Two-level system hyperpolarizationusing a
quantum Szilard engine

Martin Spiecker ® "2

, Patrick Paluch®'?, Nicolas Gosling ®2, Niv Drucker®,

Shlomi Matityahu*, Daria Gusenkova'?, Simon Giinzler ® "2, Dennis Rieger®'?,
Ivan Takmakov'?, Francesco Valenti®2, Patrick Winkel ® *2, Richard Gebauer®,
Oliver Sander®, Gianluigi Catelani ® ¢, Alexander Shnirman?*,

Alexey V. Ustinov'?, Wolfgang Wernsdorfer ®'?, Yonatan Cohen®

&loan M. Pop®"?

Theinnate 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
qubitis coupled to a two-level system (TLS) environment of unknown origin,
with arelatively long intrinsic energy relaxation time exceeding 50 ms. The
TLSs can be cooled down, resultingin 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 environmentsis, therefore, not only crucial to improve the
qubit lifetimes but also to avoid non-Markovian qubit dynamics.

Although tremendous progress has been made toimprove the coher-
ence of superconducting qubits, they still have to cope with various
loss and decoherence mechanisms, certainly to the chagrin of quantum
computingscientists but also to the joy of mesoscopic physicists. The
relentless interactions between superconducting hardware and its
environment motivate the development of quantumerror correction
using stabilizer codes on one hand'*and deepen our understanding
of mesoscopic processes on the other hand> ™. In the past, numerous
strategies have been conceived to study and mitigate decoherence
fromvarious sources, fromdefectsin dielectrics to non-thermal excita-
tions™. Amajor 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 pulses'”'®, whereas strongly coupled TLSs
may even be coherently operated via the superconducting qubit™°.
Moreover, it has been shown that asequence of repeated T pulses can
change the environment of the superconducting qubit, which was

interpreted as the diffusion of superconducting quasiparticles away
from the qubit junctions’.

Here weimplement a quantum Szilard engine?* that manipulates
the environment of a superconducting qubit. Our Szilard engine exe-
cutes a hyperpolarization protocol similar to experiments using spin
qubits® or defect centres®, and is readily applicable in state-of-the-art
quantum processors” . 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
hiddenenvironment cannow be identified as the dominantloss mecha-
nismof our qubit, and we dread that similarly acting environments are
ubiquitousinsuperconducting hardware. The quantum Szilard engine
consists of agranular aluminium fluxonium qubit® that can be actively
preparedin one of its eigenstates |g) or |e). The fluxonium and its com-
plexenvironmentare depictedinFig.1a. The Szilard engineimplements
adynamical polarization protocol on the TLSs (Fig. 1b,c).In contrast to
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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 field*>*° or viaa hyperfine
interaction, radiation loss into the readout and qubit drive ports*® or into
spurious modes including phonons*, Shiba spins*, trapped vortices™*,
quasiparticles, absorbed molecules on the surface®and dielectric TLSs*. The
fluxonium isimplemented with granular aluminium and a superconducting

nuclear hyperpolarization, here the qubitand TLSs operateinthe same
frequency domain, requiring active or autonomous feedback schemes.

The experimental workflow (Fig. 2a) starts with a polarization
sequence where we stabilize the qubitineither|g) or|e), thereby cool-
ingor heating the reservoir, respectively. After polarizing the reservoir,
the qubitisinitializedin|g) or |e) and the combined qubit and reservoir
systemrelaxes toits steady state. As an example (Fig.2b), we show the
qubit population before and after the first preparation in a sequence
polarizingto |e). Theamount of heatin the reservoir, thatis, 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, weshow the measured decreasein qubittransitionrates/, , dur-
ing stabilizationin|g) or |e), respectively. The different polarizationand
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 I', , 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 (V>10%),
the qubit reaches population inversion (Fig. 3c, bottom), which hints
atapopulationinversion of the reservoir. This effect is also confirmed
by theinversion of the transitionrates/, >I', (Fig.4a). Anotable conse-
quenceisthat for N=10* the preparation fidelity for the excited state
is higher than the ground state (Fig. 3a, inset).

Thetime-evolving transition rates (Fig. 4a) are obtained fromthe
stroboscopic quantum-jump traces (Fig. 2d) by using /', = =In(Pyg, )/t e,
and’, = -In(Py, ,)/t..,, Where Pis the probability to measure the same
qubit state in successive measurements and ¢, is the repetition time
(Supplementary Section F). These rates define the relaxation rate

quantum interference device junction®**'. b, Qubit environment can be modelled
asacollection of polarizable TLSs and a global bath responsible for the so-called
intrinsicloss of both qubit (/) and TLSs (/). As shown later, in our case, the TLSs
actasaheat reservoir, because they provide the main relaxation channel for the
qubit(I'y < Zkl’é‘t) and being approximately lossless (I, = 0). ¢, Schematic of the
qubitand 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.

I,=r,+TI,andtheequilibrium population of the qubit p., =I",/I'. Note
that the noise magnitude varies with the qubit population (Fig. 4a),
becausetherates [, , are based on conditional probabilities. Remark-
ably, after aheating sequence with N =10*, I, of the qubitis comparably
constant (Fig.4b); in contrast, p, follows anon-exponential relaxation
for timescales up to 50 ms. At the end of the polarization sequence, for
the TLSs, we canascribe a hyperpolarization p{s = 97%, which—when
takingintoaccounttheintrinsicloss of the qubit—gives the measured
Peq=78% (Fig. 4c). Conversely, after a cooling sequence with N =10%,
we extract p., = 3.0%, as can be ascertained in Fig. 3b using the qubit
population p,=2.0% = p., after 1/I,. 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 T = 28.3 mK corresponding to the idle qubit
population p,,=12.0% (Fig. 2d). The TLS hyperpolarization is even
lower, pg;>*=3.4%0 £ 9.9 mK, limited by the qubit preparationinfidelity.
Thevalues 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
literature®™,

The constant relaxationrate/; 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 p¥. The cross-relaxation rates Iy
between the qubit and TLSs are given by®**
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where §,is the detuning between the qubitand kth TLS, gis their trans-
verse coupling strength and I, is the sum of their decoherence rates.
Sincethe TLSs can, inturn, excite the qubit, we conclude that the qubit
and TLSsareclosein frequency so that they approximately relax to the
same thermal population p,, (note that the qubit is well thermalized,
as discussed earlier). Finally, we introduce intrinsic relaxation rates
for the qubitand TLSs, namely, [, and Ft", respectively, capturing the
remaining environment (Fig. 1b). The dynamics is governed by the
so-called Solomon equations®, extensively used in the field of nuclear
hyperpolarization®. The rate equations read as follows:
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Fig.2|Szilard engineinaction. a, Schematic of the experiment and control
sequence forimplementing a Szilard engine. The qubit consists of a fluxonium
biased at half-flux (Supplementary Section C) operating at its fundamental
transition f, = 1.2 GHz separated by 6.6 GHz from the higher levels. The qubit

is coupled to an unknown mesoscopic environment (as shownin 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 Nactive 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

t.., =2 s, much shorter than the qubit relaxation time T; = 20 ps. Before each of
the 2,500 repetitions, we wait for 50 ms to allow the environment to relax. The
protocolis 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 aschematic of the detailed setup). b, Scatter
plot of the complex reflection coefficient S;; of the readout signal for the qubitin
equilibrium (left) and after |e)-state preparation (right). The readout integration
timeis 128 ns, resulting in a separation of 5.60 (green circles indicate 20).

¢, Probability P, to reset the qubit to its target state during polarization

(P.is corrected for state preparation and measurement errors; Supplementary
SectionE). Using ., the values of P, can be mapped to the qubit transition
rates /", and ", 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
shownina). Thesolid line indicates the assigned qubit state. JPA, Josephson
Parametric Amplifier; RO, readout.

pq = _Fq(pq _pth)_;[‘(ﬁ(pq —Pf), (2)
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where we identify the constant qubit relaxation rate as
I = I'y + X, 'k andthetime-dependent p.q = (Tqpen + ZkFC’ftpf) /I
Asaconsequence of equation (3), during the polarizationtime N x ¢,
whenweenforcep,=0orl, thereis an exponential population transfer

betweenthe qubitand 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 §, = k4 + 4,, where
A, € [0, 4/2] defines ashiftinthe TLS ladder with respect to the qubit
frequency. Thisis 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 I,. 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 ps. Indeed, these features are a fingerprint
of the exact configuration of the TLSs; as expected, they fluctuate
in time*** (Supplementary Section A).

The simplified model allows to rewrite equation (1) in the com-
pact form Fé‘t = ab?/[b? + (k + b)), showing thatg, 4, 4,and I, do
notindependently appearinthe model.Instead, g = +/al»/2,4=I,/b
and 4, =cl, canbe determined for a given decoherence rate from a
successful fit of the model. The fit procedureis further restricted by
inserting the measured qubitrelaxationrate as/; =1/21.5 ps (Fig. 4b),
leaving us with only two essential fit parameters, namely, I, and b
(Supplementary Section ). The robustness of the modelisillustrated
by the fact thatafit of only the first millisecond to one of the stronger
polarized relaxation curves (for example, polarization to |e) for
N =10%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].

Using the lower bound of I, > I'}'= 0.5 MHz, where I,'is the
decoherence rate of the qubit (Supplementary Section K), we
extractg>2mn x12kHzand A > 2n x 167 kHz. The comparably small
coupling strength g <« qu is consistent with the fact that we do not
observe avoided level crossings in the qubit spectrum. In particular,
thisargument remains valid even for higher decoherence because
gand A scale with \/T; and I',, respectively. Using an upper bound
for the decoherence as I, 1/10 ns « f,, comparable with values
reported in another work?’, gives g <2m x 170 kHz and
A <21 %x35MHz.

Furthermore, we can calculate the two contributions of the qubit
relaxation: one rate is due to interactions with the TLSs, that is,
I = 3, I'k =359 kHz,and the other is the remaining intrinsic relaxa-
tion/,=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/, > 50 ms, which is orders of magnitude
longer than previously measured relaxation rates of dielectric TLSs* ™,
This fact leads us to believe that we are reporting a new type of TLS
environment, possibly related to spins*** or trapped quasiparticle
TLSs". Finally, we would like to mention that F(ft > Ifor|k| <15,which
means that the qubitis the main decay channel for at least the first few
tens of the most resonant TLSs.

FollowingSzilard’s seminal paper?, the homonymous engine uses
measured information as fuel (Supplementary SectionL). 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
AU=0.24k;Tfromthe qubit, corresponding to an entropy reduction
of 0.37ky, which should be compared with the entropy produced by
the measurement apparatus (kgln2 = 0.69k;). 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. 3| Qubit evolution after running the Szilard engine. a, Measured
relaxation of the qubit after polarization to |e) for various times N x ¢,
followed by initialization in either |g) or |e). Note the logarithmic x axis from
300 ps 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 toillustrate the non-
exponential relaxation of the environment (Supplementary Section G).

The inset shows the preparation infidelity of the initialization. We observe
anincreasing fidelity with N, particularly for the initializationin |e).

The error bars show the 1o confidence intervals of the binomial distribution
with 2,500 repetitions. b, Measured relaxation of the qubit after
polarization to |g) followed by aninitialization in either |g) or |e).
Compared with a, the opposite effect is visible: the environment is

heat reduction of AQ = 0.11k;T in the reservoir occurs 68 ps after
qubitinitialization. Thus, at most half of the extracted heat from the
qubit can be used to cool the reservoir. With a similar timescale of
t.p =100 ps (Supplementary Section M), we show that the reservoir
canalsobe heated by asequence of m pulses. However, this procedure,
introduced in another work’, cannot result in population inversion
inthereservoir.

In summary, using a superconducting qubit and active feed-
back, we demonstrated a quantum Szilard engine that can polarize
aTLS environment of unknown origin. As aresult, 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 7, from the
relaxation data of the qubit population. In our device, we extract T;
from quantumjumps and show that it is unaffected by the continuous
operation of the qubit, ruling out enhanced quasiparticle diffusion’.
Although T isindependent of the environment population, the tran-
sition rates I', , are not. Our results are particularly relevant in the

cooled by the polarization sequence, demonstrating that the heat flow
inthe 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 ina and b correspond to the
theoretical model of equations (2) and (3), simultaneously applied to all
the measured curves. ¢, Scatter plots of the complex reflection coefficient
S. for therelaxation curves shown in a for N=10* The left panelsillustrate
the reduced relaxation of the excited-state population versus time. The
right panels demonstrate that the qubit undergoes a population inversion
due tointeractions with the environment. In particular, the [f) state is not
populated, asillustrated by the absence of a third cloud in the S, distribution
(Supplementary Section H).

context of quantum processors, where the heating and cooling of
the environmentis abyproduct 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 I, would be beneficial for bosonic codes****.

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
arole, 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 complexinteractions with the
environment.
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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 I, , following initializationin |g) or |e) and
forincreasing polarization to |e) from N =10 to 10* and 10* (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 ps. For long polarization times, the rates are reversed in
the beginning, meaning that the qubit sees a negative-temperature environment.
Note thatin all the cases, the |g)-state initialization visibly cools the environment,
suggesting a heat capacity of only a few energy quanta. To reduce the statistical
noise, a five-point moving-average filter was applied corresponding toa 10 ps
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