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This paper proposes Marcus—Landauer Engineering as a unifying framework for designing new
classes of devices at the intersection of electron transfer theory and information
thermodynamics. Marcus theory teaches that charge transfer between donor and acceptor
states is governed by the reorganization of an environment, quantified by a reorganization
energy A and a free-energy landscape. Landauer’s principle, by contrast, constrains the erasure
of information: any logically irreversible reset of a bit or qubit must export at least k B T In 2 of
heat into a surrounding bath. We argue that these are not merely parallel stories but two views
of the same underlying structure: discrete system states riding on a continuous environmental
manifold, with unavoidable energetic and entropic “bills” paid through that manifold. Within
this perspective, we develop three technological archetypes: reorganization-energy computing,
in which logic is driven by engineered A rather than conventional switching energy; entropy
batteries, which store free energy as suppressed Landauer “erasure debt” and release it as heat
on demand; and A-engineered quantum memories, where environmental reorganization
protects qubits and is dynamically tuned during gate operations. Together, these concepts
outline a coherent program for devices that deliberately engineer the bath, not just the active
element, as a primary design space.
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1. Introduction

The modern theory of electronic processes and the modern theory of information both
emerged from attempts to make sense of irreversible behavior in systems that are, at their core,
governed by reversible microscopic laws. In chemistry and condensed matter physics, Marcus
theory describes how electrons move between localized states by riding on thermally
fluctuating nuclear coordinates, with the reorganization energy setting the cost of reshaping the
environment for charge relocation. In information theory and computation, Landauer’s principle
states that erasing information carries a minimum energetic cost, expressed as a required heat
dissipation into a surrounding bath. These two bodies of work are usually treated as disjoint:
one belongs to reaction kinetics and spectroscopy, the other to computing and thermodynamics
of bits.

This paper begins from the simple observation that both theories share the same essential
structure. In each case a small, discrete system (a charge state, a bit, a qubit) lives on top of a
much larger, continuous environment (nuclear coordinates, solvent, phonons, electromagnetic
fields) whose fluctuations and reshaping determine what transitions are possible and how costly
they are. Charge transfer and bit erasure become two manifestations of a single pattern: the
price of changing a localized, discrete configuration is paid through the reorganization and
entropy budget of the environment. Once seen this way, the separation between “chemistry”
and “information” starts to look more like an accident of history than a fundamental boundary.

The proposal developed here is to treat this shared pattern as a design principle. Instead of
focusing exclusively on the small systems that carry electrons or bits, we elevate the
engineering of their environments into a primary design space. We call this approach Marcus—
Landauer Engineering. The hope is that by importing the geometric intuition of Marcus
landscapes into information thermodynamics, and importing the entropic constraints of
Landauer’s principle into electron and energy-transfer design, we can sketch a coherent set of
device concepts that are both physically grounded and genuinely novel.

1.1 Motivation: from separate theories to a unified design language

In most textbooks, Marcus theory and Landauer’s principle appear in very different chapters, if
they appear together at all. Marcus theory is framed as a theory of reaction rates: one draws
parabolic free-energy surfaces along a solvent or nuclear coordinate, defines a reorganization
energy, and computes the activation barrier for electron transfer. Landauer’s principle is framed
as a constraint on computation: one counts logical states, identifies irreversible maps that
reduce the number of possible inputs, and infers that entropy must be exported to the
environment when such maps are physically realized.



From an engineering standpoint, however, both are saying something similar and quite
practical. They say that the cost of doing something at the small scale is not a mysterious
penalty imposed by nature, but a bookkeeping requirement that arises because the small
system is never isolated. A minimal energy or entropy cost appears whenever we insist on
transitions that compress possibilities: compressing nuclear configurations around a new charge
distribution, or compressing multiple logical states into a single standard state. The “bill” shows
up as reorganization energy in one theory and as heat dissipation in the other, but both bills are
written against the same account: the bath.

The motivation for a unified language is twofold. First, it encourages device designers to think in
terms of free-energy landscapes and environmental manifolds even when working with purely
informational systems. Second, it suggests that traditional charge-transfer platforms in
chemistry and materials science may already be close to hardware that can implement
information processing in regimes where environmental engineering matters more than gate
voltage or transistor geometry. A shared language can make cross-fertilization between these
communities more natural and systematic.

1.2 Scope and goals of Marcus—Landauer Engineering

Marcus—Landauer Engineering, as introduced here, is not a single device proposal or a fully
guantified technology roadmap. It is a conceptual framework that treats reorganization energy
and informational erasure cost as different facets of a general environmental constraint. The
immediate goals are modest but concrete.

First, the framework aims to identify and formalize a small set of design variables that appear in
both theories. These include reorganization energies, free-energy driving forces, temperatures,
and measures of logical entropy and correlations. By placing them into a single set of symbols
and diagrams, we make it easier to translate between a charge-transfer experiment and an
information erasure protocol, and to see when a device concept is simply a relabeling of an
already known physical scenario.

Second, the framework proposes three archetypal device classes as testbeds for this way of
thinking. Reorganization-energy computing imagines logic where the primary knob is the
controllable reshaping of the environment, rather than large, lossy switching fields. Entropy
batteries are devices that store free energy in low-entropy, metastable informational
configurations and recover it when those configurations are erased. Lambda-engineered
guantum memories use environmental reorganization to suppress unwanted transitions and
dynamically tune protection versus manipulability.



Third, the framework clarifies what is and is not being claimed. Marcus—Landauer Engineering
does not promise to violate Landauer’s bound, to circumvent the Second Law, or to conjure
arbitrarily cheap computation from exotic materials. The claim is more subtle: that by
deliberately treating the bath as a programmable subsystem, one can approach fundamental
limits more flexibly, trade costs between different parts of a device, and possibly discover
regimes that are hard to see when bath degrees of freedom are treated as mere sources of
noise.

The scope is therefore bounded but rich: we stay within standard thermodynamics and
guantum mechanics, but enlarge the design space to include environmental manifolds and their
engineered dynamics as intentional, not incidental, features.

1.3 Structure of the paper

The rest of the paper is organized to move from foundations to device concepts and then to
prospects. Section 2 reviews the essential elements of Marcus theory and Landauer’s principle,
emphasizing their common structure as descriptions of small systems coupled to large baths. It
then sketches an explicit mapping between charge states and logical states, and between
solvent or lattice coordinates and the manifolds that carry informational entropy.

Section 3 introduces the Marcus—Landauer Engineering framework in abstract form. It defines
the key design variables and proposes a generic device model in which discrete system states sit
atop parameterized environmental free-energy surfaces. This section also distinguishes
operating regimes, from reversible and quasi-static processes that approach fundamental limits
to overdriven processes that deliberately trade efficiency for speed or robustness.

Sections 4, 5, and 6 develop the three proposed archetypes. Section 4 treats reorganization-
energy computing, describing idealized bits with tunable reorganization energy and exploring
how logic operations can be cast as controlled crossings of free-energy surfaces. Section 5
introduces entropy batteries, outlines thermodynamic cycles for charging and discharging them,
and discusses possible physical platforms. Section 6 describes lambda-engineered quantum
memories and logic, paying particular attention to how environmental reorganization can be
used both to protect and to manipulate quantum states.

Section 7 extracts cross-cutting design principles and suggests figures of merit for Marcus—
Landauer devices. Section 8 briefly surveys experimental prospects, suggesting near-term proof-
of-principle experiments and possible interfaces to existing electronics and quantum hardware.
Section 9 concludes with a summary of the proposal, a discussion of implications for
computation and energy technologies, and a set of open questions for further work. A final



section collects references to foundational and contemporary work that underpin the
arguments developed here.

2. From Marcus Theory to Information Thermodynamics

The starting point for Marcus—Landauer Engineering is to take seriously that both electron
transfer and information processing are descriptions of a small system coupled to a much larger
environment. In one language the small system is an electronic degree of freedom, in the other
it is a logical variable. In one case, the environment is represented explicitly as a reaction
coordinate and a bath of nuclear modes; in the other, it is often left implicit as a heat reservoir
that absorbs entropy. This section lays out the essentials of Marcus theory and Landauer’s
principle, then makes the mapping between them explicit enough to support a unified design
picture.

2.1 Electron transfer landscapes and reorganization energy lambda

Marcus theory describes electron transfer between two localized electronic states,
conventionally called donor (D) and acceptor (A), embedded in a fluctuating environment. The
environment consists of all the nuclear coordinates, solvent orientations, lattice displacements,
and other slow degrees of freedom that respond to the presence or absence of charge in a
particular location. Rather than track every microscopic coordinate, the theory introduces an
effective reaction coordinate, often called q, that parameterizes the collective environmental
configuration relevant to the transfer.

Along this coordinate one draws two free-energy surfaces, G_D(qg) and G_A(q). The first
corresponds to the free energy of the system when the electron resides on the donor, as a
function of the environmental coordinate. The second corresponds to the free energy when the
electron resides on the acceptor. In the simplest version of the theory, both surfaces are
approximated as parabolas, reflecting harmonic restoring forces of the environment about
different equilibrium positions. Thermal fluctuations in the bath cause the environment to
explore configurations along g, and electron transfer is most likely when the two surfaces come
into energetic resonance.

The reorganization energy lambda is the central quantity in this picture. It is defined as the free-
energy cost of taking the environment from its equilibrium configuration for one electronic state
to the equilibrium configuration appropriate for the other, while keeping the electronic state
fixed. Operationally, one imagines holding the electron on the donor while forcing the
environment into the geometry it would prefer if the electron were on the acceptor. The energy



difference between this strained configuration and the original equilibrium defines lambda. It
guantifies how much the environment must be reshaped to accommodate the relocation of
charge.

The activation barrier for electron transfer, Delta G, emerges from the intersection point of
G_D(qg) and G_A(q). Under the parabolic approximation, this barrier can be expressed in terms
of lambda and the overall driving force Delta G*0 for the reaction. The resulting rate theories
not only explain qualitative trends, such as the existence of an inverted region where too strong
a driving force reduces transfer rates, but also provide quantitative fits in many systems. What
matters for our purposes is that transfer is not just a local electronic event; it is an event in
which the environment must climb a free-energy hill and then relax down a new one. The cost
of that reshaping is what lambda encodes.

2.2 Landauer’s principle and the thermodynamic cost of erasure

Landauer’s principle arises in a different context, but it addresses an analogous question: what
is the minimum thermodynamic cost of performing a logically irreversible operation on
information? A logical operation is called irreversible if the output does not uniquely determine
the input. The canonical example is erasure: resetting a bit to 0 regardless of whether it
previously stored 0 or 1. More generally, many familiar logic gates, such as AND and OR, are
logically irreversible because they map multiple input pairs to the same output.

Landauer’s insight was that logical irreversibility has thermodynamic consequences. If one starts
from an ensemble of memory states with some Shannon entropy and applies an operation that
reduces the number of accessible logical states, then the physical entropy of the memory device
must be reduced as well. If this were to occur without compensating entropy production
elsewhere, it would violate the second law of thermodynamics. To preserve the second law, any
reduction in the memory’s entropy must be offset by an equal or greater increase in the entropy
of an environment.

For a single bit in contact with a heat bath at temperature T, erasure reduces the logical entropy
by at most k_B In 2, where k_B is Boltzmann’s constant. Landauer’s principle states that carrying
out this erasure in a thermodynamically consistent way requires at least k_B T In 2 of heat to be
dissipated into the environment on average. In other words, the minimal energetic cost of
erasing one bit, in the quasi-static limit, is k_B T In 2. This cost is not a technological artifact of
any specific device; it is a lower bound imposed by the second law given the structure of the
operation.

In more refined formulations, the principle is extended to quantum systems and to settings
where correlations and mutual information play a role. The von Neumann entropy of the system
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and its correlations with the environment replace the classical Shannon entropy, and the
minimal heat required for a general state transformation involves changes in both local entropy
and correlations. However, the conceptual core remains the same: making a system'’s state more
definite by compressing its set of possible configurations forces an entropy export to the bath.
The environment must absorb the uncertainty that has been removed from the memory.

2.3 Mapping charge states to logical states and baths to manifolds

The parallel between Marcus theory and Landauer’s principle becomes clear when one writes
both in the same schematic language. In Marcus theory, the small system S has two electronic
states, which we can label s = D and s = A. In information thermodynamics, a single bit has two
logical states, which we label s =0 and s = 1. In both cases, S does not exist in isolation; it is
coupled to an environment E described by a vast space of configurations.

In the electron-transfer picture, E is represented by the reaction coordinate g and all the
additional microscopic modes that are effectively compressed into that coordinate. For each
electronic state s, there is a corresponding free-energy surface G_s(q) that tells us how
favorable each environmental configuration is. In the information picture, E is the heat bath or
physical substrate that carries the microscopic degrees of freedom underlying the logical states.
For each logical state s, there is a distribution over environmental microstates consistent with
that logical macrostate, and an associated free energy F_s that depends on temperature and
coupling.

The reorganization energy lambda in Marcus theory corresponds, in the information setting, to
the minimal free-energy reshaping required of the environment when the system is pushed
from one macrostate’s typical region of configuration space to another’s. In a bit-erasure
operation, one forces the joint system into a configuration consistent with a single logical state
regardless of the prior state. This is analogous to forcing the environment from the donor-
optimized basin to the acceptor-optimized basin irrespective of whether the electron has
already moved. In both cases, the environment must be displaced away from one equilibrium
and toward another, paying a free-energy cost.

Similarly, the crossing of free-energy surfaces in Marcus theory has a counterpart in the slowly
driven erasure protocol that approaches the Landauer limit. When erasure is performed
optimally, control parameters are varied in time so that initially distinct basins for 0 and 1 are
gradually brought together and then collapsed into a single basin. At intermediate stages, the
two logical states sit at nearly equal free energy along some effective coordinate, just as the
donor and acceptor surfaces intersect at the transition state coordinate in Marcus theory. The



role of lambda is played by the free-energy separation of these basins and the work required to
reshape them.

The mapping of baths to manifolds concerns how we view the environment. In Marcus theory,
the environment is drawn as a one-dimensional reaction coordinate, but in reality it is a high-
dimensional manifold of nuclear configurations endowed with a measure and a temperature. In
Landauer’s analysis, the environment is often caricatured as an abstract heat bath, but it too is a
high-dimensional manifold of microstates with a structure determined by the device, its
surroundings, and their interactions. Marcus—Landauer Engineering proposes to treat these
manifolds as explicit design objects, rather than as cartoon reservoirs.

2.4 Conceptual synthesis: discrete states on continuous environments

With the mapping in hand, one can articulate a conceptual synthesis that frames both electron
transfer and information erasure as special cases of a common pattern: a discrete set of system
states S living on a continuous environmental manifold E, with transitions between system
states constrained by the geometry and thermodynamics of E.

The combined system has microstates labeled by pairs (s, €), where s is a discrete index and e is
a point in the environmental manifold. The dynamics conserve phase-space volume at the
microscopic level, but from the perspective of the coarse-grained system S, transitions appear
irreversible when information about e is discarded. A change in s from one value to another is
only possible along paths in which e moves through regions where the free energies associated
with the different s become comparable. Electron transfer occurs when thermal fluctuations of
e bring the system to the vicinity of the crossing between G_D and G_A. Bit erasure occurs
when external control drives the joint state through a protocol that merges the basins
associated with different logical states and then re-expands them around a single target state.

The energy or entropy costs associated with these transitions are accounted for by how much
the distribution over e is reshaped. In Marcus theory, lambda encodes the free-energy penalty
of holding the environment in a configuration mismatched to the electronic state. In Landauer’s
principle, the k_B T In 2 bound emerges from the reduction of the system’s entropy and the
corresponding expansion of the accessible volume for the environment. In both pictures, one
pays whenever one insists on a macro-level transition that compresses or reassigns the available
configurations of S, because that insistence must be implemented through forces on E.

From this vantage point, the difference between electron transfer and bit erasure is not
structural but nominal. The Marcus picture tends to keep track of the reaction coordinate
explicitly and to treat S as a simple two-state electronic subsystem. The Landauer picture tends
to keep track of the logical entropy of S and to lump E into a single scalar temperature and a
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generic bath. Marcus—Landauer Engineering suggests reversing both habits: to make the
environment explicit in information processing, as a manifold with geometry and reorganization
costs, and to import information-theoretic measures into charge-transfer and energy-transfer
problems.

This synthesis sets the stage for the rest of the paper. Once one views devices as joint systems
of discrete states on engineered environmental manifolds, it becomes natural to ask how one
might tune those manifolds to achieve new tradeoffs between speed, robustness, and energy
cost. The next section formalizes this intuition into a design framework, identifying the key
variables that span both Marcus theory and information thermodynamics and sketching the
structure of a generic Marcus—Landauer device.

3. The Marcus—Landauer Engineering Framework

Having identified the structural parallels between electron transfer and information erasure, the
next step is to turn this conceptual bridge into a usable engineering framework. Marcus—
Landauer Engineering treats devices as joint systems in which a small set of discrete states is
coupled to a controllable environmental manifold. The central move is to promote quantities
that were previously considered fixed or incidental, such as reorganization energies and entropy
budgets, into explicit design variables.

This section introduces the variables that span both the Marcus and Landauer pictures,
reframes the environment as a primary control surface rather than a background reservoir, and
distinguishes operating regimes from nearly reversible to heavily overdriven. It concludes with a
sketch of a generic device model that can be instantiated in many different physical platforms.

3.1 Design variables: lambda, Delta G, temperature, and logical entropy

The basic design variables of Marcus—Landauer Engineering fall into two intertwined groups:
thermodynamic geometry and informational structure. On the thermodynamic side, lambda
and Delta G quantify how free-energy landscapes are shaped and displaced. On the
informational side, logical entropy and correlations quantify how many distinct system
configurations are being maintained or compressed.

Reorganization energy lambda captures how much the environment must be reshaped when a
system transitions between two preferred configurations. In a charge-transfer context, lambda
is defined as the free-energy cost of forcing the environment into the geometry associated with
one charge state while the electron is held in the other. In an informational context, an
analogous quantity measures the free-energy penalty for holding the environment in a
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configuration that encodes one logical macrostate while the system is in another. In both cases,
lambda is a metric of environmental stiffness along the directions that matter for the system’s
state.

The driving force Delta G is the free-energy difference between two basins in the absence of
external driving. It can reflect chemical potentials, applied biases, or energetic asymmetries
between logical states. In Marcus theory, Delta G0 is the standard free-energy change for
electron transfer; in information thermodynamics, an analogous quantity can encode biases in
energy or degeneracy between logical states, such as a memory technology in which one state
is intrinsically lower energy or more densely represented than another. Together, lambda and
Delta G determine whether transitions are activation-limited, barrierless, or suppressed.

Temperature T enters as the scale that connects changes in entropy to changes in free energy. It
sets the magnitude of thermal fluctuations on the environmental manifold and determines how
easily the system can be thermally promoted over barriers. In Landauer’s principle, T appears
directly in the minimal heat cost k_B T In 2. In Marcus theory, T appears in the Boltzmann
factors that weight activation barriers. For design purposes, T is both a constraint, set by
operating conditions, and sometimes a control variable, manipulated through cooling or local
thermal management.

Logical entropy and its quantum generalizations encode how much information is being stored
and manipulated. For a bit, the maximum entropy is k_B In 2 when the two logical states are
equally likely and uncorrelated; for larger memories, the entropy grows with the number of
accessible configurations. Logical operations that are many-to-one reduce the entropy of the
system and therefore require an entropy increase elsewhere. In quantum settings, the von
Neumann entropy of a density matrix and the mutual information between system and
environment play analogous roles. Marcus—Landauer Engineering takes these entropic
guantities as design variables: one can choose how much logical entropy to maintain, where to
store correlations, and when to compress them.

By treating lambda, Delta G, T, and logical entropy as co-equal variables, the framework makes
explicit that device design is not just a question of minimizing switching energy or maximizing
reaction rates. It is about sculpting environmental free-energy surfaces and informational
ensembles together so that desired transitions are easy, undesired ones are suppressed, and
the inevitable thermodynamic costs are paid in places where they are least harmful.

3.2 Environmental manifolds as primary control surfaces

Traditional device design often treats the environment as an inconvenient but necessary
reservoir: a source of noise to be minimized, a sink for heat to be managed, and a background
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that can be approximated by a few effective parameters. Marcus—Landauer Engineering inverts
this perspective. The environment is promoted to a primary control surface, as central to design
as the active element itself.

An environmental manifold is the space of configurations of all degrees of freedom that
significantly influence the system’s dynamics. In practice, this might be the orientational
degrees of freedom of solvent molecules around a redox center, the displacement modes of a
crystal lattice near a defect, the spin configurations of a magnetic medium, or the
electromagnetic modes of a cavity surrounding a qubit. Each point on this manifold has an
associated free energy conditioned on the system'’s state, and transitions between system states
are mediated by motion along the manifold.

Treating this manifold as a control surface means deliberately engineering its geometry and
topology. Geometry refers to the shape of free-energy surfaces over the manifold: the positions
and depths of basins, the heights and widths of barriers, and the curvatures that define
reorganization energies. Topology refers to the connectivity of basins and pathways: which
regions are accessible from which, and whether there exist bottlenecks or protected subspaces
that suppress certain transitions.

Control over the environmental manifold can be achieved in many ways. In molecular systems,
chemical modification and solvent engineering can alter lambda and Delta G. In solids, strain
fields, nanostructuring, and phononic band engineering can reshape lattice modes. In quantum
devices, cavity design, filter networks, and engineered reservoirs can create structured spectral
densities that favor or suppress specific transitions. Even in classical information processing
hardware, the design of interconnects, packaging, and local thermal environments can
effectively change the manifold on which bits live.

Marcus—Landauer Engineering insists that these environmental degrees of freedom are not just
constraints but opportunities. A reorganization energy that would be seen as an unavoidable
penalty in one context can become a protective barrier in another. A bath that is normally
treated as featureless can be given structure to channel dissipation into modes that are easy to
cool. A manifold that is normally static can be made dynamic, with its geometry changing in
time under external control to facilitate operations when needed and suppress them otherwise.

3.3 Regimes of operation: reversible, quasi-static, and overdriven

Within this framework, devices can be operated in different regimes depending on how quickly
and forcefully the system and environment are driven relative to their relaxation timescales. The
familiar categories of reversible, quasi-static, and overdriven operation gain new clarity when
viewed through the lens of environmental manifolds and reorganization costs.

13



In the reversible regime, control parameters are varied slowly enough that the joint system of S
and E remains arbitrarily close to equilibrium at each instant. Transitions between states occur
without finite activation barriers, or those barriers are traversed in a way that allows
fluctuations to carry the system over them with negligible net work. In this limit, Marcus—
Landauer devices can in principle approach the fundamental bounds given by Landauer’s
principle and its quantum generalizations. Logical operations that are logically reversible can be
implemented with arbitrarily small dissipation, while logically irreversible operations pay the
minimal k_B T per bit of entropy reduction. The price of this regime is time: reversible operation
is infinitely slow in the ideal limit.

In the quasi-static regime, control is still slow compared to key relaxation timescales, but not so
slow that all microscopic degrees of freedom fully equilibrate at every step. The system
traverses well-defined thermodynamic paths in state space, and one can meaningfully speak of
work and heat for each stage of a protocol, but small additional dissipation occurs due to finite-
rate effects. In Marcus theory, this might correspond to electron transfer processes that follow
the expected activation trends but with modest deviations due to dynamic solvent effects. In
information processing, quasi-static regimes correspond to adiabatic logic and carefully shaped
switching waveforms that reduce, but do not eliminate, dissipation. Marcus—Landauer
Engineering is particularly interested in this regime, because it balances practicality with
proximity to physical limits.

In the overdriven regime, control parameters are changed rapidly or with large amplitudes,
pushing the system far from equilibrium. Barriers are smashed through by strong forces,
relaxation is incomplete between control steps, and significant dissipation is generated. This is
the regime of ordinary digital CMOS switching and of many real-world charge-transfer processes
under large applied biases. From a Marcus—Landauer perspective, overdriving can be
understood as aggressively reshaping the environmental manifold on timescales that do not
allow the environment to follow smoothly. The resulting hysteresis, friction, and excitation of
high-frequency modes show up as heat.

An important design question is not how to avoid the overdriven regime entirely, but how to
move between regimes intelligently. Devices might perform certain operations in quasi-static
mode when efficiency is paramount and switch to overdriven mode when speed or fault
tolerance takes priority. Environmental manifolds might be designed to have gentle slopes in
some directions and steep walls in others, so that certain classes of transitions are naturally
reversible while others are deliberately costly. Understanding these regimes in terms of lambda,
Delta G, and the structure of E allows designers to make these tradeoffs explicitly.
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3.4 Sketch of a generic Marcus—-Landauer device model

To make the framework more concrete, it is useful to sketch a minimal abstract model of a
Marcus—Landauer device. The goal is not to commit to any specific physical platform, but to
define a structure that different implementations can instantiate.

The device consists of three components: a discrete system S with a finite set of states, an
environmental manifold E with a structured free-energy landscape, and a set of control
parameters C that can be varied externally. The microstate of the combined system is a pair (s,
e), with sin Sand e in E. For each system state s and control parameter configuration c, there is
a conditional free-energy function G_s(e; c) defined over the manifold E. This family of functions
encodes how favorable each environmental configuration is, given the system’s state and the
applied controls.

Dynamics are governed by two mechanisms. First, E evolves under its own internal relaxation
processes and its coupling to external baths, with rates that depend on the gradients of G_s(e;
c) and on temperature. Second, transitions between system states s can occur when the joint
system explores regions of E where the free energies of different states become comparable, or
when control parameters modify G_s(e; c) to reconfigure the landscape. Transition rates
between pairs of states (s, s') depend on overlaps between the corresponding free-energy
surfaces, activation barriers, and coupling strengths, in a way that generalizes the rate
expressions of Marcus theory.

Logical states of the device are encoded not only in s but in ensembles over e. For example, a
logical zero might correspond to a distribution over microstates concentrated near a particular
basin of G_{s0}(e; c) for some choice of c, while a logical one corresponds to a different basin or
a different state s1. Logical operations correspond to protocols in which C is varied in time,
reshaping the surfaces G_s and guiding the ensemble over (s, e) through a sequence of basins
and crossings. Some protocols preserve the number of distinct logical ensembles and are
logically reversible; others compress multiple ensembles into one and are logically irreversible.

Energy and entropy accounting are performed at the level of these protocols. The work done by
control changes, the heat exchanged with external baths, and the entropy changes in both S and
E can be computed or estimated for each stage. Landauer’s principle appears as a constraint on
protocols that reduce the logical entropy of S: regardless of how cleverly the control parameters
are chosen, such protocols must export at least k_B T times the entropy reduction as heat into
some part of E or its external baths. Marcus theory appears as a special case when S has exactly
two states and E is dominated by a single reaction coordinate, with G_s(e; c) taking parabolic
forms.
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Within this generic model, the three archetypes introduced later can be seen as different
parameter regimes and control strategies. In reorganization-energy computing, designs favor
control over the curvature and relative displacement of G_s surfaces as a function of c, using
these to implement low-dissipation transitions. In entropy batteries, designs exploit the ability
to prepare low-entropy ensembles over (s, e) that store free energy and later recycle it during
controlled erasure. In lambda-engineered quantum memories, designs emphasize large lambda
and carefully structured E to protect certain states while allowing selective control via changes
in C.

By defining a single abstract template in which all of these possibilities fit, Marcus—Landauer
Engineering aims to provide a common language for describing devices that share a deep
thermodynamic structure, even when they differ radically in physical realization.

4. Reorganization-Energy Computing

Reorganization-energy computing is the most direct translation of the Marcus picture into an
information-processing architecture. Instead of using large voltage swings or current pulses to
force bits across energy barriers, the central control knob becomes the reshaping of
environmental free-energy surfaces. Logical operations are implemented by guided motions
through a landscape of parabolas and crossings, with reorganization energy serving as both a
cost and a resource.

In this section, logical operations are reinterpreted as controlled crossings of free-energy
surfaces, idealized bit models with tunable reorganization energies and barriers are introduced,
and candidate device archetypes are outlined in molecular, solid-state, and mechanical settings.
The section closes with a discussion of speed—dissipation tradeoffs and a comparison with
conventional CMOS and adiabatic logic.

4.1 Logical operations as controlled crossings of free-energy surfaces

In a reorganization-energy computing paradigm, a logical operation is not a sudden jump in a
local potential well but a protocol that reshapes the free-energy surfaces associated with
different logical states. The bit is represented by a joint state of the system and its environment
occupying one of several basins in the combined landscape. Control parameters modulate the
geometry of those basins and their intersections.

Consider a simple two-state system, with logical states represented by basins A and B on an
environmental coordinate q. For each logical state s in {A, B}, there is a conditional free-energy
surface G_s(q; c), where c denotes externally controlled parameters such as gate voltages, local
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fields, or mechanical strains. In the absence of control, the surfaces are well-separated, and
thermal fluctuations are insufficient to cause significant spontaneous switching. A logical
transition from A to B is implemented by varying c along a designed trajectory so that:

1. The basin corresponding to A is gradually lifted and flattened, reducing its depth and
increasing its overlap with the basin corresponding to B.

2. At some intermediate control configuration, the free energies of A and B are nearly
equal over a region of g, creating an effective “crossing” analogous to the intersection in
Marcus theory.

3. The system, aided by thermal fluctuations, relaxes into the basin that becomes
energetically favorable as ¢ continues to change, completing the logical transition.

This picture generalizes naturally to multibit operations and to gates that are logically reversible.
For instance, a reversible controlled-NOT operation can be realized as a joint reshaping of
surfaces for two coupled bits, where the environmental manifolds are designed such that only
specific combinations of logical states share crossings under particular control sequences. The
central point is that logical operations are recast as sequences of controlled crossings and
reconformations in a coupled system—environment landscape.

Within this framework, Landauer’s principle is expressed geometrically: a logically irreversible
operation corresponds to a protocol in which initially distinct basins in the joint landscape are
merged and then re-expanded as a single basin. The minimum dissipated heat is tied to how
much Shannon or von Neumann entropy is removed from the logical degrees of freedom during
this merging. A reorganization-energy computing design can therefore be evaluated by how
gracefully it implements such crossings and how close the associated dissipation comes to the
fundamental limit.

4.2 |dealized bit models with tunable lambda and barriers

To reason about reorganization-energy computing without committing to a specific platform, it
is helpful to define an idealized model of a bit whose reorganization energy and barriers can be
tuned. In such a model, the environment is represented by a single effective coordinate g, and
the free-energy surfaces G_0(q; c) and G_1(q; c) for logical states 0 and 1 are harmonic
parabolas whose curvature, separation, and relative displacement depend on control
parameters.

In the simplest case, for a fixed control configuration c_0, the two surfaces are centered at q_0
and g_1 with identical curvature. The reorganization energy lambda is proportional to the
squared distance between these centers, scaled by the curvature. Large lambda corresponds to
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widely separated minima: the environment must undergo significant reconfiguration to move
from an equilibrium consistent with one logical state to an equilibrium consistent with the
other. The barrier height between the basins depends on both lambda and the energetic bias
between states; by adjusting curvature and separation, one can design bits with steep, high
barriers or shallow, easily surmountable ones.

Control enters by allowing c to modify the curvature and center positions of the parabolas. For
example, a control parameter might temporarily soften the curvature, reducing both lambda
and the barrier height, thereby enabling thermally assisted transitions with smaller external
work. Another control parameter might shift the relative energy of the two basins, providing the
driving force analogous to Delta G in Marcus theory.

In an idealized reversible limit, a logical flip can be implemented by a protocol in which lambda
is reduced to bring the basins into near-degeneracy, the relative bias is slowly inverted, and
lambda is restored. The system traverses a path that resembles activationless electron transfer:
the environment moves along g with minimal net work, and the logical state changes as the
free-energy minimum migrates. Deviations from this ideal, such as finite ramp times and
imperfect control of curvature, introduce additional dissipation.

By casting bit dynamics in this way, reorganization-energy computing turns the problem of logic
design into a problem of designing tunable potential landscapes. One designs how lambda and
barrier heights respond to control, and then devises protocols that exploit these responses to
implement gates with desired tradeoffs between speed and dissipation.

4.3 Device archetypes: molecular, solid-state, and mechanical realizations

While the idealized model is agnostic to implementation, concrete device archetypes make the
framework more tangible. Three broad classes of systems illustrate how reorganization-energy
computing could be realized in practice: molecular, solid-state, and mechanical platforms.

In molecular systems, the bit could be encoded in the charge state or conformation of a
molecule embedded in a structured environment. Donor—acceptor dyads, redox-active
complexes, and switchable molecular rotors are natural candidates. The surrounding medium,
whether solvent, protein scaffold, or polymer matrix, provides the environmental manifold
whose reorganization energy can be engineered through chemical substitution, cross-linking,
and external fields. Control parameters might be applied voltages, optical excitations, or local
pH changes that modulate the free-energy surfaces associated with different molecular states.
Logical operations would then correspond to sequences of pulses that reshape these surfaces
and guide the system through Marcus-like crossings with minimal wasted energy.
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In solid-state systems, reorganization-energy computing could be implemented using quantum
dots, charge traps, or localized defects in crystalline or amorphous materials. Here, the
environment includes lattice vibrations, strain fields, and nearby electronic states. Engineering
the reorganization energy involves manipulating the local phonon spectrum and coupling
strengths, for instance through nanostructuring, heterostructure design, or strain engineering.
Control parameters include gate voltages, local mechanical stresses, and electromagnetic fields
that modify both the electronic energies and the effective curvature of the environment. Logical
operations become orchestrated traversals of localized electronic states across engineered
energy landscapes.

Mechanical systems provide a more macroscopic realization in which the environmental
manifold is literally a mechanical coordinate. Bistable mechanical elements, such as beams with
two stable bending configurations, can serve as bits whose states are distinguished by distinct
positions. The reorganization energy is then the mechanical work required to deform the
supporting structure and surrounding material from one configuration to another. Control
parameters might include applied forces, pressures, or temperature changes that modify the
effective stiffness or introduce additional metastable states. Although slower than electronic
platforms, mechanical archetypes have the advantage of intuitive visualizability and can serve as
testbeds for the principles of reorganization-energy computing.

These archetypes suggest that the concept of reorganization-energy computing is not tied to
any particular physical medium. What they share is the ability to engineer environmental
degrees of freedom and their couplings to localized states, and to modulate these couplings
dynamically. This opens a spectrum of possibilities, from molecular-scale logic intertwined with
chemical functionality to hybrid systems where mechanical and electronic degrees of freedom
cooperate in implementing low-dissipation computation.

4.4 Speed—dissipation tradeoffs and the approach to reversible computation

Any realistic device must operate within constraints on both speed and energy dissipation.
Reorganization-energy computing does not eliminate these tradeoffs, but it frames them in a
geometrically transparent way. The key variables controlling the tradeoff are the magnitude of
reorganization energy, the height and width of free-energy barriers, and the timescales over
which control parameters are varied.

In the reversible limit, a logical operation is implemented infinitely slowly, with control
parameters adjusted so gently that at each instant the system remains arbitrarily close to
equilibrium. When an operation is logically reversible, such as a one-to-one mapping of input
states to output states, the minimal dissipation can in principle be made arbitrarily small. When
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an operation is logically irreversible, such as a reset-to-zero, the minimal dissipation is bounded
from below by Landauer’s cost. Reorganization-energy computing provides a concrete route
toward this limit: one designs control protocols that move the system along paths of minimal
free-energy difference between initial and final basins, minimizing the work required to reshape
the environment.

Speed introduces additional dissipation through two mechanisms. First, rapid changes in control
parameters can excite high-frequency modes of the environmental manifold, generating heat as
these modes relax. Second, if the system is forced over barriers rather than guided through
crossings where surfaces intersect, extra work is required to overcome those barriers. The
amount of additional dissipation depends on how far from equilibrium the system is driven and
on the relaxation timescales of the environment. Large lambda values, while useful for
stabilizing states against unwanted fluctuations, can increase the work required to move
between states rapidly.

Approaching the reversible limit therefore involves balancing reorganization energy and control
speed. High lambda and steep barriers are desirable for memory stability but detrimental for
low-dissipation fast switching. Low lambda and shallow barriers facilitate energy-efficient
transitions but risk increased noise and error rates. Reorganization-energy computing allows
these parameters to be dynamically tuned: in principle, lambda can be reduced during a
transition and increased afterwards, allowing bits to be both stable at rest and accessible during
operation. The quality of this tuning and the smoothness of the control protocols determine
how closely a device can approach reversible computation while maintaining usable speeds.

4.5 Comparison with conventional CMOS and adiabatic logic

Conventional CMOS technology implements logic through abrupt changes in voltages applied to
transistor gates, causing channels to open or close and charges to move in and out of nodes.
The environment is treated as a resistive and capacitive network whose role is primarily to
deliver and remove charge; the detailed structure of the phonon bath and reorganization
processes in the material are seldom part of the design language. Dissipation arises from
charging and discharging capacitances, leakage currents, short-circuit paths during switching,
and other nonidealities, all of which are understood in circuit terms rather than in terms of
explicit environmental landscapes.

Adiabatic and reversible logic proposals in the CMOS world aim to reduce dissipation by shaping
the temporal profile of voltages and currents. By slowly ramping voltages and using resonant
energy recovery techniques, these schemes reduce the energy lost per operation. Yet even here
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the environment is still largely treated as a lumped impedance, and the fundamental Landauer
cost is acknowledged but not directly tied to reorganization energies in a microscopic sense.

Reorganization-energy computing differs in two important ways. First, it explicitly acknowledges
that every logical operation is mediated by environmental reorganization, whether that
environment is a molecular solvent, a lattice of atoms, or a mechanical support. The design
language is expressed from the outset in terms of free-energy surfaces, lambda, barrier heights,
and entropy changes. CMOS can be mapped onto this language retrospectively, but it was not
conceived in these terms. Marcus—Landauer devices are conceived from the start as machines
that engineer their baths.

Second, reorganization-energy computing treats the environment as dynamically
programmable. In CMOS, material properties such as carrier mobilities, dielectric constants, and
phonon spectra are effectively fixed after fabrication; control acts primarily on charges and
fields. In a Marcus—Landauer architecture, control extends to the environment itself: stiffness,
reorganization energy, and mode spectra are subject to deliberate modulation. This opens
possibilities such as temporarily softening a region of a chip to permit low-dissipation state
transitions or dynamically creating and destroying protected subspaces for information storage.

Adiabatic logic can be viewed as a special, macroscopic instance of reorganization-energy
computing in which the environmental manifold is approximated by circuit-level energy storage
elements and the control parameters are the phase and amplitude of clock signals. Marcus—
Landauer Engineering generalizes this picture down to the level of individual molecules and
gubits, making explicit the microscopic baths that are implicit in circuit analogies. In doing so, it
offers a path toward designs that systematically approach physical limits, not only by shaping
waveforms but by architecting the very landscapes on which bits reside.

5. Entropy Batteries and Informational Storage of Free Energy

The idea of an entropy battery is to treat low-entropy information as a form of stored free
energy. Instead of relying on chemical potentials or electrostatic charge separation, an entropy
battery stores work potential in the improbability of a configuration. When a carefully prepared,
low-entropy ensemble is allowed to relax toward a higher-entropy equilibrium, the
accompanying entropy increase can drive useful work, subject to the constraints of Landauer’s
principle and the second law.

In a Marcus—Landauer framework, this becomes a natural extension of the notion of
reorganization energy. Just as a molecule can carry reorganization energy as a latent cost
associated with an unfavorable environmental configuration, a memory device can carry
Landauer debt as a latent cost associated with maintaining low-entropy logical states. This
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section develops that concept into a device-level picture, describing charging and discharging
cycles, candidate platforms, and thermodynamic limits, and then suggests roles for entropy
batteries in power management and energy harvesting.

5.1 Landauer debt and metastable low-entropy configurations

When information is written into a physical memory, the resulting state is often more ordered
than the equilibrium distribution of the underlying degrees of freedom. For instance, a perfectly
written bit stored as a well-defined charge configuration or magnetization pattern is a low-
entropy state relative to the many microstates that would be accessible if the system were left
to thermalize. Maintaining that order against noise and thermal fluctuations requires energy
input during writing and error correction. In this sense, the device carries a Landauer debt: an
implicit commitment that if the information is later erased, at least a certain amount of heat will
be released.

Metastable low-entropy configurations are central to entropy batteries. These are states that
are unlikely from the standpoint of equilibrium statistical mechanics but are protected by
barriers that make spontaneous relaxation slow. Examples include aligned magnetic domains in
an otherwise disordered medium, correlated spin configurations in frustrated lattices, or highly
ordered charge patterns in capacitive structures. As long as these configurations persist, they
represent stored free energy: if the barriers are lowered and the system is allowed to relax
toward equilibrium, the release of that stored order can power work-extracting processes.

Landauer’s principle provides a lower bound on how much energy is embedded in such low-
entropy configurations. If a device stores N bits of information in an arrangement that is, in
informational terms, maximally ordered relative to some reference ensemble, then erasing that
information necessarily involves an entropy increase of at least N times k_B In 2 in the
environment. At temperature T, that corresponds to a minimal heat release of Nk_B T In 2. An
entropy battery is a device that treats this stored order explicitly as a resource: it is charged by
creating low-entropy configurations and discharged by allowing them to relax in a controlled
way, converting the associated Landauer debts into useful work.

5.2 Cycles for charging and discharging entropy batteries

To function as a battery, a device must support a cycle in which it can be charged, stored, and
discharged repeatedly. For an entropy battery, the charging process is a protocol that writes or
concentrates information into a subset of degrees of freedom, reducing their entropy and
thereby injecting free energy. The discharging process is a protocol that allows those degrees of
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freedom to thermalize in a way that does work on some load while exporting entropy to a heat
bath.

A generic charging cycle might proceed as follows. Starting from a high-entropy ensemble,
external work is used to drive the system into a subset of microstates corresponding to a
desired logical configuration. This could be achieved by applying fields, voltages, or mechanical
forces that reshape the environmental manifold so that the targeted configuration becomes
energetically favorable, then slowly removing those controls while trapping the systemin a
metastable basin. Error-correcting operations can be applied to refine the configuration and
further reduce entropy. The net effect is to concentrate probability into a small region of state
space, storing an energy amount at least as great as the minimal Landauer cost for the entropy
reduction, and typically more due to imperfect protocols.

The discharging cycle reverses the logic. Control parameters are varied to lower barriers and
reintroduce degeneracies, allowing the system to explore a larger portion of its state space. This
relaxation is not allowed to proceed entirely passively; instead, it is coupled to a work extraction
mechanism. For example, as domains demagnetize, changing magnetic flux can induce currents
in coils; as charges redistribute, they can drive a circuit; as mechanical elements snap from
ordered to disordered configurations, they can push on piezoelectric transducers. The key is that
the entropy increase associated with relaxation is harnessed to perform work, with the residual
heat being dumped into a thermal bath.

Between charging and discharging, the entropy battery operates in a storage mode in which its
metastable configurations are maintained with minimal leakage. Design challenges include
ensuring that spontaneous relaxation is slow on the timescale of storage, that the charging and
discharging protocols are repeatable and controllable, and that the device can tolerate
imperfections and noise while maintaining a useful free-energy budget. Cycles can be tuned to
prioritize efficiency (slow, quasi-static operations close to thermodynamic limits) or power
(faster, more dissipative cycles that deliver higher instantaneous currents).

5.3 Candidate physical implementations and materials

Several classes of physical systems are promising candidates for implementing entropy
batteries. Each offers mechanisms for creating and maintaining low-entropy, metastable
configurations and for coupling their relaxation to work extraction.

Magnetic systems are a natural starting point. Arrays of nanoscale magnetic domains can
encode bits in their magnetization orientations. Charging corresponds to writing a highly
ordered pattern, perhaps all domains aligned, which is a low-entropy state relative to a
disordered equilibrium. Discharging corresponds to controlled demagnetization, for example by
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slowly reducing an external field or increasing temperature while inductively coupling the
changing magnetic flux to coils that generate current. Materials with tailored coercivities and
anisotropies can provide the required metastability, and thin-film technology offers scaling to
large bit counts.

Dielectric and ferroelectric materials offer analogous possibilities. Ordered polarization patterns
in ferroelectrics represent low-entropy configurations that can be prepared by external fields.
Controlled depolarization, under appropriate circuit conditions, can drive currents and do work.
In capacitive structures, stored charge patterns beyond the ordinary charge separation can also
serve as informational free-energy reservoirs, particularly in systems with many-body Coulomb
interactions that support metastable charge ordering.

Spin systems and frustrated lattices are another fertile ground. In spin ice or similar materials,
certain low-entropy arrangements of spins are metastable due to frustration and constraints.
Preparing such configurations by external fields or cooling protocols stores free energy. Allowing
the system to relax, while coupling to transducers sensitive to spin dynamics, offers a route to
work extraction. Quantum spin systems extend this idea to regimes where entanglement and
guantum correlations play a role in the stored order.

At the molecular scale, chemical systems can function as entropy batteries when reaction
networks are biased away from equilibrium by past work. For example, maintaining a non-
equilibrium distribution of isomers or redox states in a network can store free energy that is
released as the network relaxes. Here, the boundary between traditional chemical batteries and
entropy batteries becomes blurred, since chemical potentials and informational order are
intertwined. The distinctive feature of an entropy battery is that its design emphasizes the
informational aspect: the number of distinguishable microstates and their probabilities, rather
than solely the stoichiometry of reactions.

Finally, hybrid mechanical—electronic systems can embody entropy batteries in a tangible way.
Arrays of micro- or nano-mechanical elements that can be snapped into ordered configurations
by external forces can store free energy in their aligned state. As they relax and randomize,
coupled piezoelectric or electromagnetic transducers can harvest the mechanical energy. While
such devices may be bulkier than purely electronic counterparts, they are useful for
demonstrating principles and for applications where robustness and visibility are valued over
density.

5.4 Energy density, efficiency, and thermodynamic limits

The performance of an entropy battery can be characterized by its energy density, its cycle
efficiency, and how closely it approaches thermodynamic limits set by temperature and entropy
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changes. These quantities depend on both the physical platform and the protocols used for
charging and discharging.

Energy density is limited by the number of bits of information that can be stored per unit
volume or mass and by the temperature at which the device operates. In an idealized picture, if
a material stores n bits per unit volume in maximally ordered configurations, the minimal free
energy associated with their eventual erasure at temperature Tis n k_B T In 2 per unit volume.
Real materials will have additional energetic contributions associated with interactions and
structural constraints, which can increase the stored energy but may complicate control. In
practice, energy densities may be competitive with or lower than those of chemical batteries,
but entropy batteries offer different tradeoffs, particularly in systems where information is
already being processed and low-entropy configurations are natural byproducts.

Efficiency is bounded above by the fraction of the stored free energy that can be converted into
useful work during a discharge cycle. Losses arise from imperfect control, friction and hysteresis
in the environmental manifold, spontaneous relaxation during storage, and unavoidable
coupling to unwanted modes. The closer charging and discharging protocols are to quasi-static,
thermodynamically reversible processes, the higher the efficiency. However, as with all heat
engines and batteries, there is a tradeoff between efficiency and power: slow, near-reversible
cycles deliver low power density, while fast cycles increase dissipation and reduce efficiency.

Thermodynamic limits are set by the second law. An entropy battery cannot deliver net work
over a full cycle without consuming a corresponding amount of free energy from some external
source. Charging requires energy input, and the maximum recoverable energy on discharge is
bounded by the free-energy difference between the charged, low-entropy state and the
discharged, higher-entropy state. Landauer’s principle ensures that any intentional reduction in
logical entropy during charging incurs at least k_B T In 2 of work per bit, and that erasure during
discharge releases at least this much heat. No protocol can extract more work than was invested
in creating the low-entropy configurations, though practical designs can aim to come close in
favorable regimes.

Marcus—Landauer Engineering contributes to this analysis by providing a detailed picture of how
environmental manifolds and reorganization energies contribute to inefficiencies. For example,
a large reorganization energy associated with flipping a stored bit may increase the minimal
work required to charge the battery, while complex manifolds with many metastable states can
lead to losses during discharge. By designing manifolds with favorable geometries and
topologies, one can reduce these penalties and bring devices closer to their thermodynamic
ceilings.
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5.5 Possible roles in power management and energy harvesting

Entropy batteries are not proposed as one-to-one replacements for chemical batteries. Rather,
they suggest new roles in systems where information processing and energy management are
intertwined. Several such roles are particularly natural.

One role is as a buffer in digital systems that already manipulate large amounts of information.
For example, in a data center or high-performance computing environment, low-entropy
patterns are continuously created in memory and caches as computations proceed. Instead of
treating the associated Landauer debts as pure waste, entropy batteries could capture some of
this structured order, converting parts of the bookkeeping of erasure into contributions to
power management. Devices that temporarily store information in forms optimized for later
energetic recovery could smooth power draw and reduce peak loads.

Another role is in energy harvesting from fluctuating environments. In many settings, such as
ambient thermal fluctuations, mechanical vibrations, or stochastic chemical processes, there is
free energy available in non-equilibrium distributions that is difficult to access by conventional
means. Entropy batteries can be designed to couple to such fluctuations via information-
processing protocols, extracting work by identifying, encoding, and then erasing structured
patterns that arise spontaneously. This approach aligns with information engines and Maxwell-
demon-like devices, but recasts them in a practical device framework aimed at integrating with
larger systems.

Entropy batteries may also serve in niche applications where traditional batteries are
impractical, such as microscale or molecular devices that operate in environments where
chemical gradients are hard to maintain but informational gradients are natural. In biochemical
contexts, for instance, synthetic circuits could use informational storage and release as part of
metabolic management, effectively treating patterns of gene expression or molecular states as
resources for energy budgeting.

Finally, at the architectural level, entropy batteries encourage designers to think of power and
information as two facets of the same underlying thermodynamic structure. Power
management strategies could be co-designed with algorithms and data structures, so that the
patterns of computation naturally feed into entropy storage and release cycles. In a Marcus—
Landauer landscape, managing lambda, Delta G, and logical entropy becomes a joint
optimization problem, with entropy batteries serving as concrete devices that embody the
coupling between information and energy in a technologically useful form.
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6. A-Engineered Quantum Memory and Logic

Quantum technologies are often framed in terms of isolation: the guiding intuition is to protect
fragile superpositions and entanglement by minimizing all couplings to the environment. In
practice, however, complete isolation is both impossible and undesirable. Qubits must be
initialized, manipulated, and read out, all of which require interaction with their surroundings.
From a Marcus—Landauer perspective, this situation invites a different design philosophy.
Instead of treating the environment solely as an adversary, one can attempt to engineer its
structure and its reorganization properties so that it protects quantum information when
needed and yields controllable transitions when desired.

Lambda-engineered quantum memory and logic is the application of this philosophy to
guantum devices. The central idea is to use reorganization energy and shaped environmental
manifolds to suppress unwanted transitions while allowing dynamically tunable, low-dissipation
gates. In this section, that idea is unpacked into concrete design principles, integration with
error-correction architectures, and possible physical platforms, followed by a discussion of
advantages and challenges.

6.1 Using reorganization energy to suppress unwanted transitions

In quantum systems, unwanted transitions manifest as decoherence and relaxation: qubits
spontaneously flip, phase information is lost, and entanglement decays. Traditional approaches
focus on reducing the coupling between qubits and environmental modes, flattening spectral
densities at relevant frequencies, or operating at low temperatures. Lambda-engineered designs
add another lever: they use large reorganization energies to make unintended transitions costly
from the environment’s point of view.

Reorganization energy lambda, in this context, measures how much the environment must
deform when a qubit transitions between basis states or between different dressed
configurations. If lambda is large, then any transition requires the environment to climb a
substantial free-energy hill before relaxing into a new basin. At low temperatures and in
structured baths, this can dramatically suppress spontaneous transitions, effectively locking the
qubit into its current state. The qubit becomes a small subsystem deeply embedded in a stiff
environmental manifold.

This is reminiscent of polaron formation in condensed matter, where an electron drags a cloud
of lattice distortion with it. Once a polaron is formed, its motion is hindered by the need to
reorganize the lattice. Lambda-engineered quantum memory exploits an analogous effect at the
level of qubit states: each logical state is associated with a distinct environmental dressing, and
the energetic penalty for rearranging that dressing yields protection.

27



Crucially, this protection is different from simply lowering the qubit’s coupling strength. The
coupling can remain strong enough to allow rapid gates when the environment is appropriately
driven, but in the absence of such driving, the structure of the manifold makes transitions
unlikely. In Marcus language, the system sits deep in a basin with a large reorganization barrier;
in Landauer language, the environment has been organized into a configuration that strongly
favors a particular logical macrostate.

6.2 Dynamically tuning A for gates versus storage phases

If large lambda suppresses unwanted transitions, it also poses a problem for intentional gates:
the same barriers that protect the memory can hinder controlled operations. Lambda-
engineered quantum logic therefore requires a mechanism for dynamically tuning
reorganization energy. During storage, lambda is kept large to maintain robustness; during gate
operations, lambda is temporarily reduced or reoriented to allow specific transitions with
manageable energetic and entropic costs.

In practice, this can be achieved by modulating control parameters that shape the
environmental manifold. For instance, external fields, cavity couplings, or strain fields can be
adjusted so that the difference in environmental configurations between two qubit states is
reduced. In a simplified picture, the centers of the free-energy parabolas associated with the
two states are brought closer together, lowering lambda and the associated barrier. Another
strategy is to transiently introduce auxiliary levels or dressed states that provide low-lambda
pathways between logical states, effectively opening resonant channels through a high-lambda
background.

Gate protocols then become sequences of steps in which lambda and related parameters are
sculpted in time. A typical gate cycle might have three phases. In the preparation phase, control
fields reshape the environmental landscape to bring specific states into near-resonance with a
small reorganization cost. In the operation phase, a resonant drive implements the desired
unitary on the qubit subspace, with the environment following along with minimal lag. In the
recovery phase, control parameters are restored, rebuilding the high-lambda protection around
the new logical state.

The design challenge is to ensure that these changes do not themselves introduce excessive
dissipation or decoherence. To approach a reversible limit, control must be smooth and adapted
to the relaxation timescales of the environment. Fast, abrupt changes excite unwanted modes
and generate heat; slow, well-shaped changes allow the joint system to remain near a path of
minimal free-energy difference, much as in adiabatic passage schemes. Lambda-engineered
logic, therefore, sits at the intersection of coherent control and thermodynamic engineering.
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6.3 Integration with error correction and fault-tolerant architectures

Quantum error correction and fault-tolerant architectures are built on the assumption that
physical qubits are imperfect and that logical qubits must be encoded in larger Hilbert spaces
with active correction. Lambda-engineered memory and logic does not replace this need;
rather, it offers a way to improve the underlying physical error channels and rates that error-
correction codes must handle.

In a typical fault-tolerant scheme, constraints are expressed as thresholds: as long as error rates
per gate and per unit time are below certain values, logical error rates can be suppressed
exponentially with code size. Lambda engineering contributes by reshaping noise channels.
Large reorganization energies can bias errors toward specific types, such as suppressing bit-flip
processes more strongly than phase-flip processes, or vice versa. This allows designers to match
physical error profiles to codes that are particularly efficient for those profiles.

Moreover, the dynamic tunability of lambda can be aligned with the schedule of error-
correction cycles. During idle periods where no gates are applied, qubits can be placed in high-
lambda configurations to minimize decoherence. During syndrome extraction and gates, lambda
can be relaxed, but control protocols can be designed so that the additional noise incurred is
predominantly of a type that the code corrects best. In this way, the interplay between
environmental geometry and code structure becomes an explicit part of architecture design.

Another integration point lies in engineered dissipation. Some fault-tolerant schemes and
robust encoding strategies make use of dissipative processes that drive the system toward code
spaces or correct particular error syndromes. Lambda-engineered environments can be tailored
so that certain transitions are favored thermodynamically, effectively building error-correction
tendencies into the hardware. For example, configurations that correspond to valid codewords
might have lower reorganization costs and deeper basins, while typical error configurations sit
in shallower basins more easily corrected by environmental relaxation.

Overall, lambda-engineered quantum devices invite viewing quantum error correction not
merely as a layer of software or control logic on top of hardware, but as something that can be
co-designed with the environmental manifolds in which physical qubits live.

6.4 Potential platforms: polarons, phononic bandgaps, and hybrid cavities

Several physical platforms naturally support the kind of engineered reorganization energies and
structured baths required for lambda-engineered quantum memory and logic.

Polaronic systems in solids are a prime candidate. Qubits encoded in localized electronic states
in polar or deformable materials inherently involve coupling to lattice distortions. By choosing
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materials and geometries that enhance or suppress polaron formation, one can influence the
reorganization energy associated with qubit state changes. Nanostructuring, strain engineering,
and heterostructure design allow control over local phonon modes. In such systems, storing
gubits in strongly polaronic states yields high lambda and stability, while gates might be
performed by transiently reducing polaronic dressing via optical pumping, electric fields, or local
heating.

Phononic bandgap engineering provides another route. By structuring materials so that phonon
modes in specific frequency ranges are suppressed, one can create environments in which
certain transitions are energetically allowed but dynamically hindered due to a lack of matching
environmental modes. This is analogous to photonic bandgaps in optics, but applied to
vibrational spectra. Lambda in this context reflects the energy required to reorganize the lattice
into configurations compatible with the new qubit state in the absence of convenient phonon
pathways. By designing bandgaps and mode densities carefully, unwanted transitions can be
strongly suppressed while desired gate-induced transitions are channeled into specific modes
that are well controlled.

Hybrid cavity systems, such as superconducting qubits in microwave cavities or solid-state
emitters in optical resonators, naturally embody structured environments. The cavity modes act
as a tailored electromagnetic bath with discrete frequencies and controllable couplings.
Lambda-engineered designs can use the cavity not only for readout and mediate gates, but also
as a means to shape reorganization energy. For example, by adjusting couplings between qubits,
cavities, and auxiliary dissipative elements, one can design composite environments in which
certain qubit transitions require substantial rearrangement of cavity occupation and ancillary
states, thereby increasing lambda and suppressing spontaneous processes.

Other platforms include spin qubits in engineered nanomagnets, where the magnet’s collective
modes provide an environmental manifold, and hybrid mechanical-quantum systems, where
flexural modes of membranes or beams couple to qubit states. In all cases, the Marcus—
Landauer viewpoint encourages designers to ask not only how to isolate qubits, but how to
structure and control the baths that remain.

6.5 Advantages and challenges compared to purely isolation-based approaches

Compared to strategies that aim for near-perfect isolation, lambda-engineered quantum
memory and logic offer several potential advantages, but also introduce new challenges.

One advantage is selective robustness. Instead of uniformly suppressing all couplings and thus
making both unwanted and desired transitions difficult, lambda engineering allows for
anisotropic protection: certain transitions are heavily suppressed by large reorganization
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energies, while others remain accessible under controlled driving. This can yield qubits that are
both stable during storage and responsive during operations, without the need for extreme
parameter regimes or ultra-low temperatures.

Another advantage is the possibility of harnessing the environment for beneficial functions.
Engineered baths can assist in state preparation, error correction, and entanglement
distribution. By structuring the reorganization landscape, one can implement passive protection
mechanisms and dissipative stabilization of desired states that complement active control and
error correction protocols.

However, these benefits come with challenges. The design and fabrication of structured
environments with precisely controlled reorganization energies and mode spectra is demanding.
Small imperfections in materials or geometry can lead to unintended pathways, trapping states,
or noise channels that degrade performance. Dynamic control of lambda, especially in many-
qubit systems, adds significant complexity to the control problem, requiring coordination
between fast coherent drives and slower thermodynamic reshaping of the environment.

There is also a conceptual challenge: lambda-engineered approaches require thinking
simultaneously in quantum and thermodynamic terms. Designers must account for both
coherent dynamics and entropy flows, for both unitary evolutions and the costs of
environmental reorganization. This is a richer but more complicated design space than simple
isolation-based models, which focus mainly on Hamiltonians and dissipators with minimal
structure.

Finally, quantitative validation of lambda-engineered designs demands new kinds of
experiments and diagnostics. One must measure not only decoherence times and gate fidelities
but also effective reorganization energies, environmental response functions, and
thermodynamic efficiencies of transitions. Developing such diagnostics will be a substantial
undertaking.

Despite these obstacles, the potential of lambda-engineered quantum memory and logic lies in
its alignment with the broader Marcus—Landauer philosophy: that the true design space for
advanced devices includes not only the discrete states that carry charge or qubit amplitudes,
but also the continuous manifolds of their environments. By embracing rather than merely
tolerating those manifolds, quantum engineers may find new routes to robust, scalable, and
thermodynamically disciplined architectures.
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7. Cross-Cutting Design Principles and Metrics

Recasting devices as discrete states riding on engineered environmental manifolds changes how
design tradeoffs are framed. Instead of asking solely how much energy a gate consumes or how
fast a transition can be driven, Marcus—Landauer Engineering asks how energy, entropy, and
information flow together through the combined system. It also demands new figures of merit
that take reorganization energies, entropy densities, and error rates as co-equal quantities. This
section outlines a unified accounting framework, proposes metrics, describes key tradeoffs, and
sketches how control and feedback can be extended from the system into its environment.

7.1 Unified energy—-information accounting in Marcus—Landauer systems

In a conventional device analysis, one often keeps separate ledgers for energy and information.
Power budgets track voltages, currents, and thermal loads; information budgets track
throughput, error rates, and coding overhead. In Marcus—Landauer systems, these ledgers are
deliberately merged. Every logical operation is recognized as an event in which energy and
information are exchanged between system and environment along specific paths in the
environmental manifold.

A unified accounting starts by treating the combined system of discrete states S and
environmental manifold E as the primary thermodynamic object. For each protocol, one can
track changes in internal energy, work done by external controls, heat exchanged with external
baths, and changes in entropy of both S and E. The first law constrains the balance of energies,
while the second law constrains the allowed combinations of entropy changes and heat flows.
Logical entropy, whether classical or quantum, is included explicitly: when the distribution over
system states becomes more concentrated, logical entropy decreases, and a compensating
entropy increase must occur elsewhere.

Marcus-inspired terms enter through reorganization energies. Whenever a transition is
attempted between two states that carry different environmental dressings, an amount of work
related to lambda must be supplied if the environment is to be held away from its preferred
configuration during the transition. If the protocol allows the environment to rearrange quasi-
statically, much of this work can be recovered; if the protocol is abrupt, a portion becomes
irreversible heat. Thus, lambda appears as both a design parameter and a term in the energy
balance.

Landauer-inspired terms enter through explicit entropy changes in the logical degrees of
freedom. Whenever a protocol is many-to-one on the logical states, or more subtly, whenever it
reduces the distinguishability of ensembles of microstates associated with different logical
histories, the information ledger records an entropy reduction. The unified accounting then
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requires that at least k_B T times this reduction be paid as heat to some bath. Reversible logical
operations, in contrast, are those where the mapping is one-to-one and the logical entropy
ledger shows no net loss; in principle, these can be implemented with arbitrarily small
dissipation.

The power of the unified view is that it allows device designers to see where costs arise in a way
that crosses conventional domain boundaries. A charge-transfer step in a molecular switch and
a bit-reset operation in a memory cell are both described as transitions across landscapes
shaped by lambda and Delta G, accompanied by entropy exports whose minimal size is given by
Landauer’s principle. This common language supports a systematic search for protocols and
structures that move operations toward physical limits.

7.2 Figures of merit: effective lambda, entropy density, and error rate

To compare and optimize Marcus—Landauer devices, one needs figures of merit that capture
their thermodynamic and informational performance in compact parameters. Three such
figures are particularly central: effective reorganization energy, entropy density, and error rate.

Effective lambda is a measure of how much the environment must reorganize to support a
transition between two relevant states under operating conditions. It may differ from
microscopic definitions of reorganization energy, because it is shaped by control protocols,
coarse-graining, and correlations with other degrees of freedom. In practice, effective lambda
can be inferred from the work required to implement a transition in a quasi-static protocol or
from the sensitivity of transition rates to control parameters and temperature. High effective
lambda for unwanted transitions and low effective lambda for desired transitions is a hallmark
of good design: robustness without excessive cost for controlled operations.

Entropy density quantifies how much information can be stored or manipulated per unit
volume, area, or mass, along with the associated free-energy budget. In entropy batteries,
entropy density translates directly into potential energy density via the k_B T In 2 factor. In
reorganization-energy computing and lambda-engineered quantum devices, entropy density
measures how densely logical or code states can be packed into environmental manifolds
before cross-talk and leakage become prohibitive. High entropy density is desirable for compact
devices, but typically increases demands on control precision and environmental engineering.

Error rate is the familiar figure of merit from computing and communication, but in Marcus—
Landauer systems it is naturally expressed in thermodynamic terms. Error rates depend on
barrier heights, reorganization energies, and the structure of baths: spontaneous transitions
across barriers, thermally activated hops between basins, and decoherence processes all
contribute. By expressing error rates as functions of effective lambda, bath temperature, and
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control bandwidth, designers can identify operating points where error probabilities are low
enough for a given error-correction scheme while energy costs remain acceptable.

Composite figures of merit are also useful. Energy per reliable operation, for example, combines
effective lambda and entropy density with error rate to give a full-cost metric for moving one bit
or qubit through a gate with tolerable failure probability. Lifetime per unit energy invested may
be relevant for memories and entropy batteries: how long can a metastable configuration be
maintained per unit of charging work. Such metrics create a bridge between abstract
thermodynamic analysis and practical engineering decisions.

7.3 Tradeoffs between robustness, speed, and energy cost

Marcus—Landauer Engineering brings into focus a three-way tradeoff among robustness, speed,
and energy cost. These tradeoffs are familiar in practice, but the environmental-manifold
perspective gives them a geometric and thermodynamic interpretation.

Robustness, meaning resistance to errors and spontaneous transitions, is generally enhanced by
large barriers and large reorganization energies. When basins associated with different states
are deep and well separated on the environmental manifold, thermal fluctuations are unlikely
to carry the system from one to another. In quantum devices, large lambda associated with
state changes can suppress unwanted transitions by making them energetically and dynamically
disfavored. However, these same features make intentional transitions more demanding. To
drive the system from one deep basin to another, control must supply enough work to reshape
the environment or push the system over barriers, and must do so in a way that does not simply
produce heat.

Speed is governed by how quickly control parameters can be changed and how rapidly the
environment and system can respond. Fast operations require either low barriers and small
reorganization energies or strong driving fields that force the system away from equilibrium.
The former reduce robustness; the latter increase dissipation and can excite unwanted modes.
There is an inherent timescale associated with relaxation on the manifold: attempts to drive
faster than this timescale almost inevitably generate additional entropy.

Energy cost is influenced by both robustness and speed. Designing for robustness pushes
lambda and barriers up, which tends to increase the minimal work required for transitions.
Designing for speed pushes control amplitudes up relative to relaxation rates, which tends to
increase irreversibility. To minimize energy cost, devices must be operated near an optimal
compromise: barriers and lambda are just high enough to meet error targets, and control
protocols are just slow and smooth enough to minimize excess dissipation while achieving
acceptable throughput.
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These tradeoffs can be visualized as regions in a multi-dimensional design space. One might
draw a phase-like diagram with axes corresponding to effective lambda, control bandwidth, and
temperature, and overlay contours of error rate, energy per operation, and operation speed.
Marcus—Landauer Engineering is, in part, about moving along this landscape: using
environmental design to push out the efficient frontier, so that for a given error rate and speed,
energy cost is reduced, or for a given energy budget, robustness and speed are improved.

7.4 Control theory and feedback for environmental engineering

Finally, the Marcus—Landauer perspective naturally leads to an expanded role for control theory
and feedback. Traditional control in devices focuses on manipulating the small system S:
applying voltages, pulses, or fields directly to the degrees of freedom that encode bits or qubits.
Environmental degrees of freedom are assumed to be passive, responding deterministically or
stochastically according to fixed laws. In Marcus—Landauer systems, by contrast, the
environment E is an explicit control target.

Control of environmental manifolds involves both open-loop and closed-loop strategies. Open-
loop control uses precomputed protocols for changing control parameters C in time to reshape
free-energy surfaces G_s(e; c) as desired. Examples include carefully shaped voltage ramps that
gradually change barrier heights, strain profiles that alter phonon spectra, or cavity detuning
sequences that modulate electromagnetic baths. Here, control design can borrow from optimal
control theory: given a target transformation on the joint system, one seeks a trajectory in
control space that minimizes a cost functional combining energy expenditure, time, and error
probabilities.

Closed-loop control introduces feedback based on measurements of both S and, as far as
possible, E. Sensors may monitor temperatures, local fields, mechanical displacements, or
spectral signatures that carry information about the state of the environment. Feedback
controllers can then adjust control parameters in real time to keep the environmental manifold
within desired bounds: maintaining barriers at target heights, preventing drift in reorganization
energies, or damping unwanted oscillations excited by fast operations. In quantum settings,
such feedback must be designed carefully to respect measurement back-action and to avoid
introducing excessive decoherence.

A particularly interesting avenue is the extension of state estimation techniques to include
environmental coordinates. In classical control, observers and filters, such as Kalman filters,
provide estimates of system states based on noisy measurements. In Marcus—Landauer devices,
analogous observers would estimate not only the logical state of S but also coarse-grained
features of E: which basin the environment occupies, how far it is from equilibrium, and what its
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effective temperature or noise spectrum is. Such information can feed into adaptive protocols
that, for example, lengthen or shorten gate durations based on the current relaxation state of
the bath or dynamically adjust error-correction rates.

Feedback can also be used to implement active environmental engineering. For instance, if
sensors detect that a particular region of a chip is warming and thereby reducing effective
lambda for certain transitions, control systems could respond by redistributing workloads,
adjusting local cooling, or temporarily changing gating protocols to maintain error rates. In
guantum systems, real-time tuning of cavity couplings or filter properties can maintain
structured environments even as devices age or external conditions change.

In all cases, the hallmark of Marcus—Landauer control is that it treats the environment as part of
the plant, not merely as an external disturbance. The goal is not simply to reject environmental
influences but to sculpt them, using feedback and feedforward to maintain the desired
geometry of the environmental manifold over time. This completes the conceptual shift of
Marcus—Landauer Engineering: devices are no longer just circuits or qubit arrays sitting in a
background; they are joint dynamical systems in which information and energy flow across
carefully shaped landscapes, under the guidance of both thermodynamic and control-theoretic
design.

8. Prospects for Experimental Implementation

Turning Marcus—Landauer Engineering from a conceptual framework into laboratory reality
requires carefully chosen platforms, well-designed measurement protocols, and a staged
approach from small, highly controlled systems to larger arrays integrated with conventional
hardware. The encouraging feature is that many of the necessary elements already exist in
different communities: single-molecule electron-transfer experiments, nanoscale calorimetry,
adiabatic logic prototypes, quantum devices with structured environments, and mechanical
systems where environmental modes are visible and tunable. The challenge is to reconfigure
these ingredients so that reorganization energy, information erasure, and environmental
manifolds are all measured and controlled within a single experimental narrative.

8.1 Near-term proof-of-principle experiments

Near-term proof-of-principle experiments should aim at the simplest possible systems where
both a Marcus-like picture and a Landauer-like picture can be made explicit. One natural starting
point is a single-electron device that functions simultaneously as a charge-transfer system and
as a one-bit memory. A single-electron transistor or quantum dot coupled to a gate-defined
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potential landscape in a cryogenic environment can be biased so that two charge configurations
represent logical states, while the surrounding leads and substrate supply an effectively
continuous bath. By designing gating protocols that reshape the effective free-energy surfaces
along a tunable coordinate, one can implement both charge-transfer events and explicit reset
operations on the logical state.

In such a device, a proof of concept would consist in demonstrating that the same parameter
changes that control reorganization-like features (such as effective activation barriers and rate
asymmetries) also control the energetic cost of bit erasure operations. A carefully calibrated
sequence could, for instance, gradually merge two charge basins, reset the device to a standard
state, and then re-separate the basins while monitoring heat release. Correlating the measured
heat with changes in logical entropy over many repeated cycles would provide a direct
experimental link between Marcus and Landauer descriptions.

A second class of near-term experiments could use nanoscale magnetic or ferroelectric
elements as entropy battery testbeds. Arrays of bistable nanomagnets or ferroelectric domains
can be written into ordered patterns and then allowed to relax under controlled conditions
while coupled to inductive or capacitive transducers. Demonstrating that the relaxation of a
known number of bits from ordered to disordered configurations produces measurable work
with energetics consistent with k_B T In 2 per bit, within experimental uncertainties, would
validate the basic entropy-battery concept.

On the quantum side, simple lambda-engineered prototypes might involve a single
superconducting qubit coupled to a tunable cavity-plus-filter environment. By changing cavity
detunings and filter characteristics, one can modulate the effective reorganization cost
associated with qubit transitions. Showing that decoherence rates and gate-induced transitions
respond in the predicted way as lambda is tuned would be an important early milestone for
lambda-engineered quantum logic.

8.2 Measurement strategies for reorganization and erasure costs

Implementing and validating Marcus—Landauer devices demands measurement strategies that
can resolve both reorganization energies and erasure costs on relevant scales. For
reorganization energy, spectroscopic and kinetic techniques from electron-transfer studies can
be adapted. In molecular and solid-state systems, changes in reaction rates, line shapes, and
temperature dependences under controlled modifications of the environment can be used to
infer lambda. Time-resolved pump—probe experiments, in which a fast pulse perturbs the
system and the subsequent relaxation along an environmental coordinate is monitored, can
provide direct access to the shape of free-energy surfaces.
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In nanoscale solid-state devices, transport measurements combined with noise spectroscopy
offer another route. By analyzing current—voltage characteristics, switching rates, and
fluctuations as functions of gate voltages and temperature, one can extract effective activation
energies and assess how they change as control parameters reshape the environment. These
effective activation energies, interpreted within a Marcus-like framework, yield estimates of
reorganization energies relevant for computation.

For erasure costs, the key is sensitive calorimetry and entropy accounting. Nanoscale
calorimeters and noise thermometry can detect tiny temperature rises or changes in thermal
noise associated with bit reset operations repeated many times. By designing protocols where
the logical entropy change is well characterized—such as repeated reset of a bit prepared in a
known random mixture—one can compare the measured average heat release with k_B T In 2
and its quantum generalizations. Deviations from the minimal bound can then be attributed to
finite-rate effects, imperfect control, and unaccounted-for environmental degrees of freedom.

In combined Marcus—Landauer experiments, one would like to measure both lambda and
erasure cost in the same device. This suggests protocols that interleave spectroscopic probes of
free-energy landscapes with thermodynamic cycles of writing, storing, and erasing information.
Data analysis would fit measured rates and heat flows to models where reorganization energies
and entropy changes are explicit parameters, thereby testing the internal consistency of the
framework.

8.3 Scaling from toy models to functional device arrays

Scaling from single devices and small prototypes to functional arrays introduces new issues:
fabrication variability, cross-talk between environmental manifolds, thermal management, and
control complexity. Marcus—Landauer Engineering must therefore confront architectural
qguestions early, even as proof-of-principle experiments are being designed.

In reorganization-energy computing, scaling means assembling many bits whose environmental
manifolds are both individually engineered and collectively compatible. For example, an array of
molecular switches on a surface must have local environments tuned for their individual lambda
values while also sharing a larger-scale environment that manages heat and noise. As the array
grows, interactions between neighboring environmental manifolds—such as overlapping
phonon modes or shared electromagnetic cavities—can introduce correlated noise and
unintended pathways. Mitigating these effects may require hierarchical design, where local
manifolds are nested within higher-level structures that provide isolation and controlled
coupling.
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Entropy batteries, when scaled, must address leakage and nonuniformity. An array of
nanomagnets or ferroelectric domains used as an entropy battery will exhibit a distribution of
barrier heights and local environments due to fabrication tolerances. Over many cycles, some
elements may lose metastability faster than others, leading to inhomogeneous discharge and
degrading the device’s effective capacity. Scalability will depend on error-tolerant designs that
can tolerate some fraction of underperforming elements, as well as on fabrication techniques
that minimize variance in reorganization parameters.

For lambda-engineered quantum devices, scaling to multi-qubit arrays demands coherent
engineering of environmental manifolds across many sites. That may involve shared phononic or
photonic bandgap structures, networks of coupled cavities, or extended mechanical supports
whose modes are designed to support collective protection and control. Here, cross-talk is both
a bug and a feature: properly structured shared environments can mediate entangling
interactions and collective error suppression, but uncontrolled couplings can spread noise and
errors. Architectural strategies will need to balance local lambda control with global
environmental design.

Control systems must scale as well. The number of control parameters required to shape the
environmental manifold grows with system size, and naive scaling could quickly become
impractical. To avoid this, Marcus—Landauer architectures will likely adopt compositional
designs where a small set of control primitives can implement useful operations across many
devices, and where environmental engineering is baked into the physical layout rather than
adjusted individually for each element.

8.4 Interfaces to existing electronics and quantum hardware

For Marcus—Landauer concepts to influence technology, they must interface smoothly with
existing electronics and quantum hardware. This means that reorganization-energy logic blocks,
entropy batteries, and lambda-engineered qubits must present familiar electrical or optical
ports and obey protocols compatible with current practice.

Reorganization-energy computing elements can be embedded as special-purpose blocks within
conventional circuits. For instance, a reorganization-energy gate array could act as a low-
dissipation co-processor for specific tasks, drawing instruction and data streams from standard
CMOS logic and returning results over digital interfaces. Electrically, such a block would appear
as a set of input and output lines, plus control and bias lines used to steer environmental
manifolds during operation. Designing suitable interface circuits that translate between
conventional voltage-level logic and the more analog sequences required for Marcus—Landauer
control will be a key step.
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Entropy batteries can be integrated as auxiliary power-management modules. On a chip, an
entropy battery might connect to power rails and ground like a conventional decoupling
capacitor, but with additional control lines to orchestrate charging and discharging cycles
synchronized with computation. At the system level, entropy batteries could be packaged
alongside traditional energy-storage elements, providing fast-response smoothing of power
demand driven by information-processing patterns.

Lambda-engineered quantum devices must fit into existing quantum computing stacks.
Superconducting qubits with engineered reorganization environments would still need to
operate at cryogenic temperatures, couple to microwave control and readout lines, and fit
within dilution refrigerator constraints. Spin qubits with lambda-engineered environments must
still integrate with semiconductor control electronics, on-chip resonators, and cryo-compatible
wiring. In each case, the environmental engineering should be done in ways that are compatible
with existing fabrication flows and packaging techniques, or at least not radically disruptive.

At the level of control software and system architecture, Marcus—Landauer devices can be
abstracted as components with well-characterized performance envelopes: gates with specified
energy per operation and error rates, memory elements with defined retention times and
energy costs, batteries with stated capacities and efficiencies. System designers can then
compose these components into larger systems using familiar tools, while taking advantage of
the deeper thermodynamic optimizations encoded in their underlying environmental manifolds.

In this way, experimental implementation of Marcus—Landauer Engineering is not an all-or-
nothing proposition. It can begin with isolated experiments that probe the shared structure of
reorganization and erasure, progress to prototype devices that demonstrate specific advantages
in niche roles, and gradually influence mainstream hardware as fabrication, control, and design
tools evolve to support environment-centric engineering.

9. Conclusion and Outlook

Marcus—Landauer Engineering has been introduced here as a unifying design philosophy that
treats electron transfer and information processing as two manifestations of the same
underlying thermodynamic structure: discrete system states riding on continuous
environmental manifolds, with transitions constrained by reorganization energies and entropy
budgets. Instead of viewing reorganization energy as a nuisance in chemistry and Landauer’s
bound as an abstract limit in computation, this framework proposes to use both as active
variables in device design.

By making the environment a first-class component rather than a featureless bath, Marcus—
Landauer Engineering outlines a family of device archetypes. Reorganization-energy computing
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uses engineered free-energy landscapes to implement logic as controlled crossings rather than
brute-force switching. Entropy batteries store free energy in metastable, low-entropy
configurations and release it as structured relaxation. Lambda-engineered quantum memory
and logic harness reorganization energy as a protective barrier for quantum states and a tunable
resource for gates. Across all of these, the same core elements recur: lambda, free-energy
surfaces, logical entropy, and carefully sculpted environmental manifolds.

This conclusion summarizes the proposal, sketches implications for several technology domains,
highlights open questions, and ends with a long-term vision in which engineering the
environment becomes as natural as designing circuits or algorithms.

9.1 Summary of the Marcus—Landauer Engineering proposal
At its core, the proposal rests on three linked observations.

First, Marcus theory and Landauer’s principle share a structural template. In Marcus theory,
electron transfer between donor and acceptor states is governed by free-energy surfaces
defined over an environmental coordinate, with a reorganization energy lambda quantifying
how costly it is to reshape the environment between configurations. In Landauer’s principle,
erasing information carries a minimal heat cost tied to the entropy reduction in the logical
degrees of freedom. In both, a small, discrete system is embedded in a larger bath whose
geometry and thermodynamics determine what transitions are possible and how expensive
they are.

Second, this shared structure naturally suggests a unified device model. A Marcus—Landauer
device consists of a discrete system S, an environmental manifold E, and a set of controls C that
reshape conditional free-energy surfaces G_s(e; c). Logical states are encoded as ensembles
over (s, e), and logical operations are implemented as protocols that move these ensembles
through crossings, mergers, and separations of basins in the joint landscape. Energy and
entropy accounting are performed over the combined system, with reorganization energies and
Landauer bounds appearing as explicit terms.

Third, this unified model can be instantiated in concrete technologies that deliberately engineer
their environments. Reorganization-energy computing designs bits and gates by specifying how
lambda and barriers respond to control. Entropy batteries treat low-entropy configurations as
charge-like resources that can be charged and discharged. Lambda-engineered quantum devices
design baths that protect qubits via large reorganization energies during storage and
temporarily lower lambda during gates. These archetypes are not exhaustive, but they
demonstrate that the framework can generate specific, testable ideas.
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Taken together, these observations define Marcus—Landauer Engineering as a proposal to move
environmental manifolds from the background of device physics to the foreground of device
design.

9.2 Implications for computation, energy, and quantum technologies

For classical computation, Marcus—Landauer Engineering implies that the path to lower-energy
logic runs through environmental control as much as through shrinking devices or optimizing
circuits. Conventional CMOS design focuses on capacitances, thresholds, and leakage; adiabatic
logic adds carefully shaped waveforms. The Marcus—Landauer view extends this trajectory by
asking how the microscopic baths that underlie these effective parameters can be shaped.
Reorganization-energy computing suggests logic elements whose barriers and reorganization
energies are dynamically tuned in time, allowing bits to be both stable at rest and highly
accessible during operation, while approaching thermodynamic limits in carefully chosen
regimes.

For energy technologies, entropy batteries offer a complementary way to think about storage
and harvesting. Traditional batteries store free energy in chemical potentials; supercapacitors
store it in electric fields. Entropy batteries store it in low-entropy patterns, with Landauer’s
principle giving a floor on the stored energy and environmental manifolds setting the overhead.
While unlikely to displace conventional storage for bulk energy, such devices could become
significant in information-rich systems where structured configurations are abundant and
typically wasted. They also provide a concrete laboratory for exploring information engines and
the thermodynamics of computation in real hardware.

For guantum technologies, lambda-engineered memory and logic offers an alternative to the
pure isolation philosophy. Instead of trying to reduce all couplings to qubits, the idea is to
structure those couplings so that the environment itself participates in protection and control.
Large reorganization energies make unwanted transitions difficult; dynamic tuning of lambda
makes desired gates possible. This aligns naturally with error-correction architectures that
already treat noise as a structured resource to be managed. If successful, such approaches
could extend coherence times, reduce gate errors, and provide more flexible operating regimes
than isolation alone.

Across these domains, the deeper implication is that information and energy should be co-
designed rather than treated as separate concerns. The same environmental structures that
govern energy dissipation also govern error channels, metastability, and logical capacity.
Marcus—Landauer Engineering makes that linkage explicit and proposes to exploit it.
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9.3 Open theoretical and experimental questions

Many aspects of Marcus—Landauer Engineering remain speculative and call for rigorous
development.

On the theoretical side, more precise mappings are needed between reorganization energies
and information-theoretic quantities. While qualitative analogies between lambda and
Landauer costs are clear, quantitative relationships in realistic devices require models that
combine open quantum systems, non-equilibrium statistical mechanics, and information
thermodynamics. Questions include how to define effective lambda in systems with many
coupled modes, how correlations between system and environment modify Landauer bounds,
and how to characterize environmental manifolds in high-dimensional spaces without resorting
to oversimplified coordinates.

Another theoretical challenge is to derive general tradeoff theorems that relate robustness,
speed, and energy cost in Marcus—Landauer devices. Existing results in finite-time
thermodynamics, quantum speed limits, and reliability theory provide ingredients, but a unified
statement tailored to reorganization-energy computing, entropy batteries, and lambda-
engineered qubits is still missing. Such theorems would guide designers by making explicit what
gains are possible and what costs are unavoidable.

On the experimental side, key questions concern measurability and control. How accurately can
reorganization energies be inferred in nanoscale devices where environmental modes are
numerous and partially unknown? Can nanoscale calorimetry reliably resolve Landauer-level
heat releases in realistic architectures, not just in carefully constructed demonstrators? To what
extent can environmental manifolds be shaped in practice, given material constraints,
fabrication variability, and control bandwidth limits?

Scaling questions are equally pressing. Toy models may validate the basic concepts, but it
remains to be seen whether arrays of reorganization-energy bits, entropy battery elements, or
lambda-engineered qubits can be fabricated and controlled with sufficient uniformity to deliver
system-level advantages. Interactions between neighboring environmental manifolds could
either support cooperative effects or introduce unwanted noise and cross-talk; understanding
and controlling such interactions is an open problem.

These questions suggest a research program rather than a finished design. Marcus—Landauer
Engineering is best viewed as a hypothesis about where useful structure lies, not as a completed
blueprint.
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9.4 Long-term vision for engineering the environment as a first-class component

The long-term vision that emerges from this work is of an engineering practice in which
environments are treated on equal footing with devices and algorithms. Instead of building logic
and memory elements and then asking cooling systems and packages to cope with their
dissipation and noise, future engineers might begin by specifying desired environmental
manifolds: phononic band structures, electromagnetic mode spectra, mechanical response
functions, and statistical properties of fluctuating fields. Discrete devices would then be
designed to live on these manifolds and to exploit their structure.

In such a vision, chip layouts would be accompanied by environmental layouts: intentional
patterns of stiffness, thermal conductance, and mode density. Quantum processors would be
characterized not only by qubit connectivity graphs but by bath connectivity graphs, specifying
how environmental modes couple to qubits and to each other. Power systems in data centers
would monitor and manage entropy flows as well as energy flows, recognizing that low-entropy
configurations are both computational assets and thermodynamic liabilities to be handled
strategically.

At a more abstract level, Marcus—Landauer Engineering points toward a richer notion of
hardware description. Today’s hardware description languages focus on logic-level behavior and
simple timing; analogue and RF design adds waveforms and impedances. A future environment-
aware description language might specify not only the intended logical transitions but also the
acceptable reorganization energies, allowed entropy changes, and desired environmental states
along a protocol. Automated tools could then synthesize physical layouts and control sequences
that meet both logical and thermodynamic specifications.

Of course, this vision extends beyond the immediate technological horizon. It assumes
continued progress in materials science, nanofabrication, measurement, and control, as well as
closer dialogue between communities that currently speak different dialects: electron-transfer
chemistry, device physics, information theory, and quantum engineering. But even if only parts
of the vision are realized, the conceptual shift is valuable. It encourages designers to see baths
not only as sources of noise and sinks for heat, but as structured, shapeable substrates in which
information and energy co-evolve.

Marcus—Landauer Engineering, as outlined here, is an invitation to explore that design space. It
suggests that by drawing together ideas from Marcus theory and Landauer’s principle and by
treating environmental manifolds as explicit design objects, one can open new routes toward
devices and systems that operate closer to physical limits while revealing deeper connections
between computation, energy, and the thermodynamic fabric in which both are embedded.
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