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Abstract

The Ginzburg-Landau parameter «, representing the energy competi-
tion between ordering (Uyq) and disordering (Ugis) energies, serves as the
fundamental driving force for superconducting transitions. While its phe-
nomenological role is well-established, a microscopic mechanism connecting
a to quantum mechanical first principles remains elusive.

This work develops a unified microscopic framework by establishing mat-
ter wave (de Broglie wave) interference as the fundamental origin of energy
competition in superconductors. We demonstrate that constructive interfer-
ence of electronic wavefunctions at specific wavevectors—corresponding to
Fermi surface nesting or electron-boson coupling vectors—leads to periodic
charge density modulations in real space. These modulations, manifesting as
charge density wave (CDW) or spin density wave (SDW) fluctuations, dy-
namically redistribute interaction energies among electron-phonon coupling,
Coulomb repulsion, and exchange correlation terms.

The central finding reveals that under specific interference conditions,
this energy redistribution can reverse the net electron-electron interaction
from repulsive to attractive in particular momentum channels, correspond-
ing to Uyq > Ugis and thus a < 0. We establish scaling relations between
interference conditions (Fermi surface geometry, coupling strength) and the
macroscopic energy competition parameter «, providing a quantum mechani-
cal foundation for understanding diverse superconducting mechanisms—from
conventional electron-phonon coupling to unconventional spin-fluctuation me-
diation—as different manifestations of matter wave interference under varying
material conditions.

Keywords: energy competition, matter wave interference, Ginzburg-Landau the-
ory, charge density wave, Fermi surface nesting, superconducting mechanism unifi-
cation
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1 Introduction

The Ginzburg-Landau (GL) theory provides a powerful phenomenological descrip-
tion of superconductivity through parameters a, 3, and m* that capture the es-
sential physics near the critical temperature 7, [1]. Recent work by Yang [2] has
established a comprehensive interpretation of these parameters in terms of three
fundamental processes: energy competition («), condensation saturation (f), and
Cooper pair inertial mass (m*). Within this framework, the energy competition
parameter a = Ugis — Uyrq Tepresents the balance between ordering and disordering
energies that drives the superconducting transition.

While the phenomenological role of « is well-understood, its microscopic ori-
gin remains a fundamental open question. Traditional approaches attribute « to
specific pairing mechanisms: electron-phonon coupling in conventional supercon-
ductors [3], spin fluctuations in cuprates [4], or orbital fluctuations in iron-based
systems [5]. However, these mechanism-specific interpretations obscure potential
universal principles underlying energy competition across different superconducting
families.

The concept of matter wave interference—rooted in the wave-particle duality
of quantum mechanics—offers a promising pathway toward a unified microscopic
understanding. Electronic wavefunctions in crystals naturally exhibit interference
patterns that can significantly modify electronic properties. Friedel oscillations [6]
and charge density waves [7] represent established manifestations of such inter-
ference effects in normal metals. In superconductors, the interplay between charge
order and superconductivity has been extensively documented [8], suggesting deeper
connections between wave interference and pairing mechanisms.

This work develops a comprehensive microscopic theory that establishes matter
wave interference as the fundamental origin of superconducting energy competi-
tion. We demonstrate that constructive interference of electronic de Broglie waves
at specific wavevectors generates real-space charge modulations that dynamically
redistribute interaction energies. Under appropriate conditions, this redistribution
can reverse the net electron-electron interaction from repulsive to attractive, pro-
viding a first-principles mechanism for the energy competition captured by a.

2 Theoretical Framework

2.1 Matter Wave Interference in Crystalline Solids

The wave-particle duality of quantum mechanics implies that electrons in crystals
behave as matter waves with de Broglie wavelength \qg = 27 /k, where k is the
wavevector. In a periodic lattice, the superposition of incoming and scattered elec-
tron waves leads to interference patterns that modify the electronic charge density.

The total electronic wavefunction in a crystal can be expressed as a superposition

of Bloch states:
U(r) =Y ethlr) (1)
Kk



where 1y (r) = e®Tuy(r) are Bloch functions with crystal momentum k, and ¢ are
expansion coefficients.

The matter wave interference between states with wavevectors k and k’ generates
charge density modulations with wavevector q = k — k'

on(r) = 2Re | > crawti(r)ie(r)e ™70 o)
kK’

These interference-induced charge modulations are particularly pronounced when
the wavevector q connects large portions of the Fermi surface, a condition known
as Fermi surface nesting.

2.2 Fermi Surface Nesting and Enhanced Interference

Fermi surface nesting occurs when significant portions of the Fermi surface can be
connected by a single wavevector Q, satisfying the condition:

€xrq ~ €x for a wide range of k (3)

where ¢, is the electronic dispersion relation.
Under nesting conditions, the electronic susceptibility diverges as:

XO(Q) _ Z f(ek) — f(ek-i-Q) 00 (4)

€k+Q — €k

where f(€) is the Fermi-Dirac distribution function.

This divergence amplifies matter wave interference effects, leading to pronounced
charge density modulations with wavevector Q. The interference pattern can be
described by a standing wave formation:

p(r) = po[L + Aqeos(Q - T + 6)] (5)

where py is the average charge density, Aq is the modulation amplitude, and ¢ is a
phase factor.

2.3 Energy Redistribution Mechanism

The interference-induced charge modulations dynamically redistribute the various
energy contributions to the total electronic energy. This redistribution can be rig-
orously treated within frameworks such as the random phase approximation (RPA)
for screening effects or density functional theory (DFT) for exchange-correlation
energies, ensuring a first-principles foundation [6, 8]. We consider three primary
energy terms:



2.3.1 Electron-Phonon Interaction Energy

The modulated charge density couples to lattice vibrations through the deforma-
tion potential. The enhanced coupling can be derived by considering the modula-
tion amplitude Aq in the context of linear response theory. The electron-phonon
interaction Hamiltonian under charge modulation becomes:

He, = Z quQ<aq + aT_q)(an (6)
q

where g4 is the electron-phonon coupling constant, dng is the Fourier component of
the charge modulation, and aq are phonon operators.

Using the random phase approximation (RPA) to account for screening effects,
the effective coupling strength renormalizes as:

AQ

B Q
9@ =90 |1+ 77 Aaxo(Q) @)

where A\q is the effective interaction strength obtained from RPA.
Constructive interference at wavevector Q enhances the electron-phonon cou-
pling strength for modes with |q| ~ |Q)|.

2.3.2 Coulomb Repulsion Energy

The modulated charge density affects Coulomb repulsion through screening effects.
The effective Coulomb interaction becomes wavevector-dependent:

Véou(a) = %}S) 8)

where €(q, w) is the dielectric function, which is modified by the interference pattern.
At the nesting wavevector Q, the dielectric function exhibits anomalies that can
reduce Coulomb repulsion in specific momentum channels.

2.3.3 Exchange Correlation Energy

The interference pattern also affects exchange and correlation energies through the
modified electronic density:

Eyln(r)] = / (r) exe (1)) (9)

where €,.(n) is the exchange-correlation energy per particle.

2.4 Net Attraction Condition

The transition from net repulsion to net attraction occurs when the redistributed
energies satisfy:
Uord = Uep + UXC > Udis = UCoul + Uthermal (10)



The net effective interaction in the Cooper channel can be derived by starting
from the total interaction Hamiltonian including interference effects. The charge
density modulation dn(r) modifies both attractive and repulsive components. For
the attractive part (e.g., electron-phonon), the interaction kernel is enhanced by the
interference term o< A%Q. For the repulsive Coulomb part, the dielectric function
e¢(q,w) within RPA accounts for screening anomalies at ¢ = Q. Combining these,
the net interaction becomes:

2
V) = 1 vt () (1)
Wq
where VT (q) = Voou(q)/€(q,w) with €(q,w) given by RPA.

Net attraction requires Veg(q) < 0 for some wavevector q. Matter wave interfer-
ence facilitates this condition by simultaneously enhancing the attractive component
(electron-phonon or spin-fluctuation mediated) and reducing the repulsive Coulomb
component.

3 Matter Wave Interference Model

Building on the theoretical framework established above, we now develop a con-
crete model to quantify matter wave interference effects and their impact on energy
competition.

3.1 Wavefunction Superposition and Charge Modulation

Consider two electronic states with wavevectors k and k' connected by a nesting
vector Q. The superposition of their wavefunctions creates a standing wave pattern:

5 () + sql0) (12)

The corresponding charge density is:
n(r) = [Pioral (r)[* = no [1 + cos(Q - v + ¢)|u(r)|?] (13)

This demonstrates how matter wave interference generates periodic charge mod-
ulations with wavevector Q.

\I[total (I') —

3.2 Interference-Enhanced Susceptibility

The enhanced response at nesting wavevectors can be quantified through the Lind-
hard susceptibility. For a nested Fermi surface, the susceptibility exhibits logarith-
mic divergence:
WD
W(Q.T) =N () (14)

where N(0) is the density of states at the Fermi level, and wp is a characteristic
cutoff energy.

This divergence amplifies the interference effects, making the system highly sus-
ceptible to charge ordering or superconducting instabilities.

7



3.3 Energy Competition Parameter from Microscopic The-
ory

We now derive the connection between matter wave interference and the GL pa-
rameter «. Starting from the microscopic definition:

a(T) = Ugs(T) — Uora(T) (15)

The ordering energy U,.q can be expressed in terms of the interference-enhanced
interaction. Starting from the definition o(7) = Uqis(T') — Uora(T'), and expressing
Usra in terms of the pairing interaction Veg(Q,T"), which scales with xo(Q,T):

Uard(T) = —Ver(Q. T) > | Ak = —Vixo(Q. T)AY (16)
k

where V% is the zero-temperature interaction. Using the BCS-like temperature
dependence of the order parameter and the fact that xo(Q,7") o In(wp/T’) near T,

we obtain: N <% - 1) o <% _ 1) (17)

This derivation aligns with the Ginzburg-Landau phenomenological form while pro-
viding a microscopic basis.

4 Unification of Superconducting Mechanisms

4.1 Electron-Phonon Coupling as Interference Effect

In conventional superconductors, the relevant wavevector Q corresponds to phonon
wavevectors that connect electronic states near the Fermi surface. The interference
pattern enhances electron-phonon coupling through:

Jeff = 90 [1 + AepAaXO(Q)] (18)

where A, is a material-specific constant. This explains why materials with
strong Fermi surface nesting often exhibit enhanced electron-phonon coupling and
higher T, values.

4.2 Spin-Fluctuation Mediation as Magnetic Interference

In unconventional superconductors, the interference involves spin degrees of free-
dom. The relevant wavevector connects antiferromagnetic hot spots on the Fermi
surface. The spin susceptibility exhibits similar enhancement:

Xs(Q) = Xg [1 + BszQQXO(Q)] (19)

where By characterizes the spin-fluctuation coupling strength. This unified pic-
ture explains why similar nesting conditions favor both charge density wave order
and spin-fluctuation mediated superconductivity.



4.3 Unified Phase Diagram

The interference-based framework naturally explains the competition and coexis-
tence of different ordered phases. Figure 1 illustrates how varying the interference
strength and wavevector leads to different ground states.

Ordering Temperature T'

Normal Metal | CDW/SDW |Superconductor

Optimal T,
!
=
g

Weak Moderate Strong

Interference Strength Aq

Figure 1: Unified phase diagram showing how matter wave interference strength
determines the competing ordered phases. Weak interference favors normal metallic
behavior, moderate interference leads to charge or spin density wave order, while
strong optimized interference enables superconductivity with maximum 7.

5 Material-Specific Manifestations of Matter Wave
Interference

While the unified framework of matter wave interference provides a universal mecha-
nism for energy competition in superconductors, its material-specific manifestations
vary significantly across different superconducting families. These variations origi-
nate from differences in Fermi surface geometry, dominant interference wavevectors,
and the nature of the enhanced energy terms. Table 1 summarizes the key charac-
teristics of interference effects in four major superconducting families, and Figure
2 illustrates the corresponding Fermi surface geometries and nesting conditions.



Table 1: Material-specific manifestations of matter wave interference in different
superconducting families. The interference strength is qualitatively estimated from
experimental observations.

Superconducting Dominant Primary Mod- Key Enhanced Interference 7. Range
Family Interference ulation Type Energy Term Strength
‘Wavevector
Conventional Phonon Charge density Electron-phonon Moderate (sin- < 40 K
BCS wavevectors modulation coupling gle wavevec-
qn~2kp tor)
Copper oxides Qar = (m,m) Spin density Exchange correla- Strong (single Up to ~ 130
wave modulation tion (spin fluctua- Q) K (ambient)
tions)
Iron-based Multiple nesting Charge/spin co- Electron-phonon Moderate- Up to ~ 100
vectors Q1, Q2 existing modula- 4+ spin fluctua- strong (multi- K (high
tion tions ple Qs) pressure)
Nickel-based Qar ~ (m,m) Spin + orbital Exchange correla- Moderate < 40 K
modulation tion (orbital fluc- (weak nesting) (current)

tuations)

(a) Conventional BCS (b) Copper oxides
Ky ky

@

(c) Iron-based

Y

(d) Nickel-based
k

Y

e
QN Qur |J
ke - K
W, ,\
! 7

Figure 2: Fermi surface geometries and dominant interference wavevectors for dif-
ferent superconducting families: (a) Conventional BCS with spherical Fermi surface
connected by phonon wavevector q; (b) Copper oxides with antiferromagnetic nest-
ing vector Qar = (m,7) connecting antinodal regions; (c) Iron-based with multiple
nesting vectors Q; and Qy connecting hole and electron pockets; (d) Nickel-based
with weakly nested Fermi surfaces and significant orbital character.
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5.1 Conventional BCS Superconductors: Phonon-Mediated
Interference

In conventional BCS superconductors, matter wave interference is mediated by
phonon wavevectors that connect electronic states near the Fermi surface. The
interference pattern enhances electron-phonon coupling through constructive su-
perposition of lattice vibrations and electronic charge modulations.

5.1.1 Fermi Surface Geometry and Interference Wavevectors

The Fermi surfaces of conventional superconductors are typically nearly spherical or
have simple shapes. The dominant interference wavevectors satisfy q ~ 2ky, where
kr is the Fermi wavevector, connecting antipodal points on the Fermi surface.
This condition maximizes the electronic susceptibility xo(q) and enhances electron-
phonon coupling for phonon modes with wavevectors near 2kp.

5.1.2 Interference-Enhanced Electron-Phonon Coupling

The interference-induced charge modulation creates a standing wave pattern that
couples strongly to lattice vibrations. The effective electron-phonon coupling con-
stant is enhanced as: -

Ajvg }

Z T (vrg)? (20)

>\eff = )\O |:1 +
where ) is the bare coupling, A, is the interference amplitude, vp is the Fermi
velocity, and w, is the phonon frequency. This enhancement explains the correlation
between materials with strong Kohn anomalies (indicating strong electron-phonon
coupling) and higher T, values.

5.1.3 Energy Redistribution and Pairing

The interference-mediated energy redistribution in conventional superconductors
primarily affects the electron-phonon interaction energy. The net effective interac-
tion in the Cooper channel becomes:

i
_ ‘93 |2 VCoul

VBCS(C[) .
T Wq 1+ qisz/QQ

€

(21)

where the first term represents the enhanced attractive interaction and the second
term is the screened Coulomb repulsion. The condition Vg < 0 leads to @ < 0 and
superconducting instability.

5.1.4 Material Examples and 7, Limitations

Examples: Nb3Sn (7. = 18 K), MgB, (7. = 39 K), Pb (T, = 7.2 K)
Limitations: The 7, in conventional superconductors is limited by the maximum
achievable A.g before lattice instability, typically giving 7 < 40 K.

11



5.2 Copper Oxide High-Temperature Superconductors: Spin-
Mediated Interference

In cuprate superconductors, matter wave interference is dominated by antiferro-
magnetic spin fluctuations with wavevector Qar = (7, 7). The interference pattern
manifests as spin density wave modulations that strongly enhance exchange corre-
lation effects.

5.2.1 Fermi Surface Geometry and Interference Wavevectors

The cuprate Fermi surface consists of hole-like pockets centered at (m,7) in the
Brillouin zone. Perfect nesting occurs at Qar = (7, 7), connecting antinodal regions
of the Fermi surface. This nesting condition leads to a divergent spin susceptibility:

xelQar) =17 U;C;(QAF) (22)

where U is the on-site Coulomb repulsion, driving the system toward antiferromag-
netic or superconducting instabilities.

5.2.2 Interference-Enhanced Spin Fluctuations

The interference pattern enhances spin fluctuations through constructive super-
position of magnetic scattering amplitudes. The effective spin-mediated pairing
interaction is enhanced as:

3 Xs(CI>
Veff _ _U2
sp1n<q> 2 1 _ UXS<q)
This enhancement is most pronounced near q = Qar, leading to d,2_,2-wave pairing
symimetry.

(23)

5.2.3 Energy Redistribution and Competing Orders

The interference-mediated energy redistribution in cuprates involves a delicate bal-
ance between:

e Exchange correlation energy: Enhanced by spin fluctuations
e Coulomb repulsion: Reduced in specific momentum channels

e Kinetic energy: Lowered through formation of coherent Cooper pairs

The competition between these energies determines the superconducting 7. and the
pseudogap temperature 7.

5.2.4 Material Examples and 7, Optimization

Examples: Lag_ISrICuO4, YBaQCU307_5, BigSl"gC&QCllgOm.HS

Optimization: Maximum 7T, occurs at optimal doping where interference is strongest
but before competing orders (e.g., charge density waves) become dominant. The
record ambient T, of ~ 135 K in Hg-based cuprates represents the upper limit of
this interference mechanism.

12



5.3 Iron-Based Superconductors: Multi-Wavevector Inter-
ference

Iron-based superconductors exhibit complex interference patterns involving both
charge and spin modulations with multiple nesting vectors connecting hole and
electron pockets.

5.3.1 Fermi Surface Geometry and Interference Wavevectors

The Fermi surface of iron-based superconductors typically consists of hole pockets
around I' = (0,0) and electron pockets around M = (m,0) and (0, 7) in the 1-Fe
Brillouin zone. This creates two dominant nesting vectors:

Qi = (ﬂ-’ 0)7 Q. = (07 7T) (24)

The multi-band nature leads to interference between different nesting channels,
creating a complex energy landscape.
5.3.2 Interference Between Competing Channels

The interference pattern in iron-based superconductors involves simultaneous en-
hancement of both electron-phonon and spin-fluctuation interactions:

‘/;Fﬂc(q) - V:?p<q) + ‘/spin<q) - VCoul(q) (25)

where both V,, and Vi, are enhanced by interference effects. The relative strength
of these contributions varies with doping, pressure, and material composition.

5.3.3 Coexisting Charge and Spin Modulations

Experimental evidence shows that iron-based superconductors often exhibit coexist-
ing or competing charge and spin density wave orders. The interference model nat-
urally explains this coexistence through simultaneous enhancement of both charge
and spin susceptibilities at the nesting wavevectors:

XY
1 —Uxo(Qi)

X0
1—Vexo(Qi)’

where ¢ = 1, 2 labels the two nesting vectors.

Xe(Qi) = Xs(Qi) = (26)

5.3.4 Material Examples and Phase Complexity

Examples: BaFe;As,, FeSe, LiFeAs

Phase complexity: The multi-wavevector interference leads to rich phase dia-
grams with coexisting superconducting, spin density wave, and nematic phases.
The highest T, (~ 100 K under high pressure in FeSe) occurs when interference
from both nesting vectors constructively enhances pairing.

13



5.4 Nickel-Based Superconductors: Orbital-Mediated In-
terference

Nickel-based superconductors represent a more recent discovery with similarities to
both cuprates and iron-based systems. The interference in these materials involves
both spin and orbital degrees of freedom, with weaker nesting conditions.

5.4.1 Fermi Surface Geometry and Interference Characteristics

The Fermi surfaces of nickelates (e.g., NANiOy) consist of Ni 3d,2_,2 bands hy-
bridized with rare-earth 5d bands. The nesting vector Qar ~ (m,7) connects
regions of the Fermi surface, but the nesting is weaker than in cuprates due to more
three-dimensional character.

5.4.2 Orbital-Enhanced Interference Effects

A unique feature of nickel-based superconductors is the significant role of orbital
fluctuations. The interference pattern enhances orbital susceptibility:

Xo b
Xorb(Q) =000 (27)
1 — gorbXo(a)
where g, represents the orbital interaction strength. This orbital enhancement
contributes to pairing alongside spin fluctuations.
5.4.3 Weaker Nesting and Lower T,

The weaker Fermi surface nesting in nickelates compared to cuprates results in:

Yo (Qar) < x5™(Qar) (28)

This weaker interference explains the currently lower maximum 7, (< 40 K) ob-
served in nickel-based superconductors.

5.4.4 Material Examples and Future Prospects

Examples: Nd;_,Sr,NiO,, La;_,Ca,NiO,

Future prospects: Engineering stronger interference through strain, pressure, or
chemical substitution may enhance 7, in nickel-based systems by improving Fermi
surface nesting conditions.

5.5 Universal Interference Framework Across Material Fam-
ilies

Despite their apparent differences, all superconducting families share a common

interference-based mechanism for energy competition:

OC(T) = Oy |:% - 1:| = Udis - Uord = f (A?QXO(Q)‘/eff<Q)) (29)

14



where the specific form of Veg(Q) and the dominant wavevector Q vary between
families. The interference strength A?Q Xo(Q) serves as a universal control parameter
determining 7, across all superconducting materials.

This unified perspective suggests that the quest for higher-T, superconductivity
should focus on optimizing interference conditions through:

1. Fermi surface engineering to enhance nesting

2. Material design to strengthen the relevant coupling (electron-phonon, spin, or
orbital)

3. Control of competing orders that disrupt constructive interference

The interference framework thus provides not only a unified understanding of
existing superconductors but also a guiding principle for discovering new high-
temperature superconducting materials.

6 Scaling Relations and Experimental Predictions

6.1 Relation to GL Parameter «

The interference model provides microscopic expressions for the GL parameters.
The energy competition parameter scales with the interference strength:

o] o< Ajxo(Q)Ver(Q) (30)

This relation explains material-dependent variations in a through differences in
Fermi surface geometry and interference conditions.

6.2 Predictions for Specific Material Classes
6.2.1 Cuprate Superconductors

In cuprates, the relevant wavevector Q = (mw,m) connects antinodal points. The
model predicts:

acuprate X giFXS(Q) (31)

where &ar is the antiferromagnetic correlation length, consistent with experimental
observations [9].

6.2.2 Iron-Based Superconductors

For iron-based systems, multiple nesting vectors contribute. The total o becomes
a sum over relevant wavevectors:

Qliron X Z AQQZXO(QZ)‘/(%H(QJ (32)
Qi

explaining the complex phase diagrams of these materials.

15



6.2.3 Conventional Superconductors

In conventional systems, the phonon wavevectors dominate:
Qeonv X )\epwlog (33)

where A, is the electron-phonon coupling strength and wy,g is the logarithmic av-
erage phonon frequency, recovering the standard BCS result.

6.3 Experimental Signatures

The interference model predicts several testable experimental signatures:

1. Quantum oscillation measurements should show enhanced effective masses
at nesting vectors.

2. Angle-resolved photoemission spectroscopy (ARPES) should reveal interference-
induced band renormalizations.

3. Scanning tunneling microscopy should detect interference patterns near
impurities or defects.

4. Neutron scattering should show enhanced responses at nesting wavevectors.

7 Discussion

7.1 Comparison with Existing Theories

Our interference-based framework complements and extends existing theories of
superconductivity:

7.1.1 BCS Theory

The BCS theory [3] provides the mathematical framework for phonon-mediated su-
perconductivity but does not address why certain materials have stronger electron-
phonon coupling. Our work identifies matter wave interference as the fundamental
origin of this enhanced coupling.

7.1.2 Spin-Fluctuation Theories

Models based on spin-fluctuation mediation [4] successfully describe cuprate super-
conductivity but treat the enhanced spin response phenomenologically. Our work
derives this enhancement from first principles through wave interference.

7.1.3 Charge Density Wave Theories

The competition between CDW and superconducting order has been extensively
studied [8]. Our framework unifies these phenomena as different manifestations of
the same underlying interference process.

16



7.2 Limitations and Future Directions

While our model provides a unified framework, several aspects require further de-
velopment:

1.

8

Quantitative calculation of interference enhancement factors for specific ma-
terials

Extension to multiband systems with complex Fermi surfaces
Incorporation of strong correlation effects beyond the weak-coupling limit

Time-dependent interference effects in non-equilibrium superconductivity

Conclusion

We have developed a comprehensive microscopic theory that establishes matter
wave interference as the fundamental origin of superconducting energy competition.
The key findings are:

1.

Constructive interference of electronic wavefunctions at specific wavevectors
generates periodic charge density modulations in real space.

These modulations dynamically redistribute interaction energies, enhancing
attractive components while suppressing Coulomb repulsion in specific mo-
mentum channels.

Under optimal interference conditions, the net electron-electron interaction
reverses from repulsive to attractive, corresponding to Uyq > Ugs and a < 0.

. The framework unifies diverse superconducting mechanisms—electron-phonon

coupling, spin-fluctuation mediation, and orbital fluctuations—as different
manifestations of matter wave interference under varying material conditions.

. We derive scaling relations connecting interference parameters to the macro-

scopic GL parameter «, providing quantitative predictions testable by exper-
imental probes.

This work establishes a first-principles foundation for understanding energy com-
petition in superconductors, with implications for both fundamental understanding
and materials design. The interference perspective suggests new pathways for opti-
mizing superconducting properties through deliberate engineering of wave interfer-
ence conditions in quantum materials.
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