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We experimentally study the transient dynamics of a dissipative superconducting qubit under
periodic drive towards its nonequilibrium steady states. The corresponding stroboscopic evolution,
given by the qubit states at times equal to integer multiples of the drive period, is determined by
a (generically non-Hermitian) Floquet Liouvillian. The drive period controls both the transients
across its non-Hermitian degeneracies and the resulting nonequilibrium steady states. These steady
states can exhibit higher purity compared to those achieved with a constant drive. We further
study the dependence of the steady states on the direction of parameter variation and relate these
findings to the recent studies of dynamically encircling exceptional points. Our work provides a new
approach to control non-Hermiticity in dissipative quantum systems and presents a new paradigm
in quantum state preparation and stabilization.

Floquet engineering, which involves the control of
quantum systems through periodic driving, is capable of
substantially altering the energy spectra of quantum sys-
tems and inducing the formation of novel states of mat-
ter [1–5]. One recent example is discrete time crystals
observed in periodically driven many-body-localized sys-
tems [6–8]. For closed quantum systems, their dynam-
ics under the periodic drive are described by the Flo-
quet Hamiltonian [9] and can reach featureless infinite-
temperature states due to the energy injection from the
drive [10–12]. However, in dissipative quantum sys-
tems, the energy injection can be consumed by dissipa-
tion, resulting in nonequilibrium steady states (NESSs)
[13, 14]. Various interesting phenomena and applications
have been demonstrated in Floquet dissipative systems,
such as dissipative Floquet topological insulators [15], qu-
asithermal magnetism of NESSs [16], and a combination
of reservoir engineering with Floquet engineering [17].

The (stroboscopic) transient dynamics of the dissi-
pative Floquet systems towards the NESSs under the
Markovian approximation can be captured by Floquet Li-
ouvillian superoperators [18]. These superoperators are
generically non-Hermitian and therefore possess complex
eigenvalues, where the real and imaginary parts deter-
mine the decay rate and the oscillation frequency of the
transients. Recently, time-independent Liouvillian su-
peroperators have drawn considerable attention in the
context of non-Hermitian physics and exceptional points
(EPs) [19–23], as a natural extension of Hamiltonian
based non-Hermitian systems [24, 25]. Critical damping
was observed at the EPs of the Liouvillian superoperator
in a dissipative qubit [26, 27]. A number of applications
have been found at or near the Liouvillian EPs such as
an autonomous thermal machine for entanglement gen-
eration [28], quantum steering [29], and chiral Bell state
transfer [30].

Several pioneering works have demonstrated dynamic

tuning of Liouvillian superoperators, which lead to chiral
state transfer [27] and quantum heat engines [31]. How-
ever, these works only vary the drive parameters for one
period, and their connection to Floquet physics remains
elusive. In this letter, we apply a Floquet drive to a dis-
sipative superconducting qubit for multiple periods and
utilize quantum state tomography to observe its transient
dynamics towards the NESSs. The stroboscopic tran-
sients exhibit either overdamped, exponential decay or
underdamped, oscillatory decay, where the two regimes
are separated by the EPs. We use the drive period to
control both the complex eigenvalues of the Floquet Li-
ouvillians and the NESSs. Despite its strong energy dissi-
pation, the system exhibits high-purity NESSs at certain
drive periods. Finally, we connect our observations with
the recent studies of chiral state transfer via dynamically
tuning Liouvillians [27]. Our study shows that Floquet
engineering provides a new resource for controlling non-
Hermiticity and can help generate and stabilize quantum
states.
We consider a dissipative qubit under time-dependent

drive parameters, where its dynamics can be described
by a Lindblad master equation:

ρ̇ = −i[Hc(t), ρ] + LeρL
†
e −

1

2
{L†

eLe, ρ} ≡ L(t)ρ. (1)

Here, ρ denotes the density operator, and Le is the jump
operator, defined as Le =

√
γe|g⟩⟨e| describing sponta-

neous emission from level |e⟩ to level |g⟩ at a rate γe.
Hc(t) = J(t)(|g⟩⟨e|+|e⟩⟨g|)+∆(t)/2(|g⟩⟨g|−|e⟩⟨e|), char-
acterizes coupling between the two levels by a drive with
the frequency detuning ∆(t) relative to the |g⟩–|e⟩ tran-
sition at a rate J(t). The dynamics can be fully captured
by a Liouvillian superoperator L(t), and at each instant
in time it is non-Hermitian and in general exhibits com-
plex eigenvalues [27].
Under the condition of periodic drive, i.e., L(t) = L(t+

T ), where T denotes the period, it is natural to examine
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FIG. 1. Floquet Liouvillian. (a) Schematic of a Floquet-
driven dissipative qubit, where the drive amplitude J(t) and
frequency detuning ∆(t) relative to the transition frequency
are periodically varied. γe denotes the spontaneous emis-
sion rate. Inset: One period of the Floquet drive forms a
closed loop in the parameter space. (b-c) Dependence of
the real (b) and imaginary (c) parts of the complex eigen-
values of the effective Floquet Liouvillian on the drive period
T . There are four eigenvalues depicted in green, red, blue,
black. Overlapping eigenvalues have been slightly offset for
clarity. Parameters used for calculations: Jmax = 20 radµs−1,
∆max = 2π radµs−1, and γe = 4µs−1. The eigenvalues of the
effective Floquet Liouvillian describe the stroboscopic evolu-
tion. (d) Measured stroboscopic x ≡ ⟨σx⟩ expectation value
at multiples of the loop period for T = 200 ns (squares) and
T = 600 ns (circles). The respective underdamped and over-
damped dynamics correspond to non-zero and zero imaginary
parts of the eigenvalues respectively, as marked by the arrows
in (c).

the dynamics in the Floquet picture. The one-period
propagator for the density operator ρ is given by

G(t0, t0 + T ) = T e
∫ t0+T
t0

L(t) dt ≡ eTLeff , (2)

where t0 denotes the initial time, T denotes time-ordered
integration, and Leff denotes the effective Floquet Liou-
villian. The complex eigenvalues of Leff determine the
stroboscopic evolution of the qubit state at times equal
to integer multiples of the drive period (i.e., t0, t0 + T ,
..., t0 + NT ), where N represents the number of drive
periods.

Inspired by the recent work studying the dynamical
tuning of Liouvillians [27, 31, 32], we consider a Floquet
drive with both its amplitude and frequency periodically
varied. We define the drive as J(t) = Jmax cos(2πt/T )
and ∆(t) = ±∆max sin(2πt/T ), forming a closed path in
the parameter space [Fig. 1(a)]. The signs + and −
correspond to the counterclockwise (CCW) and clock-
wise (CW) directions of parameter variation, respec-
tively. The same path is used in both our theoretical cal-
culations and experiments. Figures 1(b) and 1(c) show

the real and imaginary parts of the complex eigenval-
ues of the effective Floquet Liouvillian, respectively. The
complex eigenvalues (blue and red curves in Figs. 1(b)
and 1(c)) exhibit EP transitions when varying the drive
period T . The eigenvalues with nonzero real parts de-
termine the transient dynamics, and the eigenstate with
zero eigenvalue corresponds to the NESS.

We use the lowest two energy levels (|g⟩, |e⟩) of a trans-
mon superconducting circuit in this study [33]. Through
a reservoir engineering method, we shape the density of
states of the electromagnetic field and can adjust the
spontaneous emission rate of the energy level |e⟩ [34].
In this study we set γe ≈ 4.7µs−1. In addition, the
qubit experiences pure dephasing at a rate γϕ ≈ 0.3µs−1.
While γϕ ≪ γe, the presence of this additional de-
phasing shifts the location of the EPs slightly, and the
dynamics we observe agree well with calculations with
γe ≈ 4 µs−1. The transmon circuit is dispersively cou-
pled to a three-dimensional microwave cavity, whose res-
onance frequency depends on the transmon state. We
can realize high-fidelity, single-shot readout of transmon
state by probing the cavity with a weak microwave signal
and detecting its phase shift [35].

Figure 1(d) provides two examples of stroboscopic evo-
lution with the periods T = 200, 600 ns, where the pa-
rameters are varied in the CW direction. We choose the
initial state |+x⟩ at t = 0. At the end of each period, the
evolution is paused, and we perform state tomography
to determine the expectation values of the qubit Pauli
operators x ≡ ⟨σx⟩, y ≡ ⟨σy⟩, z ≡ ⟨σz⟩.

Since this initial state does not correspond to the
NESS, we expect the transient Floquet dynamics to the
NESS to be characterized by the eigenvalues of Leff .
In Fig. 1(d) we display the stroboscopic evolution for
N = 10 periods. For a T = 200 ns period the strobo-
scopic evolution exhibits oscillatory decay, whereas for
T = 600 ns the evolution solely decays. The two types of
transients correspond respectively to non-zero and zero
imaginary eigenvalues of Leff , which are separated by an
EP.

Next, we perform state tomography with a finer time
resolution (less than one period) to observe the full dy-
namics of x, y, z over 10 periods of drive with T = 200 ns
[Fig. 2(a)]. The evolution within one period corresponds
to micromotion of the Floquet evolution. Over several
periods the micromotion changes, ultimately reaching the
NESS, where the micromotion repeats the same path at
each period. We can quantify how the micromotion ap-
proaches the NESS by examining how the state changes
from period to period. The Floquet propagator (Eq. 2)
in fact governs an entire set of stroboscopic evolutions
along the same parameter path given by different start-
ing points t0 ∈ [0, T ]. Examples of stroboscopic evolu-
tion with t0 = 0.2T, 0.5T, 0.8T are shown in Fig. 2(b).
Through curve fitting, we observe that the transients of
x, y, z with different initial time t0 exhibit similar oscil-
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FIG. 2. Transient dynamics towards nonequilibrium steady states. (a) Time evolution of the Pauli expectation values
x (blue), y (red), z (black). The alternating green and white regions denote the successive drive periods of T = 200 ns.
The initial state is | + x⟩. The solid curves are experimental results, and the dashed curves are from theoretical calculations
that include the effects of decay and pure dephasing. (b) Stroboscopic evolution of x (blue squares), y (red circles), z (black
stars) with different initial times t0 = 0.2T, 0.5T, 0.8T show different sets of Floquet evolution. The dashed curves are the
fitting results. (c) Real (solid curves) and imaginary (dashed curves) parts of the complex eigenvalues of the effective Floquet
Liouvillian show that they are independent of initial times t0 for the same parameter path.

lation frequencies and decay rates. This is because the
one-period propagators with different t0 have the same
eigenvalues [Fig. 2(c)]. Similar observations also apply
to T = 600 ns, with the full dynamics included in the
Supplementary Materials [36]. Though the one-period
propagators with different t0 have the same eigenvalues,
the corresponding eigenstates including the one with zero
eigenvalue (i.e., the NESSs) are different. This can be ob-
served from the results in Fig. 2(a), where after the fifth
period the evolution is highly repetitious, meaning that it
has reached the NESS: the state is still evolving in time,
but the stroboscopic qubit state is now constant.

To further investigate the effect of the period T on
the NESSs, we use the same parameter path as given in
Fig. 1(a) but vary T from 150 ns to 650 ns, and study
the corresponding NESSs and their entropy at both direc-
tions of parameter variation. Here we use the results from
the tenth period to approximate the NESSs. Figure 3(a)
shows the x component of the NESSs for the CCW direc-
tion. To quantify the purity of the NESSs, their entropy
are also examined, defined as S ≡ −

∑
pi log2(pi), where

pi is the eigenvalue of the density matrix ρ of the qubit
[Fig. 3(b)]. The full results of state tomography and the-
oretical calculations are included in [36]. As shown in
Fig. 3(c), the NESSs vary from high-purity states to fully
mixed states by tuning the drive period.

The entropy of the NESSs along the parameter path

remains relatively stable for smaller periods and increases
monotonically with increasing T up to T ≈ 350 ns, where
the NESSs are nearly fully mixed states [Fig. 3(d)]. Fur-
ther increasing T lowers the entropy at a certain range
of t0 and leads to a double-dip feature [the red dashed
curve in Fig. 3(d)]. This resembles the entropy of the
steady states of the (static) Liouvillian L(t0) along the
parameter path [the grey dashed curve in Fig. 3(d)]. It
minimizes when the drive amplitude approaches to zero
(e.g., t0 = 0.25T ), and the steady state is close to the
ground state and thus has high purity. Maximal entropy
occurs when a resonant drive is applied (e.g., t0 = 0).
The quantum jumps between |g⟩ and |e⟩ induce transi-
tions between the two dressed states (| ± x⟩), and the
steady state is a fully mixed state [37].

Finally, we compare the NESSs at two parameter vari-
ation directions. The x component of the NESSs at the
CW direction is provided in Fig. 3(e), approximately op-
posite to that in Fig. 3(a), whereas the two directions
share similar y and z values [36]. We calculate the trace
distance between the NESSs for the two directions, de-
fined as, C = 1

2Tr[
√
(ρcw − ρccw)†(ρcw − ρccw)], to quan-

tify their difference [Fig. 3(f)]. Here, we reverse the time
order of NESSs for one direction to calculate C such that
the results of two directions have a point-to-point corre-
spondence in the parameter space. We observe that in
general the parameters with high-purity NESSs overlap



4

(a)

(b)

(c) (e)

(f)(d)

0 0.5 1
t0/T

0

0.5

1

en
tr

op
y

en
tr

op
y

0.2 0.4 0.6
T ( s)

0.4

0.6

0.8

1

x

S

x

C

FIG. 3. Controlling nonequilibrium steady states via the drive period. (a) The Pauli expectation value x of the
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the CCW direction. (b) Entropy S of the NESSs calculated from the state tomography results. (c) Dependence of the entropy
on the period T at t0/T = 0.1 (blue), 0.4 (red), 0.7 (black). (d) Examples of the entropy along the parameter path at different
periods T : 150 ns (blue solid curve), 190 ns (red solid curve), 340 ns (black solid curve), 440 ns (blue dashed curve), 540 ns
(red dashed curve). For comparison, the entropy of the steady states of the static L(t0) is also provided (dashed grey curve).
(e) Same as (a) except that the parameters are varied in the CW direction. (f) Trace distance C between the NESSs at two
directions.
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FIG. 4. Asymmetric nonequilibrium steady states at
two directions of Floquet drive. Quantum state tomog-
raphy (x, blue; y, red; z, black) of dynamically tuning the
Liouvillian with the period T = 1µs. The parameters are
varied in the CCW (a) and CW (b) directions. The solid
curves are experimental results, and the dashed curves are
from theoretical calculations.

with those with large C.
The observations of asymmetric NESSs at two direc-

tions in Fig. 3 are closely related to the recent studies of
dynamically tuning the Liouvillian of dissipative quan-
tum systems [27, 30, 31]. For example, in [27], we studied
dynamically encircling Liouvillian EPs in the parameter
space and observed chiral state transfer, where the final
states are determined by the encircling directions and

independent of the initial states. Such phenomena can
be interpreted as non-Hermitian Hamiltonian evolution
interrupted by quantum jumps between the two energy
levels [27].

Here we connect those observations with the current
study and show that for sufficiently large encircling time,
the final states of dynamically encircling Liouvillian EPs
are determined by the NESSs of the Floquet Liouvil-
lian. We select a parameter path similar to that used
in [27], defined as J(t) = (Jmax−Jmin) cos

2(πt/T )+Jmin

and ∆(t) = ±∆max sin(2πt/T ), and set T = 1µs,
Jmax = 18 radµs−1, Jmin = 0.1 radµs−1, and ∆max =
10π radµs−1. The initial state is chosen as | − x⟩. The
quantum state tomography results of six periods are pro-
vided in Fig. 4. The observations in the first period are
consistent with those in [27]: the qubit approximately
returns to the initial state at the CCW direction but is
transferred to | + x⟩ state at the CW direction. Tak-
ing all results together, the qubit decays to the NESSs
of the Floquet Liouvillian within about the first period
and then evolves through the according NESSs along the
parameter path. Floquet Liouvillians therefore provide
a new approach to dynamical tuning of dissipative quan-
tum systems.

Conclusion—We have examined the transients of a
Floquet driven dissipative qubit towards its NESSs. The
drive period provides a means to control non-Hermiticity
and NESSs. Furthermore, we have connected our ob-
servations to the recent studies in dynamical control of
non-Hermitian systems governed by Liouvillian superop-
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erators. In a broader view, our study combines Floquet
engineering with reservoir engineering. Through careful
design of dissipation pathways, reservoir engineering has
led to stabilization of quantum states and entanglement
generation [37–42]. Combining these two techniques will
provide extra degrees of freedom to create novel states
for quantum technologies [17].
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Supplementary materials for “Engineering nonequilibrium steady states through
Floquet Liouvillians”

In the supplementary materials, we include additional experimental results and theoretical calculations for the
transient dynamics and the NESSs.

Figure 5(a) displays the full dynamics of the Bloch components x, y, z within 10 periods for T = 600 ns. The
examples of decaying stroboscopic evolution with t0 = 0.1T, 0.4T, 0.7T are shown in Fig. 5(b). Figure 6 shows the full
state tomography results of NESSs and their entropy at varied T and t0/T for the CCW direction. The experimental
results [the left column in Fig. 6] are compared to the theoretical results [the right column in Fig. 6]. The results for
the CW direction are provided in Fig. 7. Figure 8 shows the trace distance between the NESSs for the two directions,
where the experimental results are also compared to theoretical calculations.
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FIG. 5. (a) Time evolution of the Bloch components x (top), y (middle), z (bottom) with the period T = 600 ns. The solid
curves are experimental results, and the dashed curves are from theoretical calculations. (b) Examples of stroboscopic evolution
with t0 = 0.1T (top), 0.4T (middle), 0.7T (bottom). The symbols are experimental results, and the dashed curves are fitting
results using exponential decay function.
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(a)

(b)

(c)

(d)

FIG. 6. The Bloch components x (a), y (b), z (c) of the NESSs and their entropy (d) along the parameter path (i.e., t0/T
varies between 0 and 1) at different periods T . The parameters are varied in the CCW direction. Left: experimental results;
right: theoretical calculations.
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FIG. 7. The Bloch components x (a), y (b), z (c) of the NESSs and their entropy (d) along the parameter path (i.e., t0/T
varies between 0 and 1) at different periods T . The parameters are varied in the CW direction. Left: experimental results;
right: theoretical calculations.

FIG. 8. Trace distance between the NESSs at two directions. Left: experimental results; right: theoretical calculations.
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