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Abstract

Negative capacitance (NC) has been reported across a wide range of physical systems,
yet its interpretation has remained fragmented due to the lack of a unified conceptual
framework. Existing explanations—spanning ferroelectric free-energy curvature, tunneling
transport, plasmonic resonances, and electronic compressibility—have often been treated as
unrelated or even contradictory. This review resolves these inconsistencies by showing that
all manifestations of NC arise from non-synchronization between external excitation and
internal response. We classify NC into three fundamental categories: temporal mismatch,
originating from delays or inertia in charge or polarization dynamics; spatial mismatch,
caused by nonuniform field or mode distributions; and quantitative mismatch, resulting
from intrinsic parameter reversal such as negative curvature or negative compressibility.
Despite their diverse physical origins, these mechanisms share the same mathematical
signature (Ce f f = ∂Q/∂V < 0). Organizing NC within this unified framework clarifies
long-standing ambiguities, connects previously isolated research fields, and establishes a
systematic foundation for engineering NC in electronic, photonic, and quantum devices.
The framework further highlights tunnel-current-induced NC as a representative single-
particle mechanism within the temporal mismatch category, expanding the scope of NC
beyond ferroelectricity and collective modes. Overall, this work positions NC not as a
singular anomaly but as a universal response class emerging from the interplay between
excitation and internal dynamics.

Keywords: negative capacitance; temporal mismatch; spatial mismatch; quantitative
mismatch; polarization-switching delay; charge trapping and detrapping; nonlinear transport
delay; quantum-state occupation delay; spin-relaxation delay; Josephson-phase dynamics

1. Introduction
Negative capacitance (NC) has become a central topic in modern nanoelectronics,

quantum materials, and electromagnetic engineering. Since the seminal theoretical predic-
tion that ferroelectric materials can exhibit an effective negative differential capacitance
through polarization dynamics in a double-well potential [1–5], NC has been explored
as a route to voltage amplification, reduced power consumption in field-effect transistors
(NC-FETs), and unconventional electromagnetic responses in metamaterials and plasmonic
systems [2–7]. Beyond ferroelectrics, NC has also been observed in low-dimensional elec-
tron systems with negative compressibility [8–10], in nonlinear transport devices [11–13],
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and in resonant tunneling structures [12–14]. Despite this diversity, the underlying physical
mechanisms remain conceptually fragmented across different research communities.

Existing classifications typically group NC phenomena by material class (ferroelectrics,
correlated electron systems, and topological materials [1,8,15]), by device structure (diodes
and resonant tunneling devices [10–13]), or by electromagnetic response (metamaterials
and plasmonic systems [6,7,16]). However, such taxonomies obscure the deeper physical
principle that unifies these systems. Recent developments—including our work on tunnel-
current-induced NC in nanoscale conductor–semiconductor junctions [11,12,17]—suggest
that NC is not an intrinsic property of a specific material but rather a manifestation of
non-synchronized or desynchronized responses between an external excitation and the
internal dynamics of charge, polarization, or electromagnetic fields [18–20].

In this review, we introduce a unified conceptual framework in which NC arises from
three fundamental types of non-synchronization:

- Temporal mismatch—the response lags behind the excitation, producing a negative
phase component in the charge or current [18–20].

- Spatial mismatch—the spatial distribution of fields or charges does not align with the
applied excitation, leading to effective negative permittivity or reactance [6,21,22].

- Quantitative mismatch—physical quantities such as permittivity, compressibility, or
density of states undergo sign reversal due to resonance or correlation effects [7,8,16].

Within this framework, ferroelectric NC is interpreted as a temporal mismatch in
polarization switching [1–3], while plasmonic and metamaterial NC arise from spatial
or quantitative mismatches in collective electromagnetic modes [6,7,16]. Negative com-
pressibility in two-dimensional electron systems and quantum-capacitance-driven effects
naturally fall into the category of quantitative mismatch [8–10]. Importantly, our recently
proposed tunnel-current-induced NC constitutes a distinct single-particle temporal mis-
match mechanism, where the nonlinear and delayed response of electron transport—not
polarization—generates the negative capacitive behavior. This mechanism enables the real-
ization of two-dimensional tunable reactance elements (TDTREs), offering a new platform
for ultra-compact, high-speed reactive components [17,23,24].

In response to recent developments (2023–2026), we additionally note that NC-related
phenomena have also been reported in two-dimensional van der Waals materials, electro-
chemical systems, and topological or correlated electron systems exhibiting negative quan-
tum capacitance or negative compressibility. These systems naturally fall within the quanti-
tative mismatch category and further broaden the relevance of the unified framework.

By reorganizing the diverse NC phenomena under the unified concepts of synchro-
nization, delay, and mismatch, this review aims to (i) clarify the fundamental physics
underlying NC, (ii) highlight the connections between seemingly unrelated systems, and
(iii) position tunnel-current-induced NC as a representative mechanism within the broader
landscape of NC research [17,20,23,25]. This unified perspective provides a coherent foun-
dation for understanding NC across disciplines and for designing next-generation reactive
elements and electronic devices.

2. Unified Framework for Negative Capacitance: Synchronization,
Temporal Delay, and Spatial/Quantitative Mismatch

Negative capacitance (NC) manifests when the response of a physical system—charge,
current, polarization, or electromagnetic field—fails to synchronize with an applied excita-
tion. Although NC has been reported in diverse material systems and device architectures,
these phenomena can be unified under a single conceptual principle: NC arises from
non-synchronization (desynchronization) between excitation and response [18–20]. This
section introduces a general framework that classifies NC into three fundamental categories
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based on the nature of this non-synchronization: temporal mismatch, spatial mismatch, and
quantitative mismatch [1,3,6,8,18,19,21,26]. Together, these categories provide a coherent
foundation for interpreting both established and emerging NC mechanisms [15,17,23].

2.1. Synchronization as the Reference State

In conventional capacitive systems, the displacement of charge or polarization is syn-
chronized with the applied voltage. This synchronized state yields a positive capacitance,
in which the stored energy increases monotonically with the applied field. Synchronization
thus provides the reference state against which all manifestations of NC should be under-
stood. This notion of a synchronized response is consistent with linear-response theory and
Kubo’s formulation of irreversible processes [18–20].

Mathematically, synchronization implies that the response function (R(t)) satisfies
R(t) = R0(V(t)), with no phase inversion or sign reversal [3,20,25]. Any deviation from this
synchronized behavior—whether in time, space, or magnitude—can generate an effective
negative capacitive response.

Here, R(t) denotes a generalized internal response variable of the system, such as
charge, polarization, mode amplitude, or any state variable that couples to the applied volt-
age. R0(V) represents the quasi-static (synchronized) response that the system would follow
in the absence of delay, inertia, or spatial nonuniformity [3,20]. In the synchronized limit,
the internal state instantaneously tracks the external excitation, yielding R(t) = R0(V(t)).

2.2. Temporal Mismatch: Delay Between Excitation and Response

Temporal mismatch occurs when the system’s response lags behind the applied excita-
tion. Such a delay introduces a negative phase component in the current or polarization,
which can manifest as NC in small-signal or transient measurements [18–20]. This mech-
anism underlies ferroelectric relaxation, interface trapping, and tunnel-current-induced
negative capacitance (TCINC) [1,11,17].

2.2.1. Physical Origin

Temporal mismatch arises from single-particle dynamics or collective relaxation pro-
cesses, including:

- Polarization-switching delay in ferroelectrics, described by Landau–Khalatnikov dy-
namics [1,3].

- Charge trapping and detrapping at semiconductor interfaces [11,27].
- Nonlinear transport delay in diodes and tunneling structures [11–13].
- Quantum-state occupation delay in resonant tunneling devices [12,14].
- Spin-relaxation delay in spintronic systems [28].
- Josephson-phase dynamics in superconducting junctions [29].

These mechanisms demonstrate that temporal mismatch can originate from a wide
range of microscopic processes, each producing a delayed response of charge, polarization,
or quantum occupation relative to the applied excitation. When this delay becomes suf-
ficiently large, the resulting negative phase component in the AC current or polarization
leads to an effective negative capacitance [18–20].

2.2.2. Relevance to Tunnel-Current-Induced NC

Our recently proposed tunnel-current-induced NC belongs to this category. In
nanoscale conductor–semiconductor junctions, the nonlinear and delayed response of
tunneling electrons produces a negative phase component in the AC current, yielding a
stable NC without the need for ferroelectric polarization or structural bistability [11,12,17].
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2.3. Spatial Mismatch: Nonuniform Field or Charge Distributions

Spatial mismatch refers to situations in which the spatial distribution of electric fields,
charges, or polarization does not align with the applied excitation. Such mismatches
can produce effective negative permittivity or reactance, particularly in engineered or
nanostructured materials [6,21,22].

Physical Origin

Spatial mismatch is characteristic of collective electromagnetic modes, including:

- Metamaterials with engineered unit-cell geometries that yield effective negative per-
mittivity or permeability [6,22,30].

- Localized plasmonic modes in metallic nanostructures [7,31,32].
- Spatially modulated dielectric environments that distort field distributions [26,33].

These systems do not rely on temporal delay; instead, the NC-like response emerges
from spatially structured collective modes governed by Maxwell’s equations and effective-
medium theory [21,34].

2.4. Quantitative Mismatch: Sign Reversal of Physical Quantities

Quantitative mismatch occurs when a physical quantity that contributes to capacitance—
such as permittivity, compressibility, or density of states—undergoes a sign reversal due
to resonance, correlation, or band-structure effects [8,10,35]. This category includes ferro-
electric negative curvature, negative electronic compressibility, and resonant permittivity
reversal [1,7,16].

Physical Origin

Representative mechanisms include:

- Plasmonic negative permittivity, in which the Drude response yields ε(ω) < 0 at
frequencies below the plasma frequency [18,36].

- Negative electronic compressibility in strongly correlated two-dimensional electron
systems [8,10].

- Quantum capacitance sign reversal arising from band-structure anomalies or topologi-
cal surface states [9,37].

- Resonant negative permittivity in Lorentz oscillators [19,38].

These mechanisms do not require temporal delay; instead, the NC arises from intrinsic
material parameters that become negative under specific conditions.

2.5. Summary of the Unified Framework

The three categories—temporal, spatial, and quantitative mismatch—capture the full
diversity of NC phenomena reported to date. Importantly, they also clarify the relationships
among mechanisms that have historically been treated as unrelated [2,6,8]. This unified
framework provides a foundation for interpreting NC across disciplines and for positioning
tunnel-current-induced NC as a distinct and fundamental mechanism [17].

3. Temporal Mismatch: Single-Particle Dynamics Origin
Negative capacitance (NC) arising from temporal mismatch originates from a delay

between the applied excitation and the microscopic response of the system. When the
response—charge, current, or polarization—fails to follow the excitation synchronously, the
resulting phase inversion can produce an effective negative capacitance in the small-signal
regime [18–20]. This chapter establishes the physical basis of temporal mismatch, reviews
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known mechanisms, and positions tunnel-current-induced negative capacitance (TCINC)
as a distinct single-particle mechanism within this category [11,12,17].

3.1. Conceptual Basis of Temporal Mismatch

Temporal mismatch refers to a finite delay (∆t) between the applied voltage V(t) and
the resulting current I(t). When the delay becomes comparable to the excitation period, the
current acquires a negative phase component:

I(t) = I0sin(ωt − ϕ), ϕ = ω·∆t. If ϕ < −90◦, the imaginary part of the admittance be-
comes negative, yielding an effective negative capacitance [18–20]. A schematic illustration
of this basic concept is shown in Figure 1.

Figure 1. Temporal mismatch between the applied voltage and the tunneling current. A finite re-
sponse delay (∆t) causes the tunneling current I(t + ∆t) to lag the excitation V(t), introducing a neg-
ative phase component. When this phase lag becomes sufficiently large, the imaginary part of the ad-
mittance becomes negative, resulting in an effective negative capacitance in the small-signal regime.

A practical quantitative indicator of temporal mismatch is the condition ωτ ≥ 1, under
which the phase delay becomes sufficiently large to generate a negative imaginary admittance.

3.2. Ferroelectric Polarization Dynamics (Landau–Khalatnikov Delay)

Ferroelectric negative capacitance was historically interpreted through the Landau–
Khalatnikov (L–K) equation, which describes the relaxation of polarization in a double-
well potential [1–3]. When the applied voltage changes faster than the intrinsic polar-
ization relaxation time, the polarization lags behind the excitation, producing transient
negative capacitance.

This mechanism is collective in nature, arising from domain switching, and is funda-
mentally different from the single-particle mechanisms discussed later.

3.3. Charge Trapping and Interface-State Dynamics

Charge trapping and detrapping at semiconductor interfaces introduce characteristic
time constants associated with carrier capture and emission [9,11,27]. When the AC exci-
tation frequency approaches these time constants, the trapped charge cannot follow the
excitation, resulting in a delayed response and an effective negative capacitance.

This mechanism is single-particle in origin but is typically parasitic in nature.

3.4. Nonlinear Transport Delay in Diodes and Resonant Tunneling Structures

Nonlinear electronic devices such as pn diodes, Schottky junctions, and resonant
tunneling diodes exhibit delayed current responses due to carrier transit times, barrier
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charging, and quantum-state occupation dynamics. When the excitation frequency ap-
proaches this response time, the current acquires a negative phase component, producing
an effective negative capacitance [11–13].

This mechanism is single-particle in origin and is closely related to the tunnel-current-
induced NC discussed in Section 3.7.

3.5. Tunnel-Current-Induced Negative Capacitance (TCINC): A New Single-Particle Mechanism

Our recently proposed tunnel-current-induced negative capacitance (TCINC) repre-
sents a distinct and previously unclassified mechanism within the temporal mismatch
category [17]. In nanoscale metal–semiconductor junctions, the tunneling current exhibits
an intrinsic delay arising from:

- Energy-dependent tunneling probability;
- The finite response time of carrier injection;
- The nonlinear voltage dependence of the tunneling barrier;
- Dynamic redistribution of local charge within the nanogap.

Figure 2 provides a simplified illustration of this physical picture.

Figure 2. Schematic illustration of the tunnel-current-induced negative capacitance (TCINC) mecha-
nism. An AC excitation modulates the tunneling barrier in a nanoscale metal–semiconductor junction.
Because the tunneling current responds with a finite delay determined by the energy-dependent tun-
neling probability and carrier injection dynamics, the current acquires a negative phase component,
giving rise to a stable negative capacitance.

3.6. Equivalent Circuit Representation of TCINC

The TCINC mechanism can be captured by a frequency-dependent admittance model,
as illustrated in Figure 3. In this representation, the tunneling junction behaves as a parallel
R − Ce f f network, where the effective capacitance is defined by the imaginary part of the
admittance: Y(ω) = G(ω) + jωCe f f (ω).

A transport delay element accounts for the finite response time of tunneling electrons.
When the delay-induced negative phase component dominates,

(
Ce f f (ω) < 0

)
becomes

negative.
This equivalent circuit picture provides a compact and intuitive representation of TCINC,

linking the microscopic tunneling delay to a macroscopic negative capacitive response.
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Figure 3. Equivalent-circuit representation of TCINC. The tunneling junction is modeled as a
parallel R − Ce f f network combined with a transport-delay element. When the delay-induced
negative phase dominates over the capacitive response, the extracted effective capacitance Ce f f (ω)

becomes negative.

3.7. TCINC as a Distinct Category of Temporal Mismatch

As highlighted by the equivalent circuit representation in Figure 3, TCINC differs
fundamentally from previously known mechanisms, as summarized in Table 1. TCINC
clearly stands out as a stable and robust single-particle NC mechanism, filling a conceptual
gap in the landscape of negative capacitance research [12,13,17].

Table 1. Classification of negative capacitance mechanisms within the unified framework.

Mechanism Collective or
Single-Particle Stability Typical Frequency

Range
Requires

Ferroelectricity
Ferroelectric L-K delay Collective Often transient kHz-MHz Yes

Charge trapping Single-particle Often parasitic Hz-kHz No
Nonlinear transport delay Single-particle Stable kHz-GHz No
Tunnel-current-induced

NC (TCINC) Single-particle Stable kHz-GHz No

Unlike ferroelectric NC—which arises from collective polarization switching—or
plasmonic NC—which originates from spatially structured electromagnetic modes, TCINC
is rooted in single-particle quantum transport. Its negative capacitance emerges from
the intrinsic delay of tunneling electrons responding to a time-varying voltage, without
requiring bistability, domain dynamics, or engineered spatial modes.

TCINC is therefore positioned as a representative single-particle mechanism within the
temporal mismatch category, complementing other delay-driven NC phenomena without
introducing a new category.

4. Spatial Mismatch: Nonuniform Field, Charge, and Mode Distributions
Spatial mismatch refers to situations in which the spatial distribution of electric fields,

charges, or polarization does not align with the externally applied excitation. Unlike tem-
poral mismatch—where the response is delayed in time—spatial mismatch arises from
geometric, electromagnetic, or modal nonuniformity within the system. Such mismatches
can produce effective negative capacitance or negative permittivity even when all underly-
ing material parameters remain positive [6,21,22].

Spatial mismatch mechanisms are fundamentally collective in nature, governed by
Maxwell’s equations, boundary conditions, and mode structures rather than by single-
particle kinetics [21,34]. This chapter outlines the physical origins of spatial mismatch,
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reviews representative systems, and clarifies how spatially structured electromagnetic
modes can generate NC-like responses.

4.1. Conceptual Basis of Spatial Mismatch

In an ideal parallel-plate capacitor, the electric field is uniform and aligned with the
applied voltage. However, in many real or engineered systems, the field distribution
becomes nonuniform due to:

- Geometric confinement;
- Spatially varying permittivity;
- Plasmonic or electromagnetic resonances;
- Surface or interface modes;
- Periodic or metamaterial structures.

When the local field (Er) deviates significantly from the global excitation (V(t)), the
system can exhibit an effective negative response, such as: Ce f f = ∂Q/∂V < 0, even
though all local material parameters remain positive [6,21,22]. An intuitive illustration of
this spatial mismatch is shown in Figure 4.

Figure 4. Conceptual illustration of spatial mismatch. In an ideal capacitor, the electric field is
uniform and aligned with the applied voltage. In real or engineered structures—such as plasmonic
nanostructures, metamaterials, or systems with geometric confinement—the local electric field
becomes highly nonuniform. Strong field localization near tips, edges, or interfaces redistributes
charge spatially, producing an effective negative capacitive response even when all intrinsic material
parameters remain positive.

Spatial mismatch can be quantitatively identified by nonlocal behavior in the suscep-
tibility χ(k, ω), where the response depends explicitly on the spatial wavevector k rather
than only on frequency.

4.2. Metamaterials and Negative Permittivity

Metamaterials provide the clearest example of spatial mismatch. Their unit-cell
geometries—split-ring resonators, fishnet structures, or plasmonic arrays—produce collec-
tive electromagnetic modes that can yield:

- Negative permittivity
(

εe f f < 0
)

;

- Negative permeability
(

µe f f < 0
)

;

- Negative index.

These effective parameters do not arise from the intrinsic properties of the constituent
materials, which are typically conventional metals and dielectrics. Instead, they emerge
from spatially structured resonances that redistribute the electromagnetic field in a highly
nonuniform manner [6,16,38].
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In particular, the negative permittivity of wire-based metamaterials can be understood
as a collective plasma-like response, where the spatial arrangement of metallic elements pro-
duces an effective plasma frequency. Below this frequency, effective permittivity becomes
negative, even though each individual component has positive permittivity.

This NC-like behavior is therefore a manifestation of mode-induced spatial mismatch,
not temporal delay or intrinsic parameter reversal.

4.3. Plasmonic Nanostructures and Localized Field Enhancement

Metallic nanostructures support localized surface-plasmon resonances (LSPRs), in
which conduction electrons oscillate collectively. These resonances generate highly nonuni-
form electromagnetic fields, with extreme localization near sharp tips, edges, or nanogaps.

This spatial concentration of fields can produce:

- Negative effective permittivity;
- Anomalous charge accumulation;
- NC-like impedance signatures.

Unlike TCINC or ferroelectric NC, plasmonic NC arises from collective electron oscil-
lations and geometric confinement, not from temporal delay or intrinsic negative parame-
ters [7,31,32].

The resulting field enhancement and charge redistribution are inherently spatial in
origin, making plasmonic systems prototypical examples of spatial mismatch-induced
negative responses.

4.4. Spatially Modulated Dielectric Environments

Systems with spatially varying permittivity—such as multilayers, superlattices, or
graded-index structures—can exhibit NC-like behavior due to:

- Field redistribution across layers;
- Interfacial polarization;
- Mode hybridization.

Even when each layer has positive permittivity, the effective medium can exhibit
negative capacitance because of spatial mismatch between the applied field and the internal
field distribution [21,26,33].

These effects arise from collective electromagnetic modes shaped by the geometry
and permittivity profile of the structure. The resulting nonuniform field distribution
can produce an effective negative response without requiring temporal delay or intrinsic
negative parameters.

4.5. Distinction from Temporal Mismatch Mechanisms

Spatial mismatches differ fundamentally from temporal mismatches, as shown in
Table 2.

Spatial mismatch mechanisms are collective and often require engineered geometries,
whereas TCINC arises from single-particle quantum transport [6,17,21].

Table 2. Comparison between temporal, spatial, and quantitative mismatch.

Feature Temporal Mismatch Spatial Mismatch
Origin Delay in response Nonuniform field distribution
Nature Dynamical Geometric/modal

Typical systems Ferroelectrics, tunneling, transport Metamaterials, plasmonics, multilayers
Single-particle? Sometimes Rarely (mostly collective)

NC stability Frequency-dependent Mode-dependent
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4.6. Positioning Spatial Mismatch in the Unified Framework

Spatial mismatch forms the second pillar of the unified NC framework:

4.6.1. Temporal Mismatch

- Delay between excitation and response.
- Includes TCINC (single-particle) [17,20].

4.6.2. Spatial Mismatch

- Nonuniform field or charge distribution.
- Includes metamaterials, plasmonics, and multilayers [6,7,21].

4.6.3. Quantitative Mismatch

- Sign reversal of intrinsic material parameters.
- Includes ferroelectric curvature, negative compressibility, and resonant permittivity [1,8,16].

Spatial mismatch mechanisms demonstrate that NC can arise even in the absence
of temporal delay or negative intrinsic parameters. This reinforces the central thesis of
this review:

Negative capacitance is fundamentally a manifestation of non-synchronization be-
tween excitation and response—whether in time, space, or magnitude.

4.7. Summary of Spatial Mismatch

Spatial mismatch encompasses a broad class of mechanisms in which nonuniform
field, charge, or mode distributions give rise to effective negative capacitance or negative
permittivity, even when all local material parameters remain positive. Representative exam-
ples include metamaterials, plasmonic nanostructures, and spatially modulated dielectric
environments, all of which rely on collective electromagnetic modes shaped by geometry
and boundary conditions.

These mechanisms highlight that NC does not require temporal delay or intrinsic
negative parameters. Instead, spatially structured field distributions alone can produce
NC-like responses, positioning spatial mismatch as a distinct and essential pillar of the
unified NC framework.

5. Quantitative Mismatch
Quantitative mismatch refers to situations in which the magnitude or sign of an in-

trinsic material parameter—such as permittivity, susceptibility, or compressibility—differs
from the externally imposed excitation in such a way that the effective response becomes
negative. Unlike temporal mismatch, which arises from delayed dynamics, and spatial
mismatch, which originates from nonuniform field distributions, quantitative mismatch is
rooted in the intrinsic constitutive relations of the material itself [1,7,8].

This category includes systems in which effective permittivity, capacitance, or suscep-
tibility becomes negative due to:

- Phase transitions;
- Internal free-energy curvature;
- Electronic or ionic instabilities;
- Collective oscillations;
- Engineered resonances.

Quantitative mismatch is therefore the most “material-centric” of the three categories.

5.1. Conceptual Basis

In a linear dielectric, the constitutive relation is D = εE, with ε > 0.
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However, in systems with internal instabilities or resonances, effective permittivity
can become negative: ε < 0.

This sign reversal implies that the induced polarization opposes the applied field
more strongly than in a normal dielectric, leading to an effective negative capacitance:
Ce f f = ∂Q/∂V < 0.

The key point is that the negative response originates from the intrinsic free-energy
landscape or resonance structure, not from delays (temporal mismatch) nor from field
nonuniformity (spatial mismatch) [1,16,19].

5.2. Ferroelectric Curvature

The most widely discussed example of quantitative mismatch is the ferroelectric
negative capacitance predicted by Landau theory [1–3].

In a ferroelectric, the free energy F(P) has a double-well structure: F(P) = αP2 +

βP4 + γP6 + · · · , where the curvature ∂2F/∂P2 can become negative in the region between
the wells.

This negative curvature region is the source of the negative capacitance arising from
the quantitative mismatch. A conceptual diagram is shown in Figure 5.

Figure 5. Free-energy landscape of a ferroelectric material. The region between the two polarization
minima exhibits negative curvature ∂2F/∂P2 < 0, corresponding to a negative differential permittivity
and thus negative capacitance.

5.3. Negative Compressibility

In low-dimensional electron systems (2DEGs, graphene, oxide interfaces), electron–
electron interactions can produce negative electronic compressibility [6–8]: κ−1 = n2∂µ/∂n < 0.
This leads to counterintuitive behavior such as:

- Capacitance exceeding the geometric limit;
- Effective negative capacitance in quantum capacitance measurements;
- Enhanced charge accumulation.

Figure 6 illustrates the essential physics: the chemical potential decreases with increas-
ing carrier density.
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Figure 6. Electronic compressibility in a strongly interacting electron system. When the chemical po-
tential decreases with increasing carrier density (∂µ/∂n < 0), the electronic compressibility becomes
negative, leading to effective negative capacitance in quantum-capacitance measurements.

5.4. Ionic and Electrochemical Negative Capacitance

Electrochemical interfaces can exhibit negative differential capacitance due to:

- Ion crowding;
- Overscreening;
- Charge inversion;
- Non-monotonic chemical potential.

In these systems, the internal chemical potential gradient has the opposite sign to
the external electric field, resulting in a negative capacitance arising from a quantitative
mismatch [10,35,37].

5.5. Resonant Systems

Resonant systems—such as Lorentz oscillators—can exhibit negative effective permit-
tivity in frequency ranges above resonance [16,19,38]: ε(ω) = ε∞ − f /

(
ω0

2 − ω2 − jγω
)
,

where ( f ) denotes the oscillator strength, representing the coupling strength between the
external electric field and the bound charge. It determines the amplitude of the resonant
contribution to the dielectric response. Also, the parameter (γ) represents the damping
constant, describing the energy dissipation rate of the bound oscillator. It determines
the linewidth of the resonance and accounts for scattering or relaxation processes. When
ω > ω0, the real part of ε(ω) can become negative. This sign reversal due to resonance is
shown in Figure 7.

5.6. Distinction

Quantitative mismatch differs fundamentally from the other two categories, as shown
in Table 3.
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Figure 7. Lorentz oscillator model showing the frequency dependence of the real part of the permit-
tivity. Above the resonance frequency ω0, the real part of ε(ω) becomes negative due to the phase
reversal of the bound electron response, producing a negative permittivity regime.

Table 3. Representative physical systems exhibiting each mismatch type.

Feature Temporal Mismatch Spatial Mismatch Quantitative Mismatch

Origin Delay in response Nonuniform field
distribution

Intrinsic parameter
reversal

Nature Dynamical Geometric/modal Material/energetic

Typical systems Ferroelectrics (dynamic),
tunneling Metamaterials, plasmonics Ferroelectrics (static),

2DEGs, resonances
Single-particle? Sometimes Rarely Rarely (mostly collective)

NC stability Frequency-dependent Mode-dependent Material-dependent

It is the only category in which the material itself possesses a negative intrinsic response.

5.7. Positioning

Quantitative mismatch forms the third pillar of the unified NC framework:

5.7.1. Spatial Mismatch

- Nonuniform field or charge distribution.
- Includes metamaterials and plasmonics [6,7,21].

5.7.2. Quantitative Mismatch

- Intrinsic parameter reversal.
- Includes ferroelectric free-energy curvature, negative compressibility, and resonant

negative permittivity [1,8,16].

Together, these three categories demonstrate that negative capacitance is not a single
phenomenon, but a broad class of behaviors unified by the principle of non-synchronization
between excitation and response.

6. Unified Perspective and Design Implications
Negative capacitance (NC) has historically been discussed within disparate scien-

tific communities—ferroelectrics, quantum transport, plasmonics, metamaterials, and
electrochemistry—each using its own terminology and conceptual framework. The preced-
ing chapters have shown that these diverse manifestations can be systematically organized
into three fundamental categories:

1. Temporal mismatch [17,20].
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2. Spatial mismatch (Chapter 4) [6,21].
3. Quantitative mismatch (Chapter 5) [1,8,16].

Despite their apparent differences, these mechanisms share a common underlying
principle: negative capacitance emerges whenever the internal response of a system be-
comes non-synchronized with the external excitation, regardless of whether the mismatch
is temporal, spatial, or quantitative [18–20].

To visualize this unified perspective, Figure 8 summarizes the three categories and
their relationships.

Figure 8. Unified map of the three fundamental mechanisms of negative capacitance. Temporal
mismatch arises from delays or inertia in the internal response; spatial mismatch originates from
nonuniform field or mode distributions; quantitative mismatch results from intrinsic parameter
reversal, such as negative curvature or negative compressibility. All three mechanisms represent dis-
tinct manifestations of non-synchronization between excitation and response, leading to an effective
negative capacitance Ce f f = ∂Q/∂V.

6.1. Unified View: Negative Capacitance as Non-Synchronization

The three categories can be mapped onto a single conceptual axis: the degree and
nature of non-synchronization between excitation and response, as shown in Table 4.

Table 4. Design implications derived from the unified framework.

Category Type of Mismatch Origin Typical Systems Key Signature

Temporal Time Delay, inertia,
transport

TCINC, ferroelectric
dynamics Phase lag

Spatial Space Nonuniform
fields/modes Metamaterials, plasmonics Field localization

Quantitative Magnitude Intrinsic parameter
reversal

Ferroelectrics (static),
2DEGs, resonances Negative curvature

This unified view clarifies that NC is not a single phenomenon, but a family of
responses governed by the same mathematical structure: Ce f f = ∂Q/∂V.
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Negative capacitance arises whenever the internal variable (charge, polarization,
chemical potential, or mode amplitude) responds in a manner that opposes or overshoots
the external driving [18–20].

6.2. Implications for Device Design
6.2.1. Ferroelectric NC for Steep-Slope Transistors

The unified framework highlights two distinct routes to NC in ferroelectrics:

- Dynamic NC (temporal mismatch) [1,20].
- Static NC (quantitative mismatch) [1–3].

This distinction is crucial for transistor design:

- Dynamic NC is frequency-dependent and may vanish under DC operation.
- Static NC is stable but requires careful stabilization through series capacitors.

Designers must therefore identify which regime their device operates in and avoid
conflating the two.

6.2.2. Tunneling-Based NC for High-Frequency Applications

TCINC (Chapter 3) is a single-particle, delay-driven NC mechanism that naturally
operates at high frequencies.

The unified framework clarifies that:

- TCINC is fundamentally different from ferroelectric NC [12,17];
- TCINC does not require negative free-energy curvature [11,17];
- TCINC can be engineered via barrier shape, thickness, and density of states.

This opens pathways for RF/THz NC devices based on quantum transport rather than
ferroelectricity.

6.2.3. Metamaterial NC for Wave Manipulation

Spatial mismatch mechanisms (Chapter 4) enable:

- Negative permittivity;
- Negative index;
- Sub-wavelength focusing;
- Field enhancement.

These effects are inherently collective and geometric, suggesting that NC can be
engineered without exotic materials—solely through structural design [6,7,21].

6.3. Implications for Materials Design
6.3.1. Engineering Free-Energy Landscapes

Quantitative mismatch mechanisms (Chapter 5) show that NC can be tuned through:

- Composition;
- Strain;
- Dimensionality;
- Interface engineering.

For example:

- Strain can deepen or flatten ferroelectric wells [1];
- Two-dimensional materials can enhance electronic correlations [8];
- Superlattices can tailor permittivity profiles [21].

This suggests a materials-by-design approach to NC.
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6.3.2. Controlling Spatial Mode Structure

Spatial mismatch NC depends on:

- Geometry;
- Boundary conditions;
- Mode hybridization.

Thus, NC can be engineered through:

- Nanopatterning;
- Plasmonic resonators;
- Multilayer stacks;
- Photonic crystals [6,7,21].

This provides a route to NC without relying on intrinsic material instabilities.

6.4. Implications for Measurement and Interpretation

The unified framework helps avoid several common misinterpretations:

6.4.1. NC Does Not Imply Ferroelectricity

Temporal mismatch mechanisms (e.g., TCINC) and spatial mismatch mechanisms
(e.g., plasmonics) can both produce NC without any ferroelectric behavior [6,7,17]. In
addition, a negative capacitance effect has been observed at the interface between Si wafers
with undulating surfaces [24].

6.4.2. NC Does Not Require Hysteresis

Only some quantitative mismatch systems exhibit hysteresis. Temporal mismatch NC
can be entirely hysteresis-free [17,20].

6.4.3. Frequency Dependence Reveals the Mechanism

- Temporal mismatch → strong frequency dispersion [18,20];
- Spatial mismatch → modal resonances [6,21];
- Quantitative mismatch → intrinsic sign reversal [1,8,16].

Thus, frequency-domain measurements can distinguish among the mechanisms.

6.5. Design Guidelines Derived from the Unified Framework
6.5.1. Identify the Mismatch Type

- Time, space, or magnitude?
- This determines stability and frequency response.

6.5.2. Match the NC Mechanism to the Application

- High-frequency → TCINC [17];
- Wave manipulation → spatial mismatch [6,21];
- Steep-slope logic → quantitative mismatch [1,8].

6.5.3. Avoid Conflating Dynamic and Static NC

- Especially in ferroelectric devices.

6.5.4. Use Geometry as a Design Parameter

- Spatial mismatch mechanisms enable NC without exotic materials.

6.5.5. Use Free-Energy Engineering for Stable NC

- Interfaces, strain, and dimensionality are key.
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6.6. Outlook: Toward a General Theory of Negative Response

The unified framework suggests that NC is part of a broader class of negative-response
phenomena, including:

- Negative differential resistance;
- Negative compressibility;
- Negative permeability;
- Negative index.

All of these arise from non-synchronization between internal and external variables [18–20].
A general theory of negative response would unify these phenomena under a single

mathematical and physical framework, enabling systematic design of devices with tailored
negative properties.

7. Conclusions
Negative capacitance (NC) has been reported across a wide range of physical systems,

yet its interpretation has remained fragmented due to the absence of a unified conceptual
framework. Existing explanations—spanning ferroelectric free-energy curvature, tunneling
transport, plasmonic resonances, and electronic compressibility—have often been treated
as unrelated or even contradictory. This review resolves these inconsistencies by showing
that all manifestations of NC arise from non-synchronization between external excitation
and internal responses.

We classified NC into three fundamental categories:

1. Temporal mismatch—arising from delays or inertia in charge, polarization, or
quantum-state dynamics.

2. Spatial mismatch—originating from nonuniform field or mode distributions.
3. Quantitative mismatch—resulting from intrinsic parameter reversal, such as negative

curvature, negative compressibility, or resonant permittivity.

Despite their diverse physical origins, these mechanisms share the same mathematical
signature (Ce f f = ∂Q/∂V < 0). Organizing NC within this unified framework clarifies
long-standing ambiguities, connects previously isolated research fields, and establishes a
systematic foundation for engineering NC in electronic, photonic, and quantum devices.

The framework further highlights tunnel-current-induced NC as a representative
single-particle mechanism, expanding the scope of NC beyond ferroelectricity and collective
modes. At the same time, it situates TCINC within the broader category of temporal
mismatch, maintaining conceptual consistency with other NC mechanisms.

Overall, this work positions NC not as a singular anomaly but as a universal response
class emerging from the interplay between excitation and internal dynamics. By identifying
the structural origins of NC in the response function, the unified framework offers a
coherent and versatile perspective that can guide future research in materials science, device
engineering, and electromagnetic theory. These results reinforce that all manifestations
of negative capacitance can be coherently understood within the unified framework of
temporal, spatial, and quantitative mismatch.
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