
PHYSICAL REVIEW RESEARCH 7, L032017 (2025)
Letter

Rapid optimal work extraction from a quantum-dot information engine
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The conversion of thermal energy into work is usually more efficient in the slow-driving regime, where the
power output is vanishingly small. Efficient work extraction for fast-driving protocols remains an outstanding
challenge at the nanoscale, where fluctuations play a significant role. In this Letter, we use a quantum-dot Szilard
engine to extract work from thermal fluctuations with maximum efficiency over two decades of driving speed.
We design and implement a family of optimized protocols ranging from the slow- to the fast-driving regime,
and we measure the engine’s efficiency as well as the mean and variance of its power output in each case.
These optimized protocols exhibit significant improvements in power and efficiency compared to the naive
approach. Our results also show that, when optimizing for efficiency, boosting the power output of a Szilard
engine inevitably comes at the cost of increased power fluctuations.
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Converting thermal energy into work is the central problem
of thermodynamics. Efficient work extraction requires qua-
sistatic operations with vanishing average power output [1].
This tradeoff between efficiency and power also extends to the
fluctuations, which diverge to achieve finite power at Carnot
efficiency [2,3]. This motivates the need for efficient protocols
under finite-time, far-from-equilibrium conditions.

Information engines, such as the paradigmatic Szilard en-
gine [4], provide an ideal setting to address this problem.
Information obtained through measurement can, in principle,
fully convert thermal energy to work [5–7]. In an informa-
tion engine, therefore, any loss of efficiency results from the
nonequilibrium nature of the driving protocol. By contrast, in
conventional heat-driven engines, efficiency is limited both by
nonequilibrium effects and by the need to dump some energy
into a cold bath to ensure consistency with the second law of
thermodynamics. Inferring thermal engine efficiency requires

*These authors contributed equally to this work.
†Contact author: marti.perarnau@uab.cat
‡Contact author: natalia.ares@eng.ox.ac.uk

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

independent measurements of heat and work, a persistent
challenge at the nanoscale despite recent progress [8–11].

While information-to-work conversion has a long his-
tory, dating back to the seminal ideas of Maxwell, Szilard,
and Landauer [4,12,13], its experimental implementation is
more recent and has been driven by developments in the
fields of stochastic and quantum thermodynamics [14,15].
Pioneering experiments have realized a Szilard engine [16]
and the erasure of information close to the Landauer limit
[17] on single colloidal particles. Subsequent experiments
explored the link between information and thermodynamics
in Brownian colloidal particles [18–20] and other platforms
such as quantum dots [21–23], ultracold atoms [24], quantum
memories [25], and superconducting circuits [26,27]. How-
ever, while optimal extraction of work from information has
been demonstrated in the slow-driving regime [23], the more
challenging case of arbitrary driving speeds has yet to be
addressed.

Here we address this challenge by experimentally imple-
menting optimal work extraction in a quantum-dot Szilard
engine, realizing optimal protocols over two orders of mag-
nitude in driving speed. The optimal protocols are found by
generalizing the results of Ref. [28] to our system. These
interpolate between the two-jump protocols for fast driving
[29,30] and the geodesic protocols of Ref. [31] for slow
driving. We also characterize work fluctuations, which play
a dominant role at these scales [32]. We observe that, whereas
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FIG. 1. (a) Scanning electron microscope image of the device.
QD1 and QD2 are controlled using voltages VG1-G5. QD1 encodes
the information bit. The charge sensor quantum dot (CS) is defined
using voltages VCS1-CS3. (b) A time trace of the current ICS through
the charge sensor showing the stochastic tunneling of a particle in
the information quantum dot. (c) In the first step, the quantum dot is
initialized at 50 − 50 % and pulsed to a known state. (d) It is reset
to the initial state and in the process gains energy, realizing a Szilard
engine.

in the high efficiency regime work fluctuations disappear due
to the fluctuation-dissipation relation, higher power comes
inevitably with higher fluctuations. We demonstrate an infor-
mation engine in planar germanium, a scalable platform for
classical and quantum information processing [33].

Experiment. Our device is shown in Fig. 1(a). It consists
of a quantum dot defined in a germanium quantum well. An
information bit is encoded in the occupancy of the right dot
in the bottom array (QD1). QD1 is defined by voltages VG1

and VG3. The quantum dot’s electrochemical potential ε is
controlled using voltage VG2. The left dot (QD2) in the array is
tuned in Coulomb blockage, limiting the tunneling of QD1 to
the right reservoir. Another quantum dot in the top array (CS)
electrostatically coupled to QD1, defined using gates VCS1-CS3,
serves as a probe for QD1’s occupancy n. The occupancy n is
monitored by measuring the current ICS as shown in Fig. 1(b).

The experiment is performed in a regime where n ∈ {0, 1},
i.e., when QD1 has an effective occupation of 0 or 1. The tun-
neling rates are γin = �in f (ε) and γout = �out(1 − f (ε)), with
�in = 7.0 Hz and �out = 3.5 Hz, where f (x) = (1 + eβx )−1 is
the Fermi function and β = (kBT )−1 is the inverse of the sys-
tem’s temperature (T = 180 mK). We note that �in ≈ 2�out

indicating the spin degeneracy of the system. Characteriza-
tion of tunneling rates, electron temperature, and lever arm is
presented in part B of the Supplemental Material (SM) [34].

In this Letter, we operate this device as a Szilard engine,
the details of which are described in the next section. This
requires us to let the quantum-dot system thermalize with the
reservoir while keeping its energy at E0 = kBT ln 2, which
corresponds to a 50 − 50 % occupation. The charge sensor
measures the state, and the voltage VG2 is modified to realize
the optimal protocol as shown in Figs. 1(c) and 1(d).

Szilard engine and optimization. In this section, we will
present how the setup is used as a Szilard engine and then
proceed to optimize it. The quantum dot can be effectively
described as a two-level system where the state |0〉 (|1〉) cor-
responds to the dot being empty (occupied). The Hamiltonian
of the system would then be Ĥ (t ) = ε(t )â†â, where ε(t ) is
the energy gap, which is controlled by the voltage VG2, and
â = |0〉〈1|. We take the environment to be a thermal bath at
inverse temperature β. By denoting with p(t ) the probability
of being in the excited state, the rate equation of the system
becomes

ṗ = γ {2 f (ε) − [1 + f (ε)]p}, (1)

where γ = �out. The main goal when designing a thermal
engine is to find the appropriate function ε(t ) so that (on
average) one can extract thermodynamic work in some finite
time τ : W[ε(t )] = − ∫ τ

0 dt p(t )ε̇(t ), where we chose the sign
convention so that W is positive when energy is gained from
the system.

As opposed to typical heat engines, which use a hot and a
cold bath, a Szilard engine makes use of a single thermal bath
and measurements on the working substance. Thermodynam-
ically, the measurement acts like a zero-temperature thermal
bath [35,36]. The Szilard engine cycle steps are as follows
[cf. Figs. 1(c) and 1(d)]: 0) The energy gap starts at E0 so that
p = 1/2 and the system is always in contact with the bath.
1) Measure the occupation of the dot with the charge sensor.
2) If the outcome of the measurement at step 1 is that the
dot is in the state |0〉 (n = 0), quickly increase ε to a large
value; if instead the outcome is |1〉 (n = 1), quickly decrease
ε to a large negative value. The magnitude of ε is limited by
the charging energy such that occupation of the quantum dot
is limited to n = {0, 1}. 3) The energy gap is brought back
towards E0 in some finite time τ . When measuring |0〉, the
protocol uses this information so that step 2 incurs no energy
cost and we are always in a position of gaining energy during
step 3 since the probability of a jump occurring is nonzero.
However, by Landauer’s principle, at the measurement in step
1 there is an implicit cost of kBT ln 2 that will be paid when
the memory storing the result is erased.

We turn towards the protocol optimization: given total
cycle time τ , what is the function ε(t ) that maximizes the
functional W[ε(t )]? In general, this is a highly nontrivial
problem which requires approximations to be solved, e.g.,
slow- or fast-driving limits for analytical results or by making
use of numerical techniques [30,37–39]. However, the dynam-
ics of the occupation of QD1 [Eq. (1)] are simple enough for
us to obtain general expressions for the optimal protocol ε(t )
without any further approximation.

Since we have to perform cycles, the symmetry of the
problem imposes the boundary conditions ε(0) = ε(τ ) = E0.
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FIG. 2. (a) Optimal protocol for different values of γ τ . The solid (dashed) lines represent the case where the state |0〉 (|1〉) is measured at
the start of the cycle. The black dotted line corresponds to the initial and final value βE0 = log(2) for both protocols. (b)–(d) Comparison of
predicted and measured efficiency η = βW/ ln 2 (b), power P = W/τ (c), and power fluctuations �P = Var(P) (d) for implementations of
the optimal protocol Eq. (8) (red) and a linear ramp ε(t ) = E0 + 5kBT (τ − t )/τ (blue) at different values of γ τ that range from the fast-driving
regime to the slow-driving regime.

We start by calculating the work gain

W[ε(t )] = [p(τ ) − p(0)]E0 +
∫ τ

0
dt ṗ(t )ε(t ) , (2)

where p(0) = 0 (1) if we measured |0〉 (|1〉) at the start of the
protocol. By using Eq. (1), we write ε(t ) as a function of p(t )
and ṗ(t ): βε(t ) = ln[ 2−p(t )

p(t )+ṗ(t ) − 1], where we are using time
units such that γ = 1. This allows us to write the work gain as
a functional of p(t ) and ṗ(t ):

W[p(t ), ṗ(t )] = p(τ )E0 + kBT
∫ τ

0
dt L[p(t ), ṗ(t ), t] , (3)

where L[p, ṗ, t] = ṗ ln[ 2−p
p+ṗ − 1]. Since ∂L/∂t = 0, the

Euler-Lagrange equation to obtain the function p(t ) that ex-
tremizes work can be written as ṗ2 2−p

(p+ṗ)(2−2p−ṗ) = K , where

K := L − ṗ∂L
∂ ṗ is a constant for the solution of the Euler-

Lagrange equation. We solve for ṗ to obtain

ṗ = 1

2

K (2 − 3p) + √
�

2 − p + K
, (4)

where � = K2(2 − p)2 + 8K p(1 − p)(2 − p). We assumed
ṗ > 0 by restricting ourselves to the scenario where we mea-
sured the state to be |0〉 at t = 0; the |1〉 case is completely
analogous.

We solve this differential equation to find the solution

t =
∫ p(t )

0
d p

4 − 2p

K (2 − 3p) + √
�

. (5)

We therefore have an implicit formula for the optimal prob-
ability trajectory as a function of time and the integration
constant: p(t ) = F−1

K (t ), where we define FK to be the solu-
tion of the integral in Eq. (5).

Combining Eqs. (4) and (3), we obtain a formula for
the maximal amount of extracted work as a function of the
boundary conditions and the integration constant K :

max
ε(t )

W[ε(t )] = p(τ )E0 + kBT GK (p(τ )) , (6)

with

GK (P) :=
∫ P

0
d p ln

[
2(2 − p)(2 − p + K )

(2 − p)(K + 2p) + √
�

− 1

]
. (7)

The measurement at step 1 sets the boundary condition p(0) =
0. Since at the start of the next cycle another measurement
will be performed, we do not need to impose a boundary con-
dition at p(τ ). By replacing p(τ ) with F−1

K (τ ) in Eq. (6) and
maximizing with respect to K , we find the optimal integration
constant κτ (for a given protocol time τ ) which defines the
optimal protocol:

βε0(t ) = ln

[
2(2 − p)(2 − p + K )

(2 − p)(K + 2p) + √
�

− 1

]∣∣∣∣
p=F−1

κτ
(t )

. (8)

Since the optimal integration constant is defined by

κτ := arg minK F−1
K (τ )E0 + G(F−1

K (τ )) , (9)

we turned the functional minimization problem in Eq. (3)
into a regular minimization problem, which is much sim-
pler to handle numerically. Note from Eq. (8) that ε(0) >

E0, showing that the optimal protocols feature jumps at the
start and the end of the protocol. In Fig. 2(a) we show-
case these optimal protocols for a range of values of γ τ

from the slow-driving regime to the fast-driving regime. One
can note the qualitative difference of these optimal protocols
at the opposite ends of the spectrum of driving speeds. In
the fast-driving regime, optimal protocols feature very little
continuous control and consist of mainly one jump at the
start and one at the end—these protocols are also known
as “bang-bang protocols” [30]. However, in the slow-driving
regime, the optimal protocols do not feature a jump at the end,
and they consist of a smooth and continuous driving of the
system’s energy, which matches with previous results in the
literature [40].

Results and discussion. For the engine cycle to be truly
closed, the information obtained from the measurement in
step 1 will eventually have to be erased, thus dissipating
at least kBT ln 2 of heat into the environment because of
Landauer’s principle. This gives us a simple formula for the
efficiency of this engine,

η = W
kBT ln 2

. (10)

The efficiency of the information engine reaches its maximum
ηC = 1 in the static limit, which corresponds to the Carnot
efficiency that one obtains when setting the temperature of
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the cold bath to zero. This is one of many examples linking
perfect measurements to zero-temperature baths [35,36].

It is interesting to note that this expression for efficiency
implies that, for a given cycle length τ , the optimization of
power and efficiency coincide. It is therefore sufficient to
maximize the work gained to optimize both the power and
efficiency. In Figs. 2(b) and 2(c) we show as red solid lines the
maximal efficiency and maximum power that can be achieved
for a given value of γ τ , and as dots with error-bars the mea-
sured work extracted from in the experimental realization. The
error is computed as the uncertainty statistical uncertainty of
the measured work (cf. SM.D [34]). Since the occupation is
measured continuously throughout the implementation of the
protocol, we used the occupation to compute the work cost of
a single round of the experiment, with multiple repetitions—in
the thousands for the faster protocols and at least 200 for
the slower ones (fewer are required as the fluctuations are
smaller).

Further optimization of power or efficiency can be
achieved by tuning the cycle duration τ . Indeed, we can see
that in the slow-driving regime the efficiency tends to the
Carnot efficiency and the power vanishes. Conversely, in the
fast-driving regime the power is reaching a maximum and the
efficiency is vanishing.

We compare results to a “naive protocol”: a linear ramp
from E0 + 5kBT to E0 over the whole cycle length τ . We
see that, in terms of its absolute value, the difference is not
very significant for the efficiency. However, in the fast-driving
regime, despite the efficiency being small, there is a large rel-
ative gain: the ratio of the two efficiencies is ≈1.8. Similarly,
for power, the optimal protocol has significant gains in the
fast-driving regime. In Fig. 2(d) we computed and measured
the power fluctuations of these protocols,

�P := 2

τ

∫ τ

0
dt

∫ t

0
dt ′ ε̇(t )ε̇(t ′)p(t ′)[q(t |t ′) − p(t )] , (11)

where q(t |t ′) is the probability of the dot being in the state |1〉
at time t given that it was in state |1〉 at time t ′ < t .

The wide range of driving speeds that we had access
to with the experiment allows us to appreciate how the
tradeoff between power optimization and fluctuations op-
timization changes depending on the driving speed. The
protocols that we implemented optimize the work extracted
for a given protocol duration. Therefore, for that fixed
protocol duration, the power and efficiency of the Szilard
engine will be optimal, whereas the fluctuations are not
optimized for, and therefore should not be expected to be
optimal. Indeed, in the fast-driving regime, we note that the
engine has large fluctuations—in addition to the low effi-
ciency. However, in the slow-driving regime we recover the
fluctuation-dissipation relation τβ

2 �P = −W − �F [41–43],
where �F = −kBT ln 2 is the difference in free energy
between the start and end of the protocol. Thus, in the
slow-driving regime, maximizing work equals minimizing
fluctuations. We therefore expect our engine to be optimal for
fluctuations in this regime: in Fig. 2(d) we observe that the
measured fluctuations become vanishing as we increase the
protocol length.

In general, the level of agreement between experimental
results and theoretical predictions is high. However, it is worth
noting that there seems to be a mismatch between the mea-
sured values of fluctuations and the predicted values. This can
be due to a number of reasons, however the most significant
here is a drift in the calibration of the experiment over time,
which introduces a bias in the implemented protocol. This
drift is possibly due to the presence of trapped charges in
the device. Indeed, to accurately measure the fluctuations of
work, one needs a much larger number of samples compared
to the number of runs needed to accurately measure the av-
erage of the work extracted. This need for a large number of
samples gives an additional disadvantage: the more time is
needed to perform the measurements, the more the appara-
tus’ calibration drift will affect the measurements. This can
be seen in Fig. 2(d) for the protocols with 1 < γτ < 10, as
the repeated implementation of these left more time for the
calibration to drift. Indeed, for these protocols we see that
the predicted value for fluctuations is in a larger disagree-
ment with the measurement compared to the fast protocols
with 0.1 < γτ < 1. However, such a large disagreement is
not observed for the predicted power and efficiency, even
if they are computed from the same data that experienced
the same calibration drift. The mismatch occurs because the
protocols remain near-optimal despite drift. Therefore, for
small deviation δε from the optimal protocol, the power and
efficiency will be affected by a factor proportional to δε2,
since the optimal protocol maximizes power and efficiency.
Conversely, the fluctuations are not optimized by the protocols
being implemented, meaning the deviations from the protocol
will affect them by a factor proportional to δε instead of δε2.
This matches Fig. 2, where deviations are larger for fluctua-
tions than for power and efficiency. In SM.C [34] we explore
this further by analyzing quantitatively how much the power
and fluctuations change for a constant shift from the optimal
protocol ε(t ) → ε(t ) + �, finding very good agreement with
the qualitative description provided above.

It is worth noting that this difference in scaling can be
exploited to trade a small loss in power and efficiency for a
large reduction in fluctuations.

Conclusion. We implemented and optimized a Szilard en-
gine, where information gained through measurement allows
for the extraction of work in the presence of a single heat bath.
This represents a minimal model to explore the extraction
of work from thermal fluctuations. The experimental setup
consisted of a quantum-dot system in a germanium quantum
well, where the occupancy of the dot is manipulated and
monitored. Using this system, we successfully implemented
an optimized finite-time Szilard engine over two decades of
driving speed (10−1 � γ τ � 101), spanning both fast- and
slow-driving regimes.

Our optimization procedure maximizes the extracted en-
ergy for a given, arbitrary, cycle length. In our system, this
allows for the simultaneous optimization of power and effi-
ciency. These optimal protocols outperform a naive ramp in
both power and efficiency, especially in the fast regime. We
also observed that higher power inevitably leads to greater
fluctuations. However, we also observed that, by slightly de-
viating from the power-optimal protocol, one can accept a
small reduction in power in exchange for a large reduction
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in fluctuations thanks to the fact that we are operating close to
optimum for power.

The experimental results corroborated the theoretical pre-
dictions, showing a high degree of precision in the (indirect)
measurement of extracted work. However, for the fluctuations,
it seems that the measured values are in larger disagreement
with the theory than the corresponding measurements of work
(more than 1σ away for most values). This bias can be ex-
plained by the fact that the calibration of the experiment
drifts over time. Despite this, the overall agreement between
theory and experiment for the extracted work demonstrates the
feasibility of implementing optimally controlled information
engines in solid-state platforms. This work enables studies of
finite-time thermodynamics in quantum devices, such as of
collective phenomena [39], or to evaluate work fluctuations
and their optimization [30,44,45].
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