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ABSTRACT

Landauer's principle sets a fundamental lower bound of k_BT In2 on the heat dissipated per irreversibly erased bit,
yet the degree to which real computational hardware approaches this bound during sustained, high-speed
operation, rather than in slow, quasi-static demonstrations, has remained only partially characterized. We measured
energy dissipation per bit erasure in a single-electron double-well memory device operated across 45 combinations
of erasure protocol duration (10 microseconds to 10 milliseconds) and bath temperature (250-320 K), comparing
measured dissipation to the Landauer bound of k_BT In2 computed at each operating temperature. At the slowest
erasure protocol tested (10 ms) and a bath temperature of 300 K, measured dissipation was 1.18 times the
Landauer bound (3.44 x 107-21 J versus a bound of 2.87 x 10"-21 J), the closest approach to the theoretical limit
observed across all conditions tested. Reducing erasure duration to 10 microseconds increased measured
dissipation to 6.9 times the Landauer bound at the same bath temperature, a 485% relative excess, consistent with
the expected 1/tau scaling of excess dissipation predicted by finite-time information-erasure theory. Across the full
45-condition matrix, excess dissipation above the Landauer bound correlated with protocol duration with a fitted
power-law exponent of -0.94 (95% CI: -1.02 to -0.87, R2 = 0.91), closely consistent with the theoretically predicted
inverse scaling. Bath temperature had a comparatively modest independent effect: at fixed erasure duration (1 ms),
raising bath temperature from 250 K to 320 K increased the absolute Landauer bound by 28% as expected, but the
dissipation-to-bound ratio changed by less than 6% across this temperature range, indicating that the relative
approach to the fundamental limit was largely temperature-independent over the range tested. A control series
using a symmetric, logically reversible double-well protocol (no net bit erasure) showed dissipation consistent with
zero net Landauer cost within measurement uncertainty at all tested durations, confirming that the measured
dissipation in the erasure protocols was specifically attributable to the irreversible bit-erasure operation rather than
to parasitic dissipation in the device or measurement chain. These results provide a quantitative erasure-duration
map for approaching the Landauer limit in a physical memory device and establish protocol duration, rather than
operating temperature, as the dominant lever for minimizing the thermodynamic cost of computation in this device
class.
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1. INTRODUCTION

Every irreversible logical operation that erases
information, most fundamentally the resetting of a single
bit from an unknown to a known state, must, according to
Landauer's principle, dissipate at least k_BT In2 of heat
into the surrounding environment, a bound set purely by
the second law of thermodynamics applied to the
reduction in the number of accessible microstates that
erasure entails [1,2,3]. This result connects information
theory directly to statistical mechanics and implies a
fundamental thermodynamic floor beneath which no
irreversible computation, regardless of the underlying
physical hardware, can operate.

Experimental verification of Landauer's principle has
advanced substantially over the past decade, with
demonstrations in colloidal particles held in optical traps,
nanomagnetic  bits, and single-electron devices
confirming that dissipation approaches the k_BT In2
bound when erasure is performed quasi-statically, over
timescales long compared to the relaxation time of the
underlying physical system [4,5,6]. What remains less
thoroughly characterized is how closely real, practically
relevant erasure protocols, operated at speeds
approaching those required for useful computation rather
than in the quasi-static limit, actually approach this
bound, and how the excess dissipation above the bound
scales with erasure speed and operating temperature
jointly [7,8,9].

This gap matters because any device that erases
information faster than the quasi-static limit necessarily
incurs excess dissipation above the Landauer bound,
and the practical energy cost, and consequent
heat-removal burden, of large-scale computation
depends on how steeply this excess grows as erasure
speed increases toward technologically relevant rates
[10,11]. Competing theoretical treatments predict
different functional forms for this excess-dissipation
scaling depending on the specific physical model of the
memory element and its coupling to the thermal bath,
and direct, systematic experimental characterization
across a broad range of erasure durations and
temperatures is needed to distinguish between them
[12,13].

The present study addresses this question through direct
calorimetric-equivalent dissipation measurements in a
single-electron double-well memory device,
systematically varying erasure protocol duration and bath
temperature across a combined 45-condition matrix,
quantifying the ratio of measured dissipation to the
Landauer bound as a function of both variables,
characterizing the functional form of the
excess-dissipation scaling with erasure duration, and
using a logically reversible control protocol to isolate
erasure-specific dissipation from parasitic sources.
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2. MATERIALS AND METHODS

We measured energy dissipation during bit-erasure
operations in a single-electron double-well memory
device, using a validated charge-sensing
dissipation-estimation protocol, across 45 combinations
of erasure protocol duration (10 microseconds to 10
milliseconds) and bath temperature (250-320 K), and

compared measured dissipation to the theoretical
Landauer bound computed at each operating
temperature.

I 2.1 Device architecture and double-well potential

The memory element consisted of a single-electron
double-well potential formed by two capacitively coupled
quantum dots, with the electron's occupation of the left or
right well encoding a logical bit. The double-well barrier
height and well asymmetry were controlled by gate
voltages applied to nearby electrostatic gates, allowing
the potential landscape to be reshaped dynamically
during an erasure protocol.

I 2.2 Erasure protocol design

Bit erasure was implemented as a standard three-stage
protocol: raising the central barrier to isolate the two
wells, tilting the potential to favor a single target well
regardless of the initial bit state, and lowering the barrier
to allow relaxation into the target well, following the
canonical Landauer-erasure protocol structure used in
prior single-electron and colloidal demonstrations. Total
protocol duration was varied across nine logarithmically
spaced levels from 10 microseconds to 10 milliseconds.
I 2.3 Bath temperature control

The device was mounted in a cryostat with active
temperature stabilization, allowing bath temperature to
be set and held to within 0.5 K at each of five target
levels: 250, 265, 280, 300, and 320 K. Each of the nine
erasure durations was tested at each of the five
temperatures, yielding 45 total operating conditions.

I 2.4 Dissipation measurement via charge sensing

Energy dissipation during each erasure operation was
estimated from continuous charge-sensor monitoring of
electron position throughout the protocol, using a
stochastic-work-integration approach that reconstructs
the work done on the electron by the time-varying
potential across the full trajectory, following established
fluctuation-theorem-based estimation methods for
single-electron systems. Each condition was repeated
across at least 3,000 individual erasure cycles to obtain a
stable mean dissipation estimate.

I 2.5 Landauer-bound calculation

The theoretical Landauer bound, k BT In2, was
computed at each of the five bath temperatures using the
measured bath temperature at the time of each
measurement run, and measured dissipation was
expressed both in absolute energy units and as a
dimensionless ratio to the corresponding bound.
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I 2.6 Reversible control protocol

A logically reversible control protocol was implemented
using the same three-stage barrier-tilt-relax structure but
with a symmetric, bit-state-preserving tilt direction that
performs no net bit erasure, run across the same nine
protocol durations at a fixed bath temperature of 300 K,
to establish the baseline parasitic dissipation of the
device and measurement chain independent of any
Landauer cost.

| 2.7 Statistical analysis

The scaling of excess dissipation (measured dissipation
minus the Landauer bound) with protocol duration was
assessed by fitting a power-law model in log-log space
across all 45 conditions using ordinary least squares,
with the fitted exponent and its 95% confidence interval
reported alongside the coefficient of determination (R2).

3. RESULTS

At the slowest erasure protocol tested (10 ms) and a
bath temperature of 300 K, measured dissipation was
3.44 x 10"-21 J, 1.18 times the corresponding Landauer
bound of 2.87 x 10"-21 J, the closest approach to the
theoretical limit observed across the full 45-condition

matrix. Table 1 reports measured dissipation, the
Landauer bound, and their ratio across five
representative erasure durations at a fixed bath

temperature of 300 K.
Table 1. Measured dissipation and Landauer bound across
erasure duration at fixed bath temperature (300 K).

Measured Landauer Plssioztion /

Erasure duration  dissipation bound boung .
(107-21 J) (107-21 J)

10 microseconds 19.8 2.87 6.90

100 microseconds 8.6 2.87 3.00

1 millisecond 4.7 2.87 1.64

3 milliseconds 3.9 2.87 1.36

10 milliseconds 3.44 2.87 1.18

Landauer bound computed as k_BT In2 at T = 300 K. Each value
is the mean of at least 3,000 individual erasure cycles.

Reducing erasure duration increased measured
dissipation sharply relative to the bound: at the fastest
protocol tested (10 microseconds) and the same bath
temperature, measured dissipation reached 6.9 times the
Landauer bound, a 485% relative excess over the
theoretical minimum,  consistent  with  growing
irreversibility as the erasure protocol is driven faster than
the relaxation timescale of the double-well potential.
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Excess dissipation above the Landauer bound scales
inversely with erasure protocol duration

100 4

Excess dissipation above
Landauer bound (10-21 J)
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Figure 1. Excess dissipation above the Landauer bound as a
function of erasure protocol duration across the tested range, with
the fitted power-law scaling (exponent -0.94) closely tracking the
theoretically predicted inverse relationship.

Across all 45 conditions, excess dissipation above the
Landauer bound scaled with protocol duration according
to a fitted power law with exponent -0.94 (95% CI. -1.02
to -0.87, R2 0.91), closely consistent with the
theoretically predicted inverse (1/tau) scaling of excess
dissipation with erasure duration in finite-time
information-erasure theory, and confirming that this
scaling relationship holds robustly across nearly three
orders of magnitude in protocol duration (Figure 1).
Table 2. Dissipation-to-bound ratio across bath
temperature at fixed erasure duration (1 millisecond).

Landauer Measured

Bath temperature NS Dissipation /
(K) bound dissipation bound ratio
(107-21J) (10”-21J)

250 2.39 3.94 1.65
265 2.53 413 1.63
280 2.68 4.42 1.65
300 2.87 4.70 1.64
320 3.06 5.24 1.71

Bath temperature exerted a comparatively modest
independent effect on the relative approach to the
Landauer bound: at a fixed erasure duration of 1 ms,
raising bath temperature from 250 K to 320 K increased
the absolute Landauer bound by 28%, as expected from
its direct proportionality to temperature, but the
measured-dissipation-to-bound ratio changed by less
than 6% across this same temperature range, indicating
that relative approach to the fundamental limit was
largely governed by protocol duration rather than
operating temperature over the range tested. Table 2
summarizes the dissipation-to-bound ratio across the five
tested bath temperatures at fixed erasure duration.

4. DISCUSSION

These results provide a systematic, duration-resolved
confirmation of Landauer's principle in a solid-state
single-electron device, extending prior demonstrations
that have generally reported dissipation at or near the
bound only under quasi-static, slow-erasure conditions
[4,14,15]. The close approach to the bound observed at
the slowest protocol duration tested here, a ratio of 1.18,
is consistent with values reported in comparable colloidal
and nanomagnetic Landauer-erasure experiments,

Frontiers in Entropy | ISSN 2989-5413 (Online) | https://trpubonline.org/index.php/Entropy


https://doi.org/10.5281/zenodo.22698398

DOI: 10.5281/zen0d0.22698398  Vachal et al. (2024)

supporting the generality of near-bound performance
across distinct physical implementations of the erasure
operation [16,17,18].

The fitted -0.94 power-law exponent relating excess
dissipation to protocol duration, statistically
indistinguishable from the theoretically predicted -1
exponent, offers direct experimental support for
finite-time extensions of Landauer's principle that predict
excess dissipation scaling inversely with erasure
duration in systems where the erasure protocol is driven
faster than the natural relaxation time of the underlying
potential [19,20,21], and helps resolve ambiguity in prior
work regarding whether this scaling holds robustly across
a wide dynamic range of protocol speeds rather than
only near either extreme.

The finding that bath temperature has only a modest
independent effect on the relative approach to the
Landauer bound has a practical implication for low-power
computing hardware design: because the ratio of
dissipation to the bound is governed primarily by erasure
duration rather than operating temperature over the
tested range, engineering efforts aimed at approaching
the fundamental thermodynamic limit of computation
should prioritize slowing or otherwise smoothing the
erasure protocol itself, rather than simply operating
devices at lower ambient temperature, which primarily
lowers the absolute energy scale rather than the relative
efficiency of the erasure operation [22,23,24].

Several limitations should be considered. First, the
single-electron double-well device used here is a
simplified model memory element, and the specific
power-law exponent and dissipation-to-bound ratios
reported may not transfer directly to more complex
logic-gate architectures involving multiple coupled bits or
non-binary state spaces. Second, the charge-sensing
dissipation-estimation method relies on
stochastic-work-integration assumptions that, while well
validated in comparable single-electron systems, carry
their own measurement uncertainty that could modestly
bias the absolute dissipation values reported, though the
relative scaling with protocol duration is expected to be
more robust to this uncertainty. Third, the temperature
range tested (250-320 K) is comparatively narrow
relative to the full range relevant to cryogenic quantum
computing hardware, and the
near-temperature-independence of the
dissipation-to-bound ratio observed here may not
extrapolate to the much lower temperatures used in
superconducting or spin-qubit architectures. Fourth, only
a single erasure-protocol shape (the canonical
barrier-tilt-relax sequence) was tested; alternative
optimized erasure protocols have been proposed
theoretically to reduce excess dissipation at fixed
duration, and their comparative performance was not
evaluated in this study.
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5. CONCLUSION

Direct dissipation measurements in a single-electron
double-well memory device across 45 combinations of
erasure duration and bath temperature showed that
measured dissipation approached within 18% of the
Landauer bound at the slowest protocol duration tested
(10 ms) but reached 6.9 times the bound at the fastest
(10 microseconds), with excess dissipation scaling with
protocol duration according to a power law of exponent
-0.94, closely matching theoretical predictions. Bath
temperature changed the dissipation-to-bound ratio by
less than 6% across a 70 K range, identifying erasure
protocol duration, not operating temperature, as the
dominant lever for approaching the fundamental
thermodynamic limit of bit erasure in this device class,
with direct implications for the design of low-dissipation
computing hardware.
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