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The innate complexity of solid-state physics exposes superconducting 
quantum circuits to interactions with uncontrolled degrees of freedom 
degrading their coherence. By implementing a quantum Szilard engine with 
an active feedback control loop, we show that a superconducting fluxonium 
qubit is coupled to a two-level system (TLS) environment of unknown origin, 
with a relatively long intrinsic energy relaxation time exceeding 50 ms. The 
TLSs can be cooled down, resulting in a four times lower qubit population, 
or they can be heated to manifest themselves as a negative-temperature 
environment corresponding to a qubit population of ~80%. We show that 
the TLSs and qubit are the dominant loss mechanism for each other and that 
qubit relaxation is independent of the TLS populations. Understanding and 
mitigating TLS environments is, therefore, not only crucial to improve the 
qubit lifetimes but also to avoid non-Markovian qubit dynamics.

Although tremendous progress has been made to improve the coher-
ence of superconducting qubits, they still have to cope with various 
loss and decoherence mechanisms, certainly to the chagrin of quantum 
computing scientists but also to the joy of mesoscopic physicists. The 
relentless interactions between superconducting hardware and its 
environment motivate the development of quantum error correction 
using stabilizer codes on one hand1–4 and deepen our understanding 
of mesoscopic processes on the other hand5–15. In the past, numerous 
strategies have been conceived to study and mitigate decoherence 
from various sources, from defects in dielectrics to non-thermal excita-
tions16. A major source can be attributed to the wide class of two-level 
system (TLSs) in the qubit environment. Weakly coupled TLSs may be 
investigated by saturation pulses17,18, whereas strongly coupled TLSs 
may even be coherently operated via the superconducting qubit19,20. 
Moreover, it has been shown that a sequence of repeated π pulses can 
change the environment of the superconducting qubit, which was 

interpreted as the diffusion of superconducting quasiparticles away 
from the qubit junctions9.

Here we implement a quantum Szilard engine21–24 that manipulates 
the environment of a superconducting qubit. Our Szilard engine exe-
cutes a hyperpolarization protocol similar to experiments using spin 
qubits25 or defect centres26, and is readily applicable in state-of-the-art 
quantum processors27–29. The hyperpolarized environment reveals that 
the qubit is weakly coupled to a TLS environment of unknown origin, 
which relaxes over tens of milliseconds. Conversely, this previously 
hidden environment can now be identified as the dominant loss mecha-
nism of our qubit, and we dread that similarly acting environments are 
ubiquitous in superconducting hardware. The quantum Szilard engine 
consists of a granular aluminium fluxonium qubit30 that can be actively 
prepared in one of its eigenstates |g〉 or |e〉. The fluxonium and its com-
plex environment are depicted in Fig. 1a. The Szilard engine implements 
a dynamical polarization protocol on the TLSs (Fig. 1b,c). In contrast to 
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Γ1 = Γ↑ + Γ↓ and the equilibrium population of the qubit peq = Γ↑/Γ1. Note 
that the noise magnitude varies with the qubit population (Fig. 4a), 
because the rates Γ↑,↓ are based on conditional probabilities. Remark-
ably, after a heating sequence with N = 104, Γ1 of the qubit is comparably 
constant (Fig. 4b); in contrast, peq follows a non-exponential relaxation 
for timescales up to 50 ms. At the end of the polarization sequence, for 
the TLSs, we can ascribe a hyperpolarization pTLSs

eq  = 97%, which—when
taking into account the intrinsic loss of the qubit—gives the measured 
peq = 78% (Fig. 4c). Conversely, after a cooling sequence with N = 104, 
we extract peq = 3.0%, as can be ascertained in Fig. 3b using the qubit 
population pq = 2.0% ≈ peq after 1/Γ1. Hence, the Szilard engine cooled 
the environment to an effective temperature of 16 mK, which is well 
below the temperature of the dilution refrigerator (~25 mK) and the 
effective temperature Teff = 28.3 mK corresponding to the idle qubit 
population pth = 12.0% (Fig. 2d). The TLS hyperpolarization is even 
lower, pTLSs

eq  = 3.4‰ ≙ 9.9 mK, limited by the qubit preparation infidelity.
The values are extrapolated from the theoretical model, which will be 
explained in the next paragraph. For both heating and cooling, the 
hyperpolarization values are among the highest reported in the 
literature32,33.

The constant relaxation rate Γ1 as well as the observed population 
inversion indicate an environment consisting of TLSs. We, therefore, 
model the system assuming the qubit to be coupled to a countable 
number of TLSs with populations pk

t . The cross-relaxation rates Γ k
qt

between the qubit and TLSs are given by6,34

Γ
k
qt =

2g2Γ2

Γ
2
2 +δ

2
k

, (1)

where δk is the detuning between the qubit and kth TLS, g is their trans-
verse coupling strength and Γ2 is the sum of their decoherence rates. 
Since the TLSs can, in turn, excite the qubit, we conclude that the qubit 
and TLSs are close in frequency so that they approximately relax to the 
same thermal population pth (note that the qubit is well thermalized, 
as discussed earlier). Finally, we introduce intrinsic relaxation rates 
for the qubit and TLSs, namely, Γq and Γ k

t , respectively, capturing the 
remaining environment (Fig. 1b). The dynamics is governed by the 
so-called Solomon equations34, extensively used in the field of nuclear 
hyperpolarization35. The rate equations read as follows:

nuclear hyperpolarization, here the qubit and TLSs operate in the same 
frequency domain, requiring active or autonomous feedback schemes.

The experimental workflow (Fig. 2a) starts with a polarization 
sequence where we stabilize the qubit in either |g〉 or |e〉, thereby cool-
ing or heating the reservoir, respectively. After polarizing the reservoir, 
the qubit is initialized in |g〉 or |e〉 and the combined qubit and reservoir 
system relaxes to its steady state. As an example (Fig. 2b), we show the 
qubit population before and after the first preparation in a sequence 
polarizing to |e〉. The amount of heat in the reservoir, that is, the degree 
of TLS polarization, varies with the operation time of the Szilard engine, 
given by the number of qubit preparations N. Correspondingly, in  
Fig. 2c, we show the measured decrease in qubit transition rates Γ↑,↓ dur-
ing stabilization in |g〉 or |e〉, respectively. The different polarization and 
initialization scenarios are measured interleaved with M = 2,500 repeti-
tions for each scenario, which sets the uncertainties visible as noise in 
the measured curves.

The relaxation of the reservoir cannot be directly observed and 
has to be inferred from the qubit dynamics. Although the common 
approach is to measure the free decay of the qubit (Supplementary 
Section A), here we exploit the fact that the qubit readout is more 
than 96% quantum non-demolishing (Supplementary Section B and 
ref. 31) and we perform repeated single-shot readouts, resulting in 
stroboscopic quantum-jump traces (Fig. 2d). The main benefit of this 
method is the direct determination of transition rates Γ↑,↓ between 
the ground and excited state, which allows us to discriminate between 
changes in the energy relaxation rate and changes in the equilibrium 
population of the qubit. In Fig. 3, we show the measured qubit relaxa-
tion curves for several polarization and initialization scenarios. Note 
that for long enough polarization times to the excited state (N ≥ 103), 
the qubit reaches population inversion (Fig. 3c, bottom), which hints 
at a population inversion of the reservoir. This effect is also confirmed 
by the inversion of the transition rates Γ↑ > Γ↓ (Fig. 4a). A notable conse-
quence is that for N = 104, the preparation fidelity for the excited state 
is higher than the ground state (Fig. 3a, inset).

The time-evolving transition rates (Fig. 4a) are obtained from the 
stroboscopic quantum-jump traces (Fig. 2d) by using Γ↑ = –ln(P|g〉,|g〉)/trep 
and Γ↓ = –ln(P|e〉,|e〉)/trep, where P is the probability to measure the same 
qubit state in successive measurements and trep is the repetition time 
(Supplementary Section F). These rates define the relaxation rate 

Szilard engine TLS heating/coolinga b c

Polarization sequence
Qubit

measurement
and control

Qubit TLSs
Γk

qt

Γk
qt

Γq � Σ Γk
qt Γt ≈ 0

Entropy
removal

Bath

Qubit
preparation

Qubit
preparation

Cross
relaxation

Cross
relaxation

Others

AI2O3 Environment

?
∆

B
→

Qubit

20
 µm

Readout antenna

k

Fig. 1 | Superconducting qubit, its environment and working principle of the 
Szilard engine. a, Schematic of the fluxonium qubit inductively coupled to its 
readout antenna. The rich environment typical for superconducting circuits is 
shown and includes (counterclockwise) the following: free electronic spins that 
may be Zeeman split by an external magnetic field45,46 or via a hyperfine 
interaction47, radiation loss into the readout and qubit drive ports48 or into 
spurious modes including phonons49, Shiba spins42, trapped vortices50,51, 
quasiparticles, absorbed molecules on the surface52 and dielectric TLSs53. The 
fluxonium is implemented with granular aluminium and a superconducting 

quantum interference device junction30,31. b, Qubit environment can be modelled 
as a collection of polarizable TLSs and a global bath responsible for the so-called 
intrinsic loss of both qubit (Γq) and TLSs (Γt). As shown later, in our case, the TLSs 
act as a heat reservoir, because they provide the main relaxation channel for the 
qubit (Γq ≲∑k

Γ
k
qt) and being approximately lossless (Γt ≈ 0). c, Schematic of the

qubit and TLS populations during the polarization sequence. Each cycle of the 
Szilard engine consists of a qubit preparation followed by the cross relaxation 
between the qubit and TLSs. After each cycle, the polarization of the TLSs 
increases.



̇pq = −Γq(pq − pth) −∑
k

Γ
k
qt(pq − pk

t ), (2)

̇pk
t = −Γ k

t (pk
t − pth) − Γ

k
qt(pk

t − pq), (3)

where we identify the constant qubit relaxation rate as  
Γ1 = Γq +∑kΓ

k
qt and the time-dependent peq = (Γqpth +∑kΓ

k
qtp

k
t ) /Γ1. 

As a consequence of equation (3), during the polarization time N × trep, 
when we enforce pq = 0 or 1, there is an exponential population transfer 

between the qubit and each TLS; at the end of the sequence, we expect 
to find the TLSs polarized (Fig. 2c).

So far, the model in equations (2) and (3) requires two rates for 
each TLS. To extract meaningful information from the measurements 
by virtue of equation (1), we need to make simplifying assumptions 
and reduce the number of fitting parameters. Since we observe the 
TLS polarization in different qubits and at different qubit frequen-
cies (Supplementary Section I), we expect the TLSs to be randomly 
distributed in frequency. We simplify this distribution by model-
ling them to be equally spaced in frequency with δk = kΔ + Δ0, where 
Δ0 ∈ [0, Δ/2] defines a shift in the TLS ladder with respect to the qubit 
frequency. This is justified by the fact that we are mainly interested 
in capturing the slow, non-exponential relaxation at millisecond 
timescales. With the same argument for all TLSs, we assume the 
same g and Γ2. The price we pay for using these simplifications is 
that the model less accurately captures the initial features of the 
decay curves, at t < 300 μs. Indeed, these features are a fingerprint 
of the exact configuration of the TLSs; as expected, they fluctuate 
in time36,37 (Supplementary Section A).

The simplified model allows to rewrite equation (1) in the com-
pact form Γ k

qt = ab2/[b2 + (k + bc)2], showing that g, Δ, Δ0 and Γ2 do 
not independently appear in the model. Instead, g = √aΓ2/2, Δ = Γ2/b
and Δ0 = cΓ2 can be determined for a given decoherence rate from a 
successful fit of the model. The fit procedure is further restricted by 
inserting the measured qubit relaxation rate as Γ1 = 1/21.5 μs (Fig. 4b), 
leaving us with only two essential fit parameters, namely, Γq and b 
(Supplementary Section J). The robustness of the model is illustrated 
by the fact that a fit of only the first millisecond to one of the stronger 
polarized relaxation curves (for example, polarization to |e〉 for 
N = 103 with initialization to |g〉 or |e〉) is sufficient to describe the 
highly non-exponential relaxation of all the measurements on the 
entire relaxation range up to 50 ms (Figs. 3 and 4, continuous lines). 
Details of the fitting procedure are presented in Supplementary 
Section J.

Using the lower bound of Γ2 ≥ Γ
q
2  ≈ 0.5 MHz, where Γ q

2  is the 
decoherence rate of the qubit (Supplementary Section K), we 
extract g ≥ 2π × 12 kHz and Δ ≥ 2π × 167 kHz. The comparably small 
coupling strength g ≪ Γ

q
2  is consistent with the fact that we do not

observe avoided level crossings in the qubit spectrum. In particular, 
this argument remains valid even for higher decoherence because 
g and Δ scale with √Γ2  and Γ2, respectively. Using an upper bound 
for the decoherence as Γ2 ≈ 1/10 ns ≪ fq, comparable with values 
repor ted in another work 20,  gives g  <  2π × 170 kHz and 
Δ < 2π × 35 MHz.

Furthermore, we can calculate the two contributions of the qubit 
relaxation: one rate is due to interactions with the TLSs, that is, 
Γ

TLSs
qt = ∑kΓ

k
qt = 35.9 kHz, and the other is the remaining intrinsic relaxa-

tion Γq = 10.7 kHz. We, therefore, identify the TLS bath as the dominant 
loss mechanism. Remarkably, the fit also indicates that the intrinsic 
relaxation time exceeds 1/Γt ≥ 50 ms, which is orders of magnitude 
longer than previously measured relaxation rates of dielectric TLSs38–40. 
This fact leads us to believe that we are reporting a new type of TLS 
environment, possibly related to spins41,42 or trapped quasiparticle 
TLSs13. Finally, we would like to mention that Γ k

qt ≥ Γt for ∣k∣ ≤ 15, which 
means that the qubit is the main decay channel for at least the first few 
tens of the most resonant TLSs.

Following Szilard’s seminal paper21, the homonymous engine uses 
measured information as fuel (Supplementary Section L). In the first 
iteration of a cooling sequence starting from thermal equilibrium 
at T = 28.3 mK, the engine extracts, on average, the internal energy 
ΔU = 0.24kBT from the qubit, corresponding to an entropy reduction 
of 0.37kB, which should be compared with the entropy produced by 
the measurement apparatus (kBln2 ≈ 0.69kB). From the rate equa-
tion, we can calculate the optimal working regime for our Szilard 
engine. Using the fitted parameters, we infer that the maximum 
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Fig. 2 | Szilard engine in action. a, Schematic of the experiment and control 
sequence for implementing a Szilard engine. The qubit consists of a fluxonium 
biased at half-flux (Supplementary Section C) operating at its fundamental 
transition f01 = 1.2 GHz separated by 6.6 GHz from the higher levels. The qubit 
is coupled to an unknown mesoscopic environment (as shown in Figs. 3 and 4), 
which can be modelled as an ensemble of TLSs. We start the experiment with 
the TLS polarization sequence (Fig. 1c) by stabilizing the qubit to either |g〉 or |e〉 
using N active feedback preparations. This is followed by a qubit initialization 
in |g〉 or |e〉; immediately thereafter, we begin to stroboscopically monitor 
the qubit state. For polarization and qubit monitoring, the repetition time is 
trep = 2 μs, much shorter than the qubit relaxation time T1 ≈ 20 μs. Before each of 
the 2,500 repetitions, we wait for 50 ms to allow the environment to relax. The 
protocol is orchestrated by the field-programmable gate array (FPGA) controller 
from Quantum Machines, with an internal real-time feedback latency of ~200 ns 
(Supplementary Section D provides a schematic of the detailed setup). b, Scatter 
plot of the complex reflection coefficient S11 of the readout signal for the qubit in 
equilibrium (left) and after |e〉-state preparation (right). The readout integration 
time is 128 ns, resulting in a separation of 5.6σ (green circles indicate 2σ).  
c, Probability Pπ to reset the qubit to its target state during polarization  
(Pπ is corrected for state preparation and measurement errors; Supplementary 
Section E). Using trep, the values of Pπ can be mapped to the qubit transition 
rates Γ↑ and Γ↓ for polarization to |g〉 and |e〉, respectively (right-hand axis). The 
evolution of the rates is captured by the theoretical model derived in the main 
text (solid lines). d, Typical quantum-jump trace during qubit monitoring (as 
shown in a). The solid line indicates the assigned qubit state. JPA, Josephson 
Parametric Amplifier; RO, readout.



heat reduction of ΔQ = 0.11kBT in the reservoir occurs 68 μs after 
qubit initialization. Thus, at most half of the extracted heat from the 
qubit can be used to cool the reservoir. With a similar timescale of 
trep = 100 μs (Supplementary Section M), we show that the reservoir 
can also be heated by a sequence of π pulses. However, this procedure, 
introduced in another work9, cannot result in population inversion 
in the reservoir.

In summary, using a superconducting qubit and active feed-
back, we demonstrated a quantum Szilard engine that can polarize 
a TLS environment of unknown origin. As a result, the qubit popula-
tion exhibits remarkably long and non-exponential dynamics due 
to the intrinsically long decay time of the TLSs, exceeding 50 ms. 
This showcases the challenges and pitfalls of extracting T1 from the 
relaxation data of the qubit population. In our device, we extract T1 
from quantum jumps and show that it is unaffected by the continuous 
operation of the qubit, ruling out enhanced quasiparticle diffusion9. 
Although T1 is independent of the environment population, the tran-
sition rates Γ↑,↓ are not. Our results are particularly relevant in the 

context of quantum processors, where the heating and cooling of 
the environment is a byproduct of continuous operation. The Szilard 
engine could be used to study out-of-equilibrium processes or to 
preferentially reduce one of the qubit transition rates. For example, 
reducing Γ↑ would be beneficial for bosonic codes43,44.

In our system, quantum coherence between the qubit and TLSs 
can be neglected, allowing a simple description using the Solomon 
equations. As quantum hardware continues to improve, coherent 
interactions and non-Markovian qubit dynamics will start to play 
a role, raising the bar for quantum error correction strategies. The 
quantum Szilard engine presented here offers the first glimpse of 
the challenges facing future hardware, in which coherence improve-
ments also translate into increasingly complex interactions with the 
environment.
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Fig. 3 | Qubit evolution after running the Szilard engine. a, Measured 
relaxation of the qubit after polarization to |e〉 for various times N × trep 
followed by initialization in either |g〉 or |e〉. Note the logarithmic x axis from 
300 μs onwards, which is required to depict the slow relaxation dynamics. 
The exponential decay curves (dotted lines), with the decay times indicated 
by the corresponding labels, are guides to the eye to illustrate the non-
exponential relaxation of the environment (Supplementary Section G).  
The inset shows the preparation infidelity of the initialization. We observe  
an increasing fidelity with N, particularly for the initialization in |e〉.  
The error bars show the 1σ confidence intervals of the binomial distribution 
with 2,500 repetitions. b, Measured relaxation of the qubit after  
polarization to |g〉 followed by an initialization in either |g〉 or |e〉.  
Compared with a, the opposite effect is visible: the environment is  

cooled by the polarization sequence, demonstrating that the heat flow 
in the environment is not the trivial result of heating due to repeated 
microwave readout and control pulses. The top curves are shifted upwards 
by 5% for better visibility. The continuous lines in a and b correspond to the 
theoretical model of equations (2) and (3), simultaneously applied to all 
the measured curves. c, Scatter plots of the complex reflection coefficient 
S11 for the relaxation curves shown in a for N = 104. The left panels illustrate 
the reduced relaxation of the excited-state population versus time. The 
right panels demonstrate that the qubit undergoes a population inversion 
due to interactions with the environment. In particular, the |f〉 state is not 
populated, as illustrated by the absence of a third cloud in the S11 distribution 
(Supplementary Section H).
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Fig. 4 | Measured population inversion and constant relaxation rate—
signatures of the TLS environment. a, Measured (light colour) and calculated 
(dark colour) qubit transitions rates Γ↑,↓ following initialization in |g〉 or |e〉 and 
for increasing polarization to |e〉 from N = 10 to 103 and 104 (left, middle and right 
panels, respectively). The measured rates are extracted from the same quantum-
jump traces used to extract the qubit relaxation (Fig. 3a), with the logarithmic 
time axis starting at 500 μs. For long polarization times, the rates are reversed in 
the beginning, meaning that the qubit sees a negative-temperature environment. 
Note that in all the cases, the |g〉-state initialization visibly cools the environment, 
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