-related not simply because resonance is present, but because the
transmission probability is governed by energy-state matching and dynamical admissibility rather than
pathway availability alone. In this regime, resonance functions as a physical selection rule determining which
states can actually transmit. In this sense, resonance acts as a selection law: it filters the full space of possible
states and determines which transport states become effectively admitted. Quantum transport arises when
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Figure 2. Unified energy response function bridging particle activation and wave-related resonance. A broad R(E) corresponds to
diffusive/activated transport, whereas a sharply selective R(E) corresponds to state-resonant transmission.

this selection is no longer broad and statistical, but sharply controlled by discrete or quasi-discrete admitted
states.

PROJECTION TO ION TRANSPORT

Ion transport provides a particularly important ground for the present framework because the realized
transmission in electrolytes and interfaces often depends not only on pathway availability but also on state
admissibility. In many electrolytes and electrochemical interfaces, transport is still discussed mainly with
diffusion-based language. However, recent studies of solid-state ion transport and confined ion transport
indicate that modern ion-transport behavior often depends on confinement, interfacial structure, and
state-sensitive transmission conditions"**?. Wave-like ion transport, by contrast, corresponds to a regime in
which transmission is conditioned by resonant or quasi-resonant state admission and proceeds through a
spatially correlated network of admitted states, rather than through purely stepwise local migration. The
point is not that all ion transport must be coherent or idealized, but that the realized transmission may
increasingly depend on energy-state accessibility and dynamical matching rather than on pathway existence
alone, as illustrated in Figure 2.

This distinction is highly relevant to EES systems such as fuel cells, batteries, and electrolysis systems, where
ionic transport, electronic coupling, and interfacial fields are often strongly intertwined. It is also relevant to
broader materials contexts in which transport coefficients exhibit non-Arrhenius trends, anomalous effective
activation energies, or frequency-sensitive behavior that suggests a transition away from a purely classical
diffusion picture. Within this framework, ion transport is therefore not the only possible application, but it is
one of the most important and physically transparent demonstrations.
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Such a projection is useful because many contemporary ion-transport systems no longer behave as simple
bulk media with one dominant activation barrier. Interfaces, defect landscapes, nanoscale confinement,
mixed ionic-electronic coupling, and local field effects can all reshape which transport states are effectively
realized. A recent study demonstrated that engineering oxygen vacancies as intrinsic lattice constituents
reshapes the transport landscape and promotes wave-like, collective ion migration"””. Under these
conditions, the question is not only how many pathways exist, but also which states become dynamically
admissible and whether their admission remains broad, selective, or resonant. Resonant transmission can be
strongly enhanced under confined-state conditions. In general, resonant transmission can exceed
diffusion-dominated transport by about an order of magnitude or more when state alignment and coherence
conditions are favorable"®. This broader view is increasingly relevant in modern ion-transport research,
where confinement, interfaces, structural heterogeneity, and coupled ionic-electronic dynamics are often
central to the realized behavior!””. In such cases, transport may not be adequately captured by a purely
pathway-based picture, because the effective transmission outcome can depend on whether particular states
are activated, matched, or admitted under the relevant energetic and dynamical conditions. The present
perspective is intended to make this distinction more explicit and thereby support more efficient engineering
of EES systems.

OUTLOOK

This perspective offers a minimal framework for organizing transport thinking when classical particle-based
descriptions become insufficient and when wave-like behavior, state selectivity, coupling, and intrinsic
dynamical scales become physically decisive. It also explains why ion transport is emphasized without
making the framework exclusive to EES systems. Ion transport is used as a focused and physically important
manifestation because it clearly exhibits the tension between pathway-based migration and state-conditioned
transmission, especially in fuel cells, batteries, and electrolysis devices. At the same time, the broader
conceptual language may be useful wherever realized transport depends not only on path availability but also
on whether a state becomes admitted under relevant energy and dynamical conditions. Future work should
therefore test the framework quantitatively, examine how R(E) may be inferred from specific materials and
spectra, and determine under what conditions classical transport transitions toward more sharply
state-selective transmission behavior.

Thus, classical transport laws should be understood as limiting cases of a more general transmission
principle. They remain valid and predictive when microscopic time scales are effectively hidden, but must be
superseded when energy-state permission, rather than pathway existence alone, becomes decisive for realized
transmission. The present framework provides a clear physical criterion for this transition, unifying classical
and non-classical transport or quantum state transmission within a single conceptual structure>>"!. The
conceptual distinction between classical transport descriptions and energy-state-governed transmission is
turther clarified in Figure 3.

In this sense, classical diffusion and resonant transmission should be regarded as two limiting manifestations
within a broader transmission framework. Ion transport is emphasized here because it provides a concrete
and important field in which this distinction may be tested, particularly in EES systems. Future work should
further develop the mathematical projection from the minimal expression to measurable observables and
should experimentally examine how confinement, coupling, and frequency sensitivity reshape realized
transport.
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Figure 3. Energy-state transmission contrasted with hopping and diffusion models. The schematic highlights the distinction between
classical pathway-based migration and transmission governed by admitted energy states.
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