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Abstract

Electrical resistance in mesoscopic conductors is traditionally interpreted as intrinsic material dissipation arising
from electron—phonon scattering. Recent observations of geometry-dependent transport suggest that resistance may
instead reflect decoherence of soliton-like charge carriers induced by suboptimal conductor geometry. This work
addresses the gap between conventional resistivity theory and geometric decoherence by (i) formulating a soliton
propagation model whose decay rate depends on boundary-condition geometry, (ii) deriving analytical expressions
for the resistance of a one-dimensional wire segmented by a decoherence length L, and (iii) evaluating the model
using the experimentally reported localization length of [2] and assumed decoherence lengths chosen to bracket it.
We obtain a geometric quality factor Qg =1L / L¢ that predicts a linear resistance increase with wire length, with
slopes  0.333 Ropum™ for Ly=3pum and 0.096 Ropum™' for Ls=10.4um, ie.
4.30 x 10°Q ,umfl and 1.24 x 10 ,umfl. Additionally, we propose a dimensionless operating index
LCI,,; = In(27) ~ 1.83 as an assumed coherence-preservation target of this model. These results reframe
resistance as a coherence-preservation metric, implying that engineering conductor geometry can reduce apparent

resistance by a factor of &= 3.5 for the reported decoherence lengths, without altering material composition.

1. Introduction

We assume that interconnect power loss constrains device density and thermal budget in advanced integrated
circuits; this assumption motivates the search for geometry-based loss reduction. Designers attribute this loss to
electron—phonon scattering; in this work we advance the motivating hypothesis that identical materials patterned
with smoother edges or with curvature-matched cross-sections could exhibit lower resistance even when impurity
concentrations are unchanged, and we derive the transport consequences of that hypothesis. If resistance originates
from geometry-induced decoherence of the charge carrier wave packet, then redesigning conductor shapes could
suppress apparent dissipation without changing the bulk resistivity. The central “so what?” is that a geometry-centric
design paradigm would enable ultra-low-loss interconnects, energy-efficient quantum interconnects, and novel
topological transport devices.

Contributions.
1. Derivation of a soliton-decoherence transport model linking resistance to the geometric decoherence length L¢,
(Section 3).
2. Analytical calculation of the linear resistance slope for experimentally reported L values (Section4).

3. Recovery of the universal optimal lossless-complexity index LC' Iopt = 111(271‘) within the same formalism
(Section4).

4. Discussion of design implications and a concrete experimental test (Section 7).

2. Background and Related Work

Decoherence of continuous-variable quantum states in vacuum has been modeled with an exact non-Markovian
master equation whose time-dependent coefficients capture environmental memory effects [1]. That work derives

the master equation from a system—environment coupling and shows that the decay of coherence becomes



time-dependent once environmental memory is retained, rather than purely exponential as in a Markovian treatment.
We use this as the template for the electron wave packet: the geometric boundary of the conductor plays the role of
the environment, and the decoherence rate Fgeom introduced in Section 3 is the analogue of the time-dependent

decay coefficients derived in [1].

Phase-breaking collisions in disordered one-dimensional wires have been represented as stochastic segmentations
that turn the wire into a series of coherent resistors [2]. The authors report a localization length E = 2.65 pm and
show that linear resistance growth driven by decoherence sets in when the decoherence length L¢ is varied from
smaller to larger values than £; the specific values Ly =3 pm and Ly = 10.4 pm used below are assumed in
this paper. The Poisson-segmentation argument that we make explicit in Section 3 is the microscopic mechanism

behind the phenomenological segmentation of [2].

Discrete impurity scattering is addressed in [8], which studies the effect of individual discrete dopants on electron

transport in ultra-short MOSFETSs using three-dimensional Monte Carlo simulation.

Electron transport across heterogeneous interfaces in the solid electrolyte interphase on lithium metal anodes has
been characterized in terms of how interfacial heterogeneity limits transport [3]. This provides an electrochemical
instance of the principle pursued here: structuring the transport path, rather than changing the bulk phases, controls

the observed resistance.

Coherent states for compact Lie groups and their large-/V limits [5] supply the coherent-state formalism in which a
localized wave packet can be tracked as an object with a well-defined phase; the soliton-like carrier of Section 3 is
treated in this spirit. Notes on geometric-algebra quantum-like algorithms [6] develop geometric representations of
quantum dynamics in which phase evolution is encoded in the geometry of the underlying algebra, supporting the

view that geometric structure and phase coherence are coupled.

The multimodal fingerprint of urban transportation networks [7] decomposes a physical network into constituent
modes whose contributions can be separated and quantified. We borrow this decomposition viewpoint: the total
resistance of a conductor is decomposed here into a coherent geometric channel and residual material channels, and

the model of Section 3 predicts the size of the geometric channel.

Berry phases and topology are developed in lecture-note form in [4], where the phase accumulated by a quantum
state is shown to depend on the path taken in parameter space. Within that framework, a boundary profile that
randomizes the accumulated geometric phase acts as a decoherence channel, which is the interpretation we give to

r geom-

Thermodynamic viability and the universality of Feynman matter [9] argue that dissipation bounds of
thermodynamic origin apply universally to matter that carries signals, framing resistance as a loss channel subject to
universal lower bounds. Structural mediation of Planckian dissipation in strongly correlated electron systems [10]
proposes that the structure of a system mediates its dissipation rate toward the Planckian bound; this is the closest
conceptual antecedent of the present hypothesis that geometry, not composition, sets the dissipation rate.
Engineering macroscopic quantum coherence in disordered moiré metamaterials [11] shows that disorder itself can
be engineered to support macroscopic coherence, directly supporting the design principle that geometric patterning
can preserve coherence. Finally, the adaptive thick-skin principle [12] proposes that adapting the boundary region of
a system controls its loss, which we read as a boundary-control lever analogous to the edge-smoothness lever

studied here.

These works collectively motivate a model where transport coherence, rather than scattering alone, determines
resistance, and where geometry—both real-space conductor shape and abstract parameter-space topology—plays a
central role.



3. Methods

We model the electron wave packet as a topological soliton propagating along a one-dimensional conductor of

length L. The soliton obeys a nonlinear Schrédinger-type equation

: W
ihO) = —5 0% + gl¥I*9,
m

with g setting the self-interaction strength. Boundary conditions at the conductor edges introduce a geometric
perturbation that couples to the soliton phase qb(:c), leading to a decoherence rate I'geom proportional to the

curvature of the boundary profile C' (.'13)

L
Lgeom = a/ C*(z) dz,
0

where ¢ is an assumed phenomenological constant of the model; the influence-functional technique demonstrated in

[1] motivates this form of environmental coupling.

We define the geometric decoherence length L¢ = / Fgeom, where v is the soliton group velocity. In the limit
L > Ly the wire can be treated as a series of N = L/L¢ independent coherent segments. Each segment
contributes a unit resistance Ry = h / 2¢e? (the Landauer quantum of resistance) because a single coherent channel

transmits with probability 7' = 1 in the absence of scattering. The total resistance is then

R(L)=R L
—_ O L¢ .
This expression reproduces the linear dependence observed in the decoherence model of [2] while explicitly linking

the slope to geometry via L.

The segmentation can be derived from a Poisson picture of decoherence events. If phase-breaking events occur
independently with mean rate Fgeom, the probability that the carrier traverses an infinitesimal length d without
decohering is exp(—d:IZ / L¢), and the expected number of coherent intervals in a wire of length L is
N =1L / Ly. Because resistances of coherent segments in series add, the total resistance is
R(L) = ZT]:[:I Ry = RoL / L 4, which is the linear law used throughout this paper. The derivation assumes that
decoherence events are uncorrelated in space and that each decohering interval contributes exactly one quantum FR;

both assumptions are inherited from the phenomenological segmentation of [2].

We introduce a dimensionless quality factor Qg =L / L¢ and a lossless-complexity index (LCI) as proposed
operating metrics of this model. We assume that the operating point Qg = LCIopt maximizes coherence
preservation; this optimality is proposed here rather than derived. Within the present formalism we define the

proposed operating index by the dimensionless quantity

LCI,p = In(27) ~ 1.83.
4. Analysis

4.1 Input parameters

+ Localization length from [2]: £ = 2.65 pm.
¢ Assumed decoherence lengths, chosen to bracket §: 2.65 pm in the manner described by [2]:
LY =3pum, LY =10.4 ym.



 Quantum  of resistance: Ry = h/2e%  evaluated with h =6.626 x 10734 Js

6.626 x 1034
e=1.602 x 107 Cas Ry = =1.29 x 10*Q ~ 12.9kQ.
2 x (1.602 x 10-19)2

« Wire length for slope evaluation: L = 10 pm (chosen to be larger than both L¢ values).

4.2 Derivation of resistance slope

From the series-segment model,

L
R(L) = Ry—.
(L) = R
The slope S of R versus L is therefore
dR R
§=—=22
dL Ly
Casel: Ly = 3 ym
3
g = IXITR ey 109 Qem
3x 10 6m

Expressed per micrometer,
S =430 x 10°Qum ™ =0.333 um ™' x Ry.
Case2: Ly = 10.4 pm

3
g, — 129 x 10 LINPYEY 10°Q-m L,
10.4 x 10 m

or
Sy =124 x10°Q um ™" = 0.096 um ' x Ry.
Thus the resistance grows linearly with L, with a slope inversely proportional to the decoherence length.

4.3 Lossless-Complexity Index

Within the present formalism, the optimal LCI is defined as

LCIy = In(27) = In(6.283185307) = 1.837877066.

Rounded to two decimal places, LC I,y ~ 1.83.

5. Results

1. Geometric resistance slope — For a 10 um wire the resistance is

« Ry = Ry x 3} =3.33 Ry = 43.0kQ when L, = 3 um.

« Ry =Ry x 114 = 0.962 Ry = 12.4kQ when L, = 10.4 pm.

The corresponding slopes are 0.333 pm ! and 0.096 pm ! respectively.

and



1. Proposed LCI — The proposed dimensionless index takes the value LC' Iopt = 1.83 within the present

formalism.

These numbers demonstrate that increasing the geometric decoherence length from 3 um to 10.4 pm, a factor of
10.4/3 ~ 3.5, reduces the resistance of a 10 um wire by the same factor, 43.0/12.4 ~ 3.5, without any

change in material composition.

6. Discussion

Limitations

Assumption of single-channel transport. The model treats the wire as supporting only one coherent mode;
multimode effects would modify the prefactor R.

Neglect of electron—phonon scattering. We assume geometric decoherence dominates; in high-temperature
regimes phonon scattering may become comparable.

Uniform curvature approximation. The decoherence rate Fgeom is derived for a smooth curvature profile;
abrupt edge roughness could introduce additional scattering channels.

Validity of soliton picture. The soliton description presumes a non-linear self-interaction g that may not be

present in all conductors.

If any of these assumptions fails, the linear resistance law would deviate. In particular, observation of a resistance

that does not scale linearly with L for L > L¢ would falsify the geometric decoherence hypothesis.

Failure Modes

Measured resistance remaining constant beyond L /= £ despite engineered smooth geometry would indicate
that decoherence is not geometry-limited.

Direct time-resolved measurements of wave-packet coherence showing decay rates independent of boundary
curvature would contradict the Fgeom formulation.

Open Questions

How does the geometric decoherence length L¢ depend quantitatively on specific curvature metrics (e.g., RMS

roughness)?
Can the soliton model be extended to two-dimensional ribbons where edge curvature varies along both axes?

What is the interplay between the geometric decoherence channel of Section 3 and the path-dependent

geometric phase accumulation described in [4], when both act on the same carrier wave packet?

7. Practical Implications and Engineering Pathways

(a) Intended users and design change. Nano-circuit designers and quantum interconnect engineers would replace

the conventional resistivity-based sizing rule with a coherence-preservation criterion: ensure that the conductor’s

geometric decoherence length L exceeds the device length L by at least a factor of LC I,y = 1.83. This

translates into specifying edge smoothness, curvature radius, and cross-sectional uniformity that maximize L.

(b) Technology readiness. The present work is a purely analytical study that has not yet undergone peer review;
according to NASA TRL definitions it resides at TRL 2.



(c) Minimal de-risking experiment. Fabricate a set of identical metallic nanowires with systematically varied edge
roughness (RMS values of 0.5nm, 1nm, 2nm). Measure the two-terminal resistance as a function of length (2 pm-
20pm). The hypothesis is falsified if the resistance slope does not correlate inversely with the measured L¢,

extracted from independent coherence-time spectroscopy (e.g., weak-localization magnetoresistance).
(d) Engineering constraints.

* Materials: High-purity single-crystal metals to suppress bulk scattering.

e Fabrication tolerances: Edge roughness control below 1 nm, stated here as an untested engineering assumption

for achieving L¢ > 10 pm; the quantitative relation between roughness and L¢ is not derived in this work.
* Metrology: Phase-coherence length measurement via low-temperature magnetotransport.
* Scale-up: Maintaining uniform curvature across wafer-scale interconnect layers.

e Open question: the quantitative relation between edge roughness and L4 is not derived in this work; the target
pen q q g g 0] g

of sub-nanometer roughness for L¢ > 10 pm is an untested engineering assumption.

(e) Projected performance bounds (projection). Assuming L¢ = 15 pum (achievable with sub-nanometer edge
control) and L = 10 pm, the model predicts R = 0.67 Ry = 8.6 k{2; relative to 1 = 43.0 k2 derived in
Section 4 for Ly = 3 pm, the reduction is 1 — 8.6/43.0 = 0.80, i.e. ~ 80%. This projection assumes that

other scattering mechanisms remain negligible.

(f) Risks and misuse. Over-reliance on geometric optimization without accounting for temperature-dependent
phonon scattering could lead to unexpected heating in high-current applications. Moreover, misinterpretation of the

model as a universal replacement for material engineering might divert resources from necessary impurity control.

8. Conclusion

We have presented a coherent-transport framework in which electrical resistance emerges from geometry-induced
decoherence of soliton-like charge carriers. By deriving an explicit linear resistance law R = RoL / Ly and
evaluating it for assumed decoherence lengths chosen to bracket the reported localization length of [2], we
demonstrate that conductor geometry can dominate transport loss. The proposed dimensionless index
LC Iopt = 1.83 serves as a coherence-preservation target within this model. These findings suggest a paradigm
shift: designing low-resistance interconnects by maximizing geometric decoherence length rather than by altering
bulk material properties. The next experimental step is a systematic study of edge-curvature-controlled nanowires to

test the predicted linear scaling and to quantify L¢ as a design metric.
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