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We study experimentally work fluctuations in a Szilard engine that extracts work from information
encoded as the occupancy of an electron level in a semiconductor quantum dot. We show that as the average
work extracted per bit of information increases toward the Landauer limit kBT ln 2, the work fluctuations
decrease in accordance with the work fluctuation-dissipation relation. We compare the results to a protocol
without measurement and feedback and show that when no information is used, the work output and
fluctuations vanish simultaneously, contrasting the information-to-energy conversion case where increas-
ing amount of work is produced with decreasing fluctuations. Our study highlights the importance of
fluctuations in the design of information-to-work conversion processes.
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When considering thermodynamic processes at the
microscale, where fluctuations play a dominant role,
one faces the challenge of describing work and heat as
stochastic quantities. Understanding and characterizing
their statistics has become an active area of research and
is one of the main aims of the field of stochastic thermo-
dynamics [1,2]. The exact form of heat and work distri-
butions highly depends on the specific protocol in question.
The situation considerably simplifies when considering
finite-time processes where the system remains close to the
instantaneous equilibrium state (i.e., in the linear-response
regime with respect to the driving speed) [3–11]. In this
case, and when no quantum coherence is generated along
the process, the work distribution takes a Gaussian shape
[4,6,10], with its first and second moments related through
the work fluctuation-dissipation relation (FDR) [12–15]

Wdiss ¼
1

2kBT
σ2W: ð1Þ

Here, T is the temperature of the surrounding environment,
kB is Boltzmann’s constant, Wdiss is the average dissipated
work along the process

Wdiss ≔ hWi − ΔF; ð2Þ

i.e., the difference between the mean work hWi performed
to the system and the change in equilibrium free energyΔF,
and finally σ2W is the variance of the work distribution. The
work FDR is a central result in stochastic thermodynamics:
it implies that near equilibrium, dissipation comes inevi-
tably accompanied by fluctuations, and conversely that
optimal protocols minimizing dissipation will automati-
cally also minimize fluctuations [5,16]. The FDR also
plays a crucial role in the estimation of equilibrium free
energy differences through measurements of nonequili-
brium processes [17,18].
The main goal of this Letter is to experimentally validate

the fundamental relation, Eq. (1), by using an electronic
system. For that, we consider one of the most relevant
thermodynamic processes at the nanoscale: the conversion
of information into work. Inspired by the Szilard engine,
we implement an information engine that uses one bit of
information (an extra electron being located on the quan-
tum dot or not) to extract work Wex ≡ −W from a thermal
reservoir at temperature T. This cycle and its inverse, the
so-called Landauer erasure, have been extensively studied
in the literature, both theoretically [19–30] and experimen-
tally [31–36]. It is well known that the average extractable
work is bounded by the so-called Landauer limit
hWexi ≤ kBT ln 2, which can only be reached for infinites-
imally slow processes. Previous experimental important
works have successfully managed to approach this limit to
a high degree in various platforms at the level of average
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work [31–36]. In contrast, here we focus our attention on
the behavior of work fluctuations, and in particular show
how Eq. (1) is satisfied as the Landauer limit is approached.
As predicted from the FDR, our results clearly demonstrate
a decrease in work fluctuations as the dissipation is
minimized by increasing the operation cycle time of the
engine. Therefore, the information about the electron’s
position can be exploited to extract work in an almost-
deterministic fashion. To contrast this information-to-work
process, we consider a cyclic process where no information
on the electron’s position is available. In this case, we also
observe that both work fluctuations and dissipation
decrease according to Eq. (1) as the operating time of
the cycle increases. However, the average extracted work
always remains negative, hWexi ≤ 0, and approaches zero
for long cycle times, in agreement with the second law of
thermodynamics. This contrasts with the information
engine that provides a positive finite work output with
fluctuations vanishing toward long cycle times.
Our device is based on a semiconductor quantum dot that

allows for the manipulation of discrete energy levels as
opposed to the metallic system used in Ref [35]. This work
thus provides an experimental insight into the nature of
thermodynamic fluctuations in nanoscale systems as well
as an alternative platform to study information-to-work
conversion with high efficiency.
Experimental setup.—Our device is shown in Fig. 1(a).

It consists of a quantum dot (QD) system formed with
polytypes in an InAs nanowire [37–40]. The bit of
information we use in our experiment is encoded in the
occupancy of an electronic state in the leftmost QD (QD1).
The state is at discrete energy level E, which we drive
using the plunger gate voltage Vg1 with the lever arm
α ¼ 1.7 × 104 kBT=V. The rightmost QD is voltage biased
with Vb and used as an electrometer that detects the
occupancy n of the state [41,42] through the current Id
as shown in Fig. 1(b). Meanwhile, the middle QD is put in
Coulomb blockade allowing tunneling from QD1 only to
the left electronic reservoir. As in Refs. [35,43,44], our
experiment is performed in a regime where n ∈ f0; 1g (i.e.,
the QD1 has an extra electron or not). n switches whenever
an electron tunnels between QD1, and the leftmost fer-
mionic reservoir at temperature T ¼ 100 mK, given by the
cryostat temperature. The tunneling occurs with the rates
Γin ¼ Γ0ð1þ bEÞfðEÞ and Γout ¼ 2Γ0½1þ bE�½1 − fðEÞ�
where Γ0 ¼ 64 Hz and b ¼ −0.025=kBT were determined
using a feedback protocol developed in Ref. [45], and
fðEÞ ¼ 1=½1þ eβE� is the Fermi-Dirac distribution with
β ¼ 1=kBT.
In the experiment, we consider protocols where the

energy EðtÞ is driven linearly from Eð0Þ≡ Ei to EðτÞ≡ Ef

for a time τ. WorkW is performed on the system whenever
nðtÞ ¼ 1 during the drive, i.e., W ≡ R

τ
0 dtnðtÞ _EðtÞ. Note

that work is a stochastic quantity due to fluctuations in nðtÞ
[1,2,46–48]. Since nðtÞ is measured and _EðtÞ is determined

by the drive we apply using Vg1, the above equation gives
us W for a given realization of the experiment. Sufficient
repetitions of the protocol enable us to obtain the work
probability distribution PðWÞ experimentally. With the
distribution, we obtain directly the average hWi and the
standard deviation σW to test Eqs. (1) and (2). The free
energy change for the information engine case is ΔF ¼
kBT ln 2 since the protocol drives the system between equal
probability for n ¼ 0, 1, and a state far enough in energy E
so that only one state is allowed as described below. For the
process not using information ΔF ¼ 0, as it completes a
cycle without using information. Further details about the
experimental setup can be found in the Supplemental
Material [49].
Information-to-work conversion.—The device is oper-

ated as a Szilard engine and extracts work Wex ¼ −W
using the protocol developed in Ref. [35] and shown in
Fig. 2(a). The protocol consists of three steps. (1) The QD
is set to the condition of Fig. 1(b) where there is an
equal chance to have n ¼ 0 and n ¼ 1, which occurs for a

(a)

(b)

FIG. 1. (a) Scanning electron microscope image of the
nanowire device. Embedded in the nanowire are three QDs,
each aligned to one of the plunger gates Vg1,Vg2, or Vgd.
Contacts separate the device into one part with two QDs and
one part with a single QD. The coupler couples the two systems
together, allowing the current Id through the lone QD to
provide a measure of the charge state of the other system.
Here, the QD involved in the experiment is marked in blue
(close to the plunger gate with Vg1) while the quantum dot
marked in red is put in Coulomb blockade. The sensor QD is
marked in purple and the tunnel barriers are colored orange.
(b) An example of the sensor current Id at the start of the
experiment. Vgd is set so that a high current represents the state
n ¼ 1 and Vg1 is set so that the average hni ¼ 0.5.
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doubly spin-degenerate energy level when E ¼ −kBT ln 2.
(2) A measurement of n is made. This provides one bit of
information, which is used to extract work. (3) Depending
on the measurement outcome, one of two feedback cycles
is applied using Vg1 (the top and bottom panels of Fig. 2(a)
show example realizations of the two choices): (a) If n ¼ 0,

the level is rapidly raised by amplitude A ¼ þ6kBT.
This process does no work to the system as the energy
level is empty. The energy level is then slowly ramped
down to the starting point for a time τ, extracting at most
hWexi ¼ kBT ln 2. (b) If n ¼ 1, the level is instead lowered
by the drive amplitude, extracting 6kBT of work and
locking the state in n ¼ 1. While ramping the energy back
up, on average hWi ≥ 6kBT − kBT ln 2 of work is per-
formed to the system.
In both cases, the total amount of average work extracted

in the cycle is bounded by hWexi ≤ kBT ln 2.
We consider the performance of the information-to-work

protocol for different times τ, which we vary between 0.25 s
and 5 s. For each τ, we perform the cycle on the order of
N ≈ 1000 times to obtain a distribution of extracted work
Wex. Figure 2(b) shows how the distribution of extracted
work changes as τ is increased. In the short time limit, there
is a large peak at Wex ¼ 0 that arises from instances where
no tunneling events had time to occur. As the drive is made
slower, these cases become less likely and the distribution
starts forming a Gaussian distribution approaching the
Landauer limit kBT ln 2. As we approach the limit, the
distribution also sharpens (decreasing its variance σ2W),
and the work FDR also becomes valid, as demonstrated in
Figs. 2(c) and 2(d) [55]. Figure 2(c) shows the quantities of
each side of Eq. (1) plotted against each other. The points
line up with the diagonal, indicating that the work FDR
does indeed hold. Furthermore, as seen in Fig. 2(d), both
σ2W andWdiss agree with theoretical simulations (for details,
see below and the Supplemental Material [49]). In general,
we observe very good agreement between theory and
simulations. However, with largest τ’s, σ2W saturates in
the experiment. This arises from offset charge drifts near
QD1 that we observed to change at these timescales.
Dissipative drive.—We now contrast the information-to-

work conversion results with a protocol where no infor-
mation is involved, and hence only dissipation is created.
The protocol is presented in Fig. 3(a). Like the Szilard
engine case, it also starts at E ¼ −kBT ln 2 with a 50%
chance of QD1 being occupied. However, instead of making
a measurement and quickly driving the level, it is slowly
ramped down by the drive amplitude 2.5kBT and then
slowly ramped back up. The drive period τ is varied
between 0.5 s and 4 s, and Fig. 3(b) shows the work
distribution in those limits as well as an intermediate case. In
this case, Wdiss ¼ hWi where W is the work done to the
system during the drive. It is clear that as the drive slows
down, hWi → 0, while the distribution also sharpens up, in
accordance with the FDR. The validity of the FDR for this
cycle is shown in Figs. 3(c) and 3(d), again finding very
good agreement with experiment and theory expectations.
Figure 4 summarizes the results for all protocols tested.

This includes the previously discussed information-to-
energy conversion drive and the 2.5kBT dissipative drive
as well as an additional dissipative drive with a 6kBT

(a)

(c)

(d)

(b)

FIG. 2. (a) The middle panel illustrates how the energy level is
driven during the information-to-work conversion. Originally, it
is offset from the reservoir Fermi level by E ¼ −kBT ln 2. At time
0, a measurement is made. Depending on the outcome, the energy
is rapidly driven either up or down by 6kBT before slowly being
driven back to the starting point. In this example, the protocol
time τ ¼ 2 s. The upper (lower) panel shows the detector signal
during one realization of the protocol where the energy was
initially driven up (down). (b) The distributions of extracted
work for the Szilard engine operation for the protocol lengths
τ ¼ 0.25 s (top), 2 s (middle), and 5 s (bottom) together with the
theoretically expected distribution (purple). The dotted black line
indicates the Landauer limit kBT ln 2 and the orange dashed line
indicates the mean extracted work. (c) The two quantities from
Eq. (1) plotted against each other. Here, Wdiss¼kBT ln2−hWexi.
The FDR line is Eq. (1), whereas the simulations are obtained by
a full counting statistics method with Eq. (3). (d) Same quantities
as in (c), but plotted against τ. For details on the computation of
error bars in (c) and (d), see the Supplemental Material [49].
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amplitude. All points follow Eq. (1), except the longest
drives where the fluctuations saturate due to the offset
charge drifts. These results encapsulate the main finding of
this Letter: the experimental verification of the fundamental
thermodynamic relation, Eq. (1), at the level of a single
electron at a time occupying a discrete energy level in
quantum dot.

Theoretical considerations.—To describe the system
theoretically, we made numerical simulations presented
in Figs. 2 and 3 with the following formalism: During the
drive, the average occupancy pðtÞ of the QD state is
governed by the rate equation

_pðtÞ ¼ Γin½1 − pðtÞ� − ΓoutpðtÞ: ð3Þ
This rate equation enables us to theoretically find PðWÞ
through the computation of the characteristic function, as
detailed in the Supplemental Material [49]. Furthermore, in
the Supplemental Material we also derive the following
analytic expression for the dissipated work Wdiss and work
fluctuations σ2W :

Wdiss ¼ β

Z
τ

0

dt½1 − peqðtÞ�peqðtÞ
_EðtÞ2
ΓðtÞ þO

�
1

τΓ0

�
2

σ2W ¼ 2
Wdiss

β
þO

�
1

τΓ0

�
2

; ð4Þ

where we have introduced peqðtÞ ¼ 1=½1þ 2eβEðtÞ� and
ΓðtÞ ¼ Γ0½1þ bEðtÞ�. In Eq. (4) we have neglected con-
tributions of order ðτΓ0Þ−2, which is well justified in the
experiment for τ ≳ 1 s (for τ ¼ 1 s we have 1=τΓ0 ≈ 0.16).
Equation (4) shows that the FDR is satisfied at order 1=τΓ0,
which is in good agreement with the experimental results,
as well as the more general theoretical considerations of

(a)

(c)

(d)

(b)

FIG. 3. (a) Top panel shows the detector signal Id during the
dissipative drive protocol, which is shown in the bottom panel. In
the dissipative drive, the energy level is initially offset from the
reservoir Fermi energy by E ¼ −kBT ln 2. Then, it is driven down
by 2.5kBT and back up again during a time τ. (b) The work
distribution of the 2.5kBT dissipative drive for total protocol
lengths 0.5 s (top), 2 s, and 4 s (bottom) together with what is
expected theoretically (purple). The orange line is the mean of the
distribution, which in this case is equal toWdiss. The black line is
drawn atW ¼ 0 to help guide the eye. (c) The two sides of Eq. (1)
plotted against each other, for protocol lengths between 0.5 s and
4 s. The orange diagonal is given by Eq. (4), which is obtained
analytically in the slow-driving limit, and from which the FDR
directly follows (see details in the Supplemental Material [49]).
(d) The same quantities as in (c), but now plotted against the
protocol length. For details on the computation of error bars in (c)
and (d), see the Supplemental Material [49].

FIG. 4. The quantities in the work FDR of Eq. (1) plotted
against each other for all protocols tested. This summarizes the
data from the information conversion protocol (purple squares)
and the dissipative drive with no information involved (blue
triangles) plotted in Figs. 2(d) and 3(d), respectively. Blue
diamonds represent a dissipative drive with an amplitude of
6kBT but otherwise identical to the 2.5kBT dissipative drive. For
all protocols implemented, the points follow the orange line given
by Eq. (1) up to the long time saturation of σW .
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Refs. [14] and [15]. The regimewhereWdiss (and σ2W) decay
with 1=τ is often known in the literature as the low-
dissipation regime; see, e.g., Refs. [56–61].
Conclusions.—In summary, we experimentally verified

the work FDR for an information-to-work engine imple-
mented in a semiconductor quantum dot system. In agree-
ment with the FDR, we observed a sharpening of the
work distribution as the Landauer or reversible limit is
approached. This implies that kBT ln 2 can be extracted
almost deterministically from one bit of information (the
electron’s position in the dot). We contrasted these results
with a process where no information about the electron
was used. In this case, we also observed a decrease of
dissipation accompanied by a decrease in fluctuations, but
no work could be extracted on average.
Overall, our results highlight that the fundamental

thermodynamic relation, Eq. (1), is valid at the level of
a single electron. These measurements constitute the
first steps of studying information-to-work conversion
using semiconductor quantum dots. Similar devices
could be used to study, for instance, optimal protocols
for information-to-work conversion [30,62–66], as well
as thermodynamic uncertainty relations [67]. Another
future direction of interest is to, instead of inferring
work output from the QD occupation, use information
to generate a current and measure the work output
directly [68].
Finally, a longer-term challenge is to experimentally

show violations of the work FDR of Eq. (1) due to the
presence of quantum coherence, as theoretically pre-
dicted in Ref. [15], thus showing a genuine quantum
signature in thermodynamics [10,46–48]. This could be
achieved by studying a charge qubit consisting of two
coupled states of the two QDs. However, since the
coherence time in such qubits is at most on the order
of 100 ns [69–71], a much faster readout would be
required compared to the millisecond timescale in the
present study.
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