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We experimentally realize a quantum clock by using a charge sensor to count charges tunneling through
a double quantum dot (DQD). Individual tunneling events are used as the clock’s ticks. We quantify the
clock’s precision while measuring the power dissipated by the DQD and, separately, the charge sensor in
both direct-current and radio-frequency readout modes. This allows us to probe the thermodynamic cost of
creating ticks microscopically and recording them macroscopically. Our experiment is the first to explore
the interplay between the entropy produced by a microscopic clockwork and its macroscopic measurement
apparatus. We show that the latter contribution not only dwarfs the former but also unlocks greatly
increased precision, because the measurement record can be exploited to optimally estimate time even
when the DQD is at equilibrium. Our results suggest that the entropy produced by the amplification and
measurement of a clock’s ticks, which has often been ignored in the literature, is the most important and
fundamental thermodynamic cost of timekeeping at the quantum scale.
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Clocks are physical systems tracking the passage of time,
usually by quantifying time in discrete units called “ticks”
which are stored in a register. In practice this may, for
example, be the clock’s hand counting pendulum oscilla-
tions [1,2], a digital counter counting laser oscillations in an
atomic clock [3–5], or even the amount of extant carbon 14
in dead organic material counting decay events [1]. One
property all clocks have in common is that they rely on
entropy increase due to the second law of thermodynamics
to create an irreversible record of how much time has passed
[1,6–11]. For all practical purposes, a clock’s counter thus
always increases, which aligns with our experience that

clocks always tick forward. In the microscopic realm,
however, quantum phenomena generally produce orders
of magnitude less entropy than classical processes, leading
to stochastic fluctuations [12] that may cause a clock to tick
backward on the quantum scale [13].
This behavior is exemplified in Fig. 1(a): a three-state

system ð0; L; RÞ is the quantum clockwork (left), meas-
urement apparatus (center), and the macroscopic agent
(right). While the example is presented with incoherent
semiclassical dynamics, the conclusions we draw also hold
for an adaptation to coherent dynamics; see details in
Supplemental Material (SM) [14]. In this example, the
transition 0 → L is driven by a hot thermal bath, L ↔ R
is balanced bidirectionally and does not rely on an external
environment, R → 0 is mediated by a cold thermal
bath. Overall, the external environments induce a cycle
0 → L → R → 0 that transfers heat from hot to cold,
producing entropy in accordance with the second law of
thermodynamics. Considering these elementary cycles as
ticks of the clock, the hot-cold bias drives the clock
forward. Nevertheless, stochastic fluctuations may some-
times transfer heat against the thermal gradient, causing
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the microscopic clock to tick backward. The extreme case
being both baths are brought to the same temperature,
where both tick directions are equally likely, no entropy is
produced on average, and the clock stops ticking.

By continuously monitoring the microscopic clockwork,
however, an observer could register each stochastic tran-
sition (0 → L, L → 0, etc.) as a new tick. This would restore
the unidirectional flow of time recorded by the clock, even
in the absence of a thermal gradient driving the clockwork.
Yet a paradox arises: a clock is a manifestly irreversible
device that distinguishes past from future—how can it
produce no entropy? The resolution, as we verify in this
Letter, is the measurement process itself produces entropy
while creating a classical record of the quantum clock’s
ticks [25–33].
To demonstrate this, we experimentally realize the

quantum-clock model of Fig. 1(a) using a double quantum
dot (DQD). Ticking of this clock is probed via direct
current (dc) and radio-frequency (rf) reflectometry readout
modes, whose power dissipation can be directly inferred.
We are thus able to measure two distinct sources of entropy
production driving the clock: (1) the entropy produced by
the quantized clockwork, and (2) the entropic cost of

generating a classical measurement record. The first
contribution has been the subject of several studies show-
ing more regular ticks generally require more dissipation
[6–8,10,11,13,32]. This principle is reminiscent of more
general thermodynamic uncertainty relations (TURs). For
classical stochastic systems [34–38] and quantum systems
[39–46], TURs bound microscopic fluctuations by entropy
production, though in certain settings the bounds are quite
loose [2,47,48]. Nevertheless, our measurements show that
the second contribution—the entropic cost of extracting
classical ticks from the quantum clock—is, in fact, the
dominant one by 9 orders of magnitude, highlighting the
separation of scales between microscopic irreversibility
and irreversibility induced by the measurement. We also
show that exploiting all information in the measurement
record to optimally estimate time [49], boosts the clock’s
precision by an order of magnitude compared to naively
counting charge-transfer cycles.
Experimental realization—We realize a quantum clock

using charge occupation states of a DQD. Charge transport
through the DQD constitutes the ticking mechanism of the
clock. A charge sensor dot, capacitively coupled to the
DQD, is used to monitor the DQD, converting its charge
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FIG. 1. Concept versus experiment. (a) A DQD with charge occupation states j0i; jLi; jRi stochastically exchanging charges with
thermal environments can be used as a clock by identifying quantum jumps as ticks [experimentally ∼60kB per tick; see value estimated
as a maximum from Fig. 2(a)]. Classically recording ticks to make them redundantly accessible for macroscopic agents requires
measuring the quantum state and turning it into redundant information (right side). We found the cost of extraction to lie between
∼109kB and ∼1011kB per tick in our experiment, depending on the measurement method; see respective values shown in Figs. 2(b)
and 2(c). Nevertheless, readout dissipation is several orders of magnitude smaller than macroscopic dissipation of the order ≳1023kB.
(b) Scanning electron microscope image of a device similar to the one used in this experiment. Blue circles represent a DQD and the eye
represents a charge sensor dot used for classical readout. VL and VR are the voltages applied to gate electrodes that control the number of
charges within the left and right dot, respectively. Charge transport can occur from either source to drain, drain to source, or any
intermediary process (black arced arrows), influenced by an applied source-drain voltage VDQD across the DQD. (c) Sketch of a charge
stability diagram. Intersection of charge occupation states j0i, jLi and jRi is a triple point. Fluctuations about this point cause a cycling
of states (black arrow) which correspond to a forward clock tick. (d) The simplest case of a forward clock tick measured with current in
relation to lab time. The trace forms a discrete, three-level telegraph signal that corresponds to the charge occupation states in (c).
(e) Schematic representation of the same forward clock tick as (d) in terms of charge transport. Initially, a charge enters from the source
to the left dot j0i → jLi, moves to the right dot jLi → jRi, and finally moves to the drain jRi → j0i. (f) Readout trace from both dc (top)
and rf reflectometry (bottom), with respect to lab time. Black trace highlights the result of our level-identification algorithm. Shaded
regions indicate ticks: red for forward and blue for backward.
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occupation state into a classical signal [50,51]. The
quantum dots are defined electrostatically using a
Ge=SiGe heterostructure with gate electrodes patterned
on top [52], similar to Fig. 1(b). The semiconductor device
was loaded into a dilution refrigerator and cooled down to
T ¼ 180 mK. Typical charging energies for these devices
are ∼1.3 meV.
Transport of a charge between source and drain defines

clock ticks. This process can be divided into three states, a
charge in the left dot jLi, a charge in the right dot jRi, or no
charge in either dot j0i. A forward tick is any sequence that
starts with j0i → jLi and ends with jRi → j0i with no j0i
between. For example, j0i → jLi → jRi → j0i like in
Fig. 1(e), but also j0i → jLi → jRi → jLi → jRi → j0i,
etc. A backward tick, conversely, is defined as starting with
j0i → jRi and ending with jLi → j0i with no j0i between.
Superpositions of DQD charge states are not considered as
part of this experiment because they decohere faster than the
measurement rate. Thus, the DQD is always in a definite
charge occupation state when measured, which is not
substantially impacted by the measurement. By applying
a voltage bias across the double dot VDQD, we effectively
have two thermal baths (given by source and drain reser-
voirs) out of equilibrium, and one of these tick processes
becomes favored over the other. Each tick results in the
dissipation of energy q ¼ ejVDQDj, where e is the elemen-
tary charge. For environments at inverse temperature β, this
equals an entropic cost per tick,

Σtick ¼ βejVDQDj: ð1Þ

In this experiment, we use two distinct methods to
record ticks. Firstly, by measuring changes in the current
flowing through the charge sensor dot (dc charge sensing).
Secondly, through radio-frequency (rf) reflectometry that
measures changes in the sensor’s reflectance given a fixed
rf input signal. Applying a voltage bias Vcs to the charge
sensor generates a current Ics, that varies with the charge
occupation of the DQD. Figure 1(d) shows an example of a
dc measurement: three distinct current levels appear that
correspond to j0i, jRi, and jLi. Creating a classical record
of the DQD state thus comes at a fundamental entropic cost
due to the power dissipated through the sensor dot,
given by Ohm’s law Pdc

diss ¼ VcsIcs. In order to lower the
dissipation Vcs must be decreased. However this results in
a decrease in Ics, which in turn decreases the signal-to-
noise ratio (SNR). Qualitatively a lower SNR equates to
less difference between the three levels of the telegraphic
signal. Section B 3 of SM [14] provides a more detailed
explanation.
For rf reflectometry, a reference signal with a fixed

power Pin is sent to an rf cavity coupled to the charge
sensor. It is then reflected back carrying information
about the charge occupation state of the DQD. Using

demodulation, traces like Fig. 1(f) can be obtained. The
change in the reflected signal results in a reflected power
Pout, that is smaller in magnitude than Pin. By accounting
for known losses that occur in the signal chain, it is
possible to compare these two quantities and establish the
power dissipated across the sensor when using reflectom-
etry. A more detailed description of this calculation is
given in Sec. A 4 in SM [14]. To modulate the SNR, the
input signal frequency frf was gradually increased, mov-
ing it progressively off-resonance with the rf cavity. As
with dc measurements, this leads to a change in the power
dissipated and hence the SNR.
Experimental protocol—VDQD was initially set to 0 mV

to simulate two baths in thermal equilibrium. Vcs was
set to 0.345 mV. An rf signal was applied to the charge
sensor, with frequency frf ¼ 114 MHz and power Prf ¼
−20 dBm. These initial settings were chosen to optimize
the SNR of the sensor signal. The acquisition card’s
integration time, both for the dc and rf sensor configu-
rations, was set to 5 ms. A suitable triple point in the
charge stability diagram was then selected such that
transitions between states j0i, jLi, and jRi occur purely
due to stochastic fluctuations. That is, the system was not
driven by an external ac signal. Following this, transitions
between these three states were slowed down until they
appeared as a three-level telegraphic signal as in Fig. 1(f).
This was achieved by gradually increasing the gate
voltages controlling the tunnel barriers of the DQD,
and estimating the tunneling rates (also referred to as
jump rates) between the dots until they were all equal.
Once suitable rates were achieved, these gate voltages
remained fixed for the remainder of the experiment.
A 30-min measurement was then taken of the current

through the charge sensor IcsðtÞ, and the reflected rf signal
Vrf
outðtÞ. IcsðtÞ and Vrf

outðtÞ were filtered and amplified, with
Vrf
outðtÞ also demodulated, in order to obtain classical

signals for readout. These signals were then used to identify
clock ticks, as detailed in SM [14] Sec. A. From this data, it
is possible to estimate the entropic cost of the clock ticking.
In order to estimate and compare the entropic cost of the
measurement process, the SNR needs to be modulated.
This was achieved by decreasing Vcs from 0.345 to
0.102 mV while increasing frf from 114 to 128 MHz, in
four steps. In other words, there are four settings of the
SNR ranging from very good to very poor. The process of
recording 30-min measurements was then repeated for each
SNR setting. Finally, to simulate the effect of thermal baths
out of equilibrium, VDQD was changed from 0 to þ1 mV
for nine settings, with four SNR measurements taken at
each value of VDQD.
Theoretical description—The present experiment can be

described by a classical master equation [53,54],

ṗ ¼ Mp; ð2Þ
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where p ¼ ðp0; pR; pLÞ denotes charge state occupation
probability, andM the transition rate matrix. The validity of
this model is discussed in Sec. C of SM [14]. Each
experimental run yields a stochastic trajectory [55,56] of
the master equation (2). In the readout signal IcsðtÞ, from
either the dc or rf methods, the states j0i, jRi, and jLi
manifest as three signal values Il < Im < Ih. Due to noise,
the signal does not exactly take one of the three values,
moreover the three values are a priori unknown. Initially,
the readout has to be calibrated by measuring the IcsðtÞ for
some time and creating a histogram of the measured values.
For sufficiently high readout SNR, the histogram exhibits
three distinct peaks centered on the values Il=m=h, where
each peak is identified with one of the three microscopic
states with an estimated identification error between 0.1%
and 1% (see Fig. 6 and Sec. B in SM [14] for details).
Through this identification, the measured signal IcsðtÞ is
converted into a sequence SðtÞ∈ f0; R; Lg of states as
shown in Fig. 1(f). While the signal analyzer includes a
clock to assign time tags t to the measured states, this is only
required for calibration. To use the device as a clock,
determining t is the goal. Thus, only the instantaneous state
SðtÞ is required and not t. This is achieved by recording the
sequence of charge occupation states occupied up to “t,”
starting with the initial state s0, the state after the first
jump s1 and so on. We denote this sequence as sðtÞ ¼
ðs0; s1;…; smðtÞÞ, where mðtÞ the number of jumps
recorded.
Time estimation—The time estimator Θnet can be recon-

structed based on the record sðtÞ by counting all the forward
ticks as þ1 and all the backward ticks as −1 toward the net
number of transfersN½sðtÞ�. Finally,Θnet½sðtÞ� ¼ ν−1N½sðtÞ�
is obtained by normalizing by the average charge transfer
rate ν, which can be initially calibrated to express Θnet in
some reference unit, e.g., seconds. The uncertainty of the
calibrated frequency can be made arbitrarily small by
increasing the calibration time (Sec. B 2 of SM [14]).
While Θnet is how the ticks are naturally encoded in the

charge environments, it is a suboptimal way of estimating
time after readout where the full jump sequence sðtÞ is
(classically) available. This becomes particularly apparent
when considering the equilibrium case VDQD ≈ 0 mV,
where no net charge transfer takes place N½sðtÞ� ≈ 0 and
the passage of time is not recorded microscopically. For
stochastic evolution following Eq. (2), a theoretically
optimal unbiased time estimator linear in the number of
observed jumps exists [49]. Unbiased refers to the expect-
ation value E½ΘðtÞ� ¼ t being equal to the lab time t,
optimality to the precision defined in Eq. (4). This optimal
choice is

Θopt½sðtÞ� ¼
XmðtÞ

k¼0

1

Γsk

¼
X

s∈ f0;R;Lg

nsðtÞ
Γs

; ð3Þ

nsðtÞ is the number of times the state s appears in the
sequence sðtÞ. The sum weights each jump from a state s
by the average time it takes for the system to leave the
state, which is given by 1=Γs ¼ −1=Mss. Similar to the
normalization ν for Θnet, the rates Γs can be initially
calibrated with respect to a lab clock.
One way of quantifying the quality of the time estimate

Θ is to compare the expectation value E½ΘðtÞ� with the
variance Var½ΘðtÞ�. We consider the precision

S ¼ lim
t→∞

E½ΘðtÞ�2
tVar½ΘðtÞ� ; ð4Þ

which captures the absolute timescale at which the esti-
mator fluctuates in units of a rate, e.g., Hz. The larger the
precision S, the faster the process that can be estimated
reliably with the clock (details in the End Matter). SM [14]
includes pertinent detail how S is obtained empirically
(Sec. B 2) and theoretically (Sec. C 4).
Thermodynamic analysis—In Fig. 2, precision S is

plotted against the dissipation in the DQD in (a), the sensor
dot for dc measurement in (b) and rf measurement in (c).
The comparison in Fig. 2(a) reveals a trade-off between the
dissipation Σtick in the clockwork and the precision of Θnet.
As expected, the precision of the microscopic time record
vanishes when the DQD is brought to equilibrium. This is
also in agreement with the TUR [34–38], which translates to
S ≤ νΣtick=2. Nevertheless, the optimal estimator Θopt still
works even when the clockwork is at equilibrium.
Ultimately this is possible because of the dissipation
required for the measurement to create the irreversible
record of the equilibrium DQD dynamics. When the readout
SNR is sufficiently high, as shown in Figs. 2(b) and 2(c),
both Θnet and Θopt yield high precision. However, when the
measurement dissipation drops below a method dependent
threshold, both time estimates become ill-defined and the
clock stops ticking altogether.
Discussion—It is well established that quantum clocks

produce entropy to generate the ticks necessary to measure
time [1,6–11]. However, the critical role of measurement
irreversibility in reading the clock’s ticks has remained
unexplored. Although a recent experiment has investigated
measurement backaction on a quantum clock [57], our
Letter is the first experiment probing the thermodynamic
cost of this step. In doing so, we have demonstrated charge
transport across a DQD can be used to construct a micro-
scopic quantum clock, which is a key step towards building
autonomous quantum machines [58–61].
In our experiment, we observed rf reflectometry is

thermodynamically more efficient than dc measurement.
For both methods, however, we found that dissipation is
fundamentally linked to the SNR of the readout signal, and a
minimum amount of dissipation is needed to create a
classical record of the quantum ticks. While we confirmed
the clock’s precision is improved by increasing entropy
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production in the clockwork, in accordance with previous
work [1,6–11], this dissipation is eclipsed by the thermo-
dynamic cost of the measurement. We have shown that the
latter is particularly important for timekeeping because it
can drive the clock’s operation, even in scenarios where the
clockwork itself ceases to generate entropy. While the
model studied in this Letter is based on a DQD setup,
extracting timing information from a quantum system
generally comes at a thermodynamic cost, including in
atomic or optical setups which currently form the basis of
state-of-the-art clocks [3–5]. By establishing that tick
extraction generally dominates the entropic cost of time-
keeping, our Letter may guide future microscopic clock
designs to improve their precision in the most thermody-
namically efficient way.
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End Matter

Tick identification method—Here, we provide
pertinent detail regarding our method to identify ticks
from the measurement signal. To create a classical
record of the DQD clock’s ticks, the two measurement
signals obtained through either the dc or rf sensor
method have to be postprocessed to infer the state of the
DQD. In Fig. 3, we show a comparison of a current
signal IcsðtÞ (dc), with the rf sensor voltage Vrf

YðtÞ (rf).
The signal Vrf

Y is the Y quadrature component of the rf
signal measured with an rf lock-in amplifier after
demodulation, chosen for illustration purposes (details in
Sec. A 3 of SM [14]). From comparison of Fig. 3(b)
versus Fig. 3(d), it can be seen that both readout

methods yield qualitatively similar outputs, up to a
difference in noise characteristics. Still, both outputs can
then be used to infer the state of the DQD by
identifying the three separated levels around which the
signals fluctuate. We use the following method to
identify the three levels from the given signal (further
details in Sec. B 1 of SM [14]).
Initially, the output signals have to be calibrated to

determine the three values Il < Im < Ih. In the following,
we describe the identification method for the dc sensor
readout, but the method works analogously for the voltage
output from the rf reflectometry. In principle, one way to
calibrate the readout is to initially run the device for some
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time and create a histogram pðIÞ for how likely a given
output current value is. From the histogram, three peaks
then reveal the three current values corresponding to the
three states of the DQD. After the initial calibration, the
output signal can then be converted in real time into a
discrete output encoding the DQD state, from which the
clock’s ticks can then be inferred.
Instead of a real-time identification, we have analyzed

the present experiment’s output a posteriori. For each of
the 30 min data traces, we create a histogram for the output
current values, shown in Fig. 3(a), or, respectively, voltage
values shown in Fig. 3(c). Based on the method from [63],
we numerically fit three Gaussian peaks

P
3
i¼1 hiN ðμi; σiÞ

to the histogram, where μi is the mean and σi the width of
the ith Gaussian. The prefactor hi are weights to account
for the relative probability of each of the three levels. From
the fitted normal distributions, the measurement output
can then be converted into the discrete signal shown in
Fig. 3(e), by mapping the current values IcsðtÞ [or voltages
VrfðtÞ] to the most likely of the three peaks from the
histogram.

Relating different notions of clock precision—In the
following paragraphs we provide details for how
different notions for clock precision in the literature are
related to the definition of S in Eq. (4). There are three
distinct ways to characterize a ticking clock’s output.

Time between ticks: If the clock’s tick counter only
increases, i.e., there are only forward ticks, one may
consider the probability density P½T ¼ τ� that the time
between two subsequent ticks is τ ≥ 0 (the waiting-time
distribution). In the literature [7,10,32,64–67] the accuracy
with which such a tick estimates the underlying parameter
time is defined by

N∞ ¼ E½T�2
Var½T� : ðB1Þ

If the ticks are independently and identically distributed
(iid), making the clock a renewal process, the accuracyN∞
can be understood as the expected number of times the
clock ticks until it goes wrong by one tick. It is thus the
precision of the clock relative to its own timescale, andN∞
is timescale invariant.
Counting of ticks: When the number of ticks NðtÞ is

made up of forward ticks NþðtÞ and backward ticks N−ðtÞ
like for the DQD clock, the tick counter can sometimes
jump backward or forward. As a result, there is no longer a
unique waiting time describing a strictly increasing counter.
By working in the framework of counting observables, one
can thus consider the net number of ticks NðtÞ instead of
the waiting times. In this case, one defines the precision of
the counting observable NðtÞ, also known in the literature
as the Fano factor [6,34],

190

180

170

I C
S

(p
A)

V
Y 

 (m
V)

rf

20

10

0

prob (arb. units)
0.0 0.1 0.2

lab time (s)
0 2 4 6 8 10

Srf (t)
Sdc (t)

(a)

(c)

(b)

(d)

(e)
L

R

0

FIG. 3. Measurement traces of length 10 s using both the dc (b) and the rf reflectometry method (d). The trace is taken for a DQD bias
VDQD ¼ 0 mV, a sensor dot bias Vcs ¼ 0.345 mV, and frequency frf ¼ 114 MHz for the rf reflectometry drive. (a) Histogram pðIÞ of
the current values for the full 30 min data trace showing the emergence of three peaks corresponding to the DQD charge occupation
states, shown as the dashed lines. (c) Analogously, the histogram pðVÞ for the demodulated Y-component of rf sensor signal is shown
here (details in Sec. A 3 of SM [14]). (e) The discretized signal SðtÞ for both the dc and rf reflectometry methods, obtained from the
measurement traces by identifying one of the three states from the noisy signal. For most times, the discretized signals from the two
readout methods agree with each other. In general, rf is more sensitive than dc sensing, leading to instances where the two discretized
signals are not exactly identical. Nevertheless, as can be seen, this difference does not significantly affect level identification.
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N ¼ lim
t→∞

E½NðtÞ�
Var½NðtÞ� : ðB2Þ

This is well defined thanks to the following generalized
relations [49,68]:

E½NðtÞ� ¼ νtþOð1Þ; Var½NðtÞ� ¼ DtþOð1Þ; ðB3Þ

with ν the tick rate and D the diffusion constant. The Fano
factor is time invariant and is thus also a measure of relative
precision.
If the clock is a renewal process (ticks are iid and only

forward), then it is possible to relate the moments of the tick
time to the moments of the tick number in the long-time
limit [13,69],

E½T� ¼ 1

ν
; Var½T� ¼ D

ν3
: ðB4Þ

Thus, Eq. (B4) guarantee that for a renewal process the
accuracy (B1) in the waiting time picture equals the
precision from Eq. (B2), that is, N ¼ N∞.
Time estimator from detailed jumps: Finally, one may

construct a linear time estimator ΘðtÞ from the number of
each type of tick that the clock produces (details in SM
[14], Sec. D), which is assumed to be unbiased, i.e.,
E½ΘðtÞ� ¼ tþOð1Þ. Following [49], we have defined the

absolute precision S, given by Eq. (4) in the main text and
repeated here for convenience:

S ¼ lim
t→∞

E½ΘðtÞ�2
tVar½ΘðtÞ� : ðB5Þ

To understand the terminology of absolute precision, note
that in the number-of-ticks picture one could define an
unbiased time estimator as ΘnetðtÞ ¼ ν−1NðtÞ, in which
case the two notions of precision S and N are related by

N ¼ S
ν
: ðB6Þ

That is, the relative precision N equals the absolute
precision S normalized by the clock’s resolution ν. This
equality can be generalized even for time estimators such as
the optimal estimator ΘoptðtÞ as discussed in Ref. [49],
though in that case, there is in general no well-defined
integer number of ticks NðtÞ, because the different incre-
ments of ΘoptðtÞ are not necessarily integer multiples of
each other.
In summary, the relative precision is the clock’s precision

with respect to its own timescale, while the absolute
precision is the precision relative to a fundamental unit
of time.
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