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We use the quasienergy structure that emerges when a fluxonium superconducting circuit is driven
periodically to encode quantum information with dynamically induced flux-insensitive sweet spots.
The framework of Floquet theory provides an intuitive description of these high-coherence working
points located away from the half-flux symmetry point of the undriven qubit. This approach offers
flexibility in choosing the flux bias point and the energy of the logical qubit states as shown in [Huang
et al., 2020 ]. We characterize the response of the system to noise in the modulation amplitude and
DC flux bias, and experimentally demonstrate an optimal working point which is simultaneously
insensitive against fluctuations in both. We observe a 40-fold enhancement of the qubit coherence
times measured with Ramsey-type interferometry at the dynamical sweet spot compared with static
operation at the same bias point.

I. INTRODUCTION

Superconducting circuits with a single degree of free-
dom, such as the transmon and fluxonium qubits, consti-
tute the backbone of present solid-state quantum com-
puters [1–6]. The development of qubits equipped with
a higher dimensional configuration space has recently
opened a way to host protected states and represents
a new platform to explore a wide range of fundamen-
tal quantum phenomena [7–10]. An alternative path
to increase the effective dimensionality of a qubit state
without introducing complex multinode circuits is to en-
code quantum information into time-dependent states.
When an artificial atom is irradiated by an intense
field, the emerging system provides controllable states
with desirable coupling to the environment [11]. Such
strongly driven superconducting circuits have been ex-
tensively studied in the context of Landau-Zener inter-
ference [12–16], sideband transitions [17–20], Floquet-
engineering [21–23], on-demand dynamical control of op-
erating points [24–27], tunable coupling schemes [28–33],
and many-body interaction in quantum simulators [34–
38].

Here, we experimentally characterize a fluxonium
qubit under strong external flux modulation and use the
Floquet states to store quantum information. One ad-
vantage of this approach is that we can create a dy-
namical flux-insensitive working point by harnessing the
avoided crossings between quasienergy levels. This al-
lows us to systematically realize favorable working bias
points with in situ tunable transition energies to help
avoid frequency-crowding challenges in multiqubit pro-
cessors. Floquet theory provides a powerful tool to intu-
itively describe the behavior of this driven system[39–43].

The key idea of this formalism is that, when the
evolution of a system is governed by a time-periodic

∗ These authors contributed equally to this work.
† aahouck@princeton.edu

Hamiltonian H(t) = H(t + 2π/Ω) with modulation fre-
quency Ω, there exists a special set of solutions |ψα(t)〉
of the time-dependent Schrödinger equation such that
|ψα(t)〉 can be expressed as the product of a dynam-
ical phase factor and a time-periodic state |Φα(t)〉 in
the form of |ψα(t)〉 = e−iεαt/~|Φα(t)〉, where |Φα(t)〉 =
|Φα(t + 2π/Ω)〉. These states are the quasi-stationary
Floquet states with α = 0, 1, . . . labeling the solutions,
while the characteristic energy εα appearing in the dy-
namical phase factor is the quasienergy of the state. Im-
portantly, |Φα(t)〉 has the same time-periodicity as the
drive, and thus can be expressed as a discrete Fourier
series in terms of the harmonics of the drive frequency

|Φα(t)〉 =
∑
n e

inΩt|φ(n)
α 〉. The unnormalized Fourier

coefficients |φ(n)
α 〉 represent the atomic wavefunctions

dressed by the periodic drive [44, 45] and are called quasi-
wavefunctions. In this work, we use the Floquet states
|Φα(t)〉 as the computational basis states for our qubit.

The outline of the paper is as follows. In Sec. II we
describe the driven fluxonium qubit and the correspond-
ing emerging Floquet states based on numerical diago-
nalization of the underlying Floquet Hamiltonian. In
Sec. III we present the experimental signatures of Floquet
states: Floquet polaritons and excitations of sidebands.
In Sec. IV we present time-domain measurements that
demonstrate enhanced qubit coherence away from the
high symmetry point resulting from a dynamical sweet
spot. We provide additional data and theoretical details
in the Appendices.

II. THE FLOQUET-FLUXONIUM QUBIT

In this work, we present a strongly-driven fluxonium
qubit and show that coherence can be enhanced com-
pared to static operation by operating at the dynamical
sweet spots. Our qubit is operated in the light fluxonium
regime [46], where a small Josephson junction is shunted
by a relatively small capacitance and a large inductance.
The qubit can be biased with an external flux that can
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be periodically-modulated. The driven fluxonium Hamil-
tonian is:

H(t) = 4ECn
2 − EJ cosϕ+

1

2
EL

(
ϕ− 2π

Φext(t)

Φ0

)2

,

(1)
where ϕ and n are the phase and charge operators,
EJ/h = 2.65 GHz is the Josephson energy, EL/h =
0.54 GHz is the inductive energy and EC/h = 1.17
GHz is the capacitive energy. Lastly, Φext(t) denotes
the time-dependent magnetic flux threaded through the
loop formed by the junction and inductor, and Φ0 is the
magnetic flux quantum. The qubit is capacitively cou-
pled to a tantalum-based [47] coplanar resonator with a
resonance frequency of 7.30 GHz, allowing us to perform
dispersive readout [48].

DC flux bias control is commonly used to tune the
transition energies of the qubit, but also adversely af-
fects coherence by exposing the qubit to ubiquitous 1/f
flux noise. To protect against this noise, it is necessary to
set the qubit energy to an extremum value (called a first-
order-insensitive static sweet spot), which diminishes the
advantage of the tunability of the device. Fortunately, by
leveraging modulation techniques, we have the capabil-
ity to recover – under certain conditions – the flexibility
of choosing the optimal working point of the qubit and
create an in-situ tunable dynamical sweet spot.

We consider the case when the magnetic flux is modu-
lated with a single frequency Ω and amplitude ξ around
the static flux bias point Φ0

ext, i.e., Φext(t) = Φ0
ext +

ξ cos(Ωt). Floquet’s theorem offers a natural descrip-
tion of such systems, where the Fourier components

|φ(n)
α 〉 and the corresponding quasienergies εα describe

the dynamics. Importantly, as we illustrate below, these
emerging Floquet states are suitable for quantum in-
formation processing in a manner similar to station-
ary qubits. To get an intuitive picture for the struc-
ture of the fluxonium Floquet states [49], it is advanta-
geous to introduce the time-averaged spectral function

Aα(ω) =
∑
n〈φ

(n)
α |φ(n)

α 〉δ(εα + nΩ − ω), which captures
the energy distribution of the spectral weight of a given
Floquet state over multiple sidebands.

In Fig. 1, we present the quasienergies, quasi-
wavefunctions and time-averaged spectral weights of the
Floquet states as a function of DC flux bias and AC mod-
ulation amplitude as obtained numerically by diagonal-
izing the time-independent Floquet Hamiltonian. First,
the quasienergies of the driven fluxonium (gray lines in
Fig. 1a-c), can be characterized by an infinite set of mul-
tiphoton resonances, with period corresponding to the
drive frequency. This redundancy of the quasienergies is
the result of the discrete time-translation invariance of
the driven-qubit Hamiltonian.

To illustrate how the drive strength affects the Floquet
states, we consider the time-averaged spectral function
(colored lines in Fig. 1a-c), as well as the Fourier com-
ponents of the ground and first excited Floquet states
at different driving amplitudes (Fig. 1d-f). In the weak

modulation-strength limit, the Floquet states resemble
the static fluxonium states with spectral weight primarily
located in a single harmonic and energy levels equivalent
to the bare fluxonium qubit (Fig. 1a). Consequently, the
wavefunctions are localized in a single mode (n = 0), and
they have the same shape in configuration space as the
original fluxonium wavefunctions (Fig. 1d). We observe
that as the drive power is increased, the spectral weight
of the Floquet states spreads into sidebands (Fig. 1b,e).
Intriguingly, at even higher powers, the Floquet states
only have a weak resemblance to the original fluxonium
states, and the quasienergies form a complex pattern with
spectral weight widely spread over numerous sidebands
(Fig. 1c,f).

Finally, the spectrum exhibits avoided crossings at var-
ious flux-bias values due to hybridization between Flo-
quet sidebands. At these special parameter values [11],
the system has dynamical sweet spots with transition
energies first-order insensitive to the DC flux bias. In
this work, we focus on these regions, where the Floquet-
fluxonium qubit can be operated while maintaining high
coherence.

III. MEASURING THE QUASI-ENERGY
SPECTRUM

In order to coherently control this strongly-driven Flo-
quet qubit, we must first experimentally characterize and
verify the quasienergy spectrum. We first focus on para-
metrically induced vacuum Rabi oscillations between a
single mode of the readout cavity and the Floquet states.
Similar to standard transmission measurements in the
strong-coupling regime of superconducting qubits [50],
we measure the response of the cavity as a function of
DC flux bias. When one of the quasienergy differences
is in resonance with the cavity frequency, the coherent
exchange of a photon between the qubit and the cavity
is indicated by avoided crossings in the transmission sig-
nal, and the coupling rate g is captured by the size of
the crossing. We systematically characterize these Flo-
quet polariton states [51] as a function of modulation
amplitude, while keeping the drive frequency constant.
As Fig. 2a shows, the transmission data features a single
avoided crossing in the absence of flux modulation corre-
sponding to the transition from the ground state to the
third excited state of the fluxonium qubit. When the am-
plitude of the drive is increased (Fig. 2b,c), the spectral
weight splits into higher-order sidebands, enhancing the
dipole coupling between the bands detuned by multiples
of the flux modulation. This is indicated by the emer-
gence of additional avoided crossings of the cavity with
the higher-order sidebands as a function of the modula-
tion amplitude. As the magnitude of the dipole matrix
element is proportional to the amplitude of the wavefunc-
tions, measuring the strength of the avoided crossing en-
ables us to directly characterize the redistribution of the
wavefunction in the different sidebands. The measured
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FIG. 1. Numerically calculated Floquet quasienergy spectrum and quasi-wavefunctions. (a-c) Gray lines show the quasienergy
εα as function of external flux and flux drive amplitude ξ at a fixed flux drive frequency of Ω/2π = 0.4 GHz. The weight of the
time-averaged spectral functions Aα(ω) are visualized by colored lines (red, blue, purple). For illustration purposes, we replaced

the Dirac delta functions with Kronecker deltas in the definition of the spectral functions: Aα(ω) =
∑
n〈φ

(n)
α |φ(n)

α 〉δεα+nΩ,ω.
The distribution of the spectral weight among different sidebands depends on the flux dispersion of the states and strength

of the flux modulation. (d-f) The Fourier components of the Floquet states 〈ϕ|φ(n)
α 〉 visualized on a two-dimensional space

spanned by the canonical phase variable and the sideband index. The spread of the wavefunctions into sidebands increases
with the modulation strength.

coupling rates (Fig. 2d) reveal that the spectral weight
continuously transfers to the higher order sidebands as
the drive strength is increased.

We now proceed to spectroscopic measurements to
map out the dynamical sweet spots in the driven fluxo-
nium qubit, which are first-order insensitive against fluc-
tuations of the DC flux bias and AC flux modulation
amplitude. Here, we focus on the flux region close to
half flux quantum, and perform two-tone spectroscopy
in the low-energy region by monitoring the cavity trans-
mission while an additional weak tone is applied to the

flux-modulated system. Due to the ac-Stark effect, occu-
pation of the qubit’s excited state shifts the cavity’s tran-
sition frequency. This leads to a reduction in our trans-
mission signal when the qubit is excited. For compari-
son, we use the Floquet master equation to compute the
steady-state qubit population during the spectroscopy
experiment (Fig. 3a-e) and which agrees well with the
spectroscopy data observed in Fig. 3f-j. In the undriven
case (Fig. 3a,f), the spectral weight in the sidebands is
absent, and thus, the spectroscopic data shows a sin-
gle transition with a static flux sweet spot at a half-flux
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FIG. 2. Floquet polariton states as a function of flux drive
amplitude. (a-c) Vacuum Rabi splitting of the resonator with
the Floquet sidebands measured in the transmission spectrum
when Ω/2π = 0.2 GHz. (d) Experimentally extracted normal-
ized coupling rates gm (solid dots) for the various sidebands
m with calculations based on a rotating-wave-approximation
model (solid lines) and Floquet theory (dotted-dashed lines).
Generally, as the modulation amplitude is increased, the spec-
tral weight shifts towards higher-order sidebands.

quantum. The additional transition observed in the ex-
periment (blue arrow in Fig. 3f) can be accounted for as
a multi-photon transition between the cavity and higher
qubit level. Similar to the previously discussed transmis-
sion measurements, as the amplitude of the flux modula-
tion is increased, the spectral weight propagates into the
harmonics of the drive frequency. This enables transi-
tions between the sidebands of the Floquet states due to
the weak probe field. The obtained low-energy spectra
(Fig. 3g-i) demonstrate the growing number of allowed

transitions between these harmonics as predicted by the
Floquet theory. This behavior is even more apparent in
Fig. 3j, which shows the excitation spectrum as a func-
tion of drive amplitude at a fixed DC flux bias.

Importantly, the flux modulation not only redistributes
the spectral weight of the qubit state into sidebands but
also changes the flux dispersion of the quasienergies. This
can be understood as an interaction between the side-
bands, which exhibit avoided crossings with an energy
splitting proportional to the flux drive amplitude. Such
avoided crossings create dynamical sweet spots, where
the derivative of the quasienergy differences vanishes, of-
fering first-order insensitivity against DC flux noise at
tunable flux bias values (green arrows in Fig. 3).

We emphasize that by coupling the qubit to the flux
drive, we also introduce additional coupling to fluctu-
ating parameters, for instance, drive frequency, ampli-
tude and phase, which can lead to dephasing. Given the
frequency stability of commercial microwave generators,
we focus on the dephasing caused by fluctuations in the
drive amplitude. The DC-flux value corresponding to
the dynamical sweet spot is strongly dependent on the
amplitude of the drive ξ (green arrows in Fig. 3), which
enables noise in the drive amplitude to potentially de-
grade the flux insensitivity of the dynamical sweet spots
– unless those are also insensitive to drive amplitude fluc-
tuations. In other words, first-order insensitivity against
noise in the DC flux bias is necessary but not sufficient
to preserve the phase of the qubit. An example of a
sweet spot for the amplitude of the drive is shown in
Fig. 3e and j (brown arrow). A double sweet spot, which
has vanishing derivatives with respect to both DC flux
bias and AC drive amplitude, provides simultaneous in-
sensitivity to the DC bias fluctuations and the AC flux
noise [11, 24, 27]. Fortunately, as shown below, such dou-
ble sweet spots under flux modulation can be found in
the drive parameters.

IV. COHERENCE OF THE FLOQUET STATES

With the location of sweet spots established, we can
now present the central result of this paper: time-domain
measurements of the coherence properties of the Floquet
states. We measure the acquired dynamical phase of the
Floquet states in a Ramsey-type protocol. As Fig. 4e in-
set shows, we initially prepare an equal superposition of
the ground and first excited state of the undriven qubit
by applying an X90 gate to the ground state. We then
adiabatically turn on the flux modulation such that the
system follows the instantaneous Floquet states [21, 22],
which creates an equal superposition of the ground and
first excited Floquet states. Following this, the system
evolves under a modulation with constant amplitude ξ
and frequency Ω for time ∆t. At the end, the modulation
is again adiabatically turned off, and the excited state
population is measured after another X90 gate. The mea-
sured time evolution of the qubit population for different
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FIG. 3. Spectroscopy measurements of the Floquet states. (a-e) Calculated dispersion of the quasienergies (red lines), and
the simulated qubit excitation during spectroscopy show dynamical sweet spots away from half flux bias. The steady-state
simulation utilizes the Floquet master equation and is used to mimic the spectroscopy signals shown in the lower panels.
Both green and brown arrows indicate dynamical sweet spots. The spots with first-order insensitivity to the flux bias are
shown by green arrows, while the brown arrow indicates insensitivity to modulation amplitude. A double sweet spot must be
simultaneously insensitive to both the dephasing channels. (f-j) Two-tone spectroscopy data on the driven fluxonium in the
vicinity of half flux quantum. The measured transition energies match with the calculated quasienergy differences (red dashed
lines) and are well reproduced in the steady state simulation. With increasing drive amplitude, more transitions are observed
in the data due to the splitting of spectral weight, activating sideband transitions. The blue arrow marks the multi-photon
transition between the cavity and higher qubit levels

driving amplitudes and the rates of phase accumulation
are plotted in Fig. 4a,d. The frequency components of
the oscillation are expected to follow the quasienergy dif-
ference ∆ε+nΩ displaced by the bare qubit frequency ω0

(due to the X90 gates). The extremum of the quasienergy
difference, i.e. the dynamical sweet spot can be found by
comparing the measured frequency components to nu-
merical simulation and the spectroscopic data.

The presented Ramsey-type protocol can be used to
determine the coherence of the Floquet states. By chang-
ing the length of the modulation pulse for extended pe-
riods and measuring the amplitude of the decaying os-
cillation, we can probe the driven qubit coherence. To
find the double sweet spot, we measure the coherence
both as function of drive amplitude and frequency. The
time-domain measurements (Fig. 4c) reveal the presence
of such a double sweet spot as predicted by the Floquet
theory (in Fig. 4b). The double sweet spot provides a
40-fold enhancement of T2R at the cost of a 3.5-fold re-
duction in T1 (refer Tab. I). This result clearly demon-
strates the potential of Floquet engineering for achieving
ideal trade-offs between depolarization and dephasing in
quantum processors.

TABLE I. Measured coherence times of the system. At the
double sweet spot, Floquet drive decreases the T1 of the flux-
onium away from half flux bias by 3.5 times while increasing
the T2R by 40 times.

Φ0
ext (Φ0) T1 (µs) T2R (µs)

0.500 (undriven) 162± 15 76± 5

0.451 (undriven) 91± 10 0.63± 0.07

0.451 (driven) 26± 5 23± 5

V. CONCLUSIONS

In this work, we have presented the steady-state re-
sponse and time-resolved behavior of a fluxonium qubit
under strong flux modulation. The measured spectro-
scopic features are in excellent agreement with numerical
calculations based on Floquet theory, and clearly demon-
strate the emergence of tunable dynamical sweet spots
that can be used to preserve coherence away from the
static sweet spot. In particular, we engineer a dynamical
sweet spot which is simultaneously first-order-insensitive
against fluctuations in DC flux bias and AC modula-
tion amplitude. At this bias point, the coherence time
approaches the measured value at the static sweet spot
and is forty times greater than the coherence observed in
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Floquet states. (d) The extracted rate of phase accumulation matches perfectly with the numerical results obtained from
Floquet theory. (b) Calculation [11] of the pure dephasing rate for the Floquet states shows a dynamical sweet spot in the
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coherence time is observed compared to the undriven case. (e) Measured T2R as a function of the drive amplitude at various
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at Φ0

ext = 0.451 Φ0.

static operation at the same bias point, away from the
static sweet spot. Our findings open new possibilities to
realize and control versatile superconducting circuits that
combine the coherence benefits of operation at a sweet
spot, while maintaining a degree of tunability.
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Appendix A: Fluxonium spectrum

Fig. 5a shows the two-tone spectroscopy data for the
undriven fluxonium qubit as a function of DC flux bias.
We extract the device parameters – EL, EJ and EC –
based on the observed energy dispersion of the transi-
tions. Fig. 5b presents transitions in the driven Fluxo-
nium system. Qualitatively, this spectrum comprises of
multiple copies of the spectrum in Fig. 5a shifted by the
flux modulation frequency (Ω/2/π = 0.2 GHz). Further-
more, since we weakly probe the transmission of the cav-
ity at it’s frequency corresponding to the undriven qubit
in the ground state, the vertical lines observed around
Φ0

ext = 0.3Φ0 correspond to the hybridization of the cav-
ity which shifts the resonance frequency of the cavity.
The driven fluxonium clearly exhibits multiple such ver-
tical lines arising due to the hybridization of the cavity
with Floquet sidebands.
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sideband transitions (Drive frequency Ω/2π = 0.2 GHz).

Appendix B: Extracting the dipole coupling of
Floquet mode

1. Full Floquet theory

We numerically solve the time-independent Floquet
Hamiltonian for a fluxonium approximated with its 5 low-
est energy states. This model follows the treatment pro-
vided in Ref. [42] and accounts for multi-photon effects.
To model the experiment presented in Fig. 2, we consider
the dipole coupling between levels 0 and 3. The fluxo-
nium qubit is capacitively coupled to the resonator. The
coupling is described by a coupling term gcapn̂(a + a†),
where n̂ is the charge operator of the fluxonium, and
a(a†) is the annihilation (creation) operator for the cav-
ity. The coupling strength of the mth sideband transition
is

gm03 = gcap〈φ(m)
3 |n̂|φ(0)

0 〉. (B1)

2. Rotating Wave Approximation

Considering a two-level system comprising of level 0
and level 3 of the fluxonium qubit and use the treatment
provided in Ref. [43]. The Hamiltonian can be written as

H = [ω3 + ζ(δΦext(t))]σz + [g + g′ cos(Ωt)] cos(ωpt)σx
(B2)

where ω3(Φ0
ext) and g(Φ0

ext) are the qubit transition en-
ergy and cavity-qubit coupling respectively for a DC flux
bias of Φ0

ext. The periodical flux modulation δΦext =
ξ cos(Ωt) leads to a modulation in the qubit frequency
and its coupling to the cavity. The qubit frequency mod-
ulation is distorted due to a non-linear energy-flux dis-

persion of the qubit ζ(δΦext). The modulation of the
coupling can be linearly approximated with g′ cos(Ωt).

We transform the Hamiltonian into the interaction
picture by using the unitary transformation of U =

e−i[ω3t+η(t)]σz , where η(t) =
∫ t

0
ζ(δΦext(τ))dτ . The

Hamiltonian of the probed system becomes

H(I) = [g + g′ cos(Ωt)] cos(ωpt)

× [A(t)eiω3tσ+ +A∗(t)e−iω3tσ−], (B3)

where the dynamical phase factor is A(t) = eiη(t). Af-
ter expressing the periodic phase factor with its Fourier
components A(t) =

∑
nAne

inΩt, the Hamiltonian takes
the form

H(I) = [g + g′ cos(Ωt)] cos(ωpt)

×
∑
n

[Ane
i(ω3+nΩ)σ+ + h.c.]. (B4)

In the close proximity of multi-photon resonances, i.e
ωp ≈ ω3 + nΩ, we use the RWA approximation by ne-
glecting fast-rotating driving terms:

H
(I)
RWA =

[
g

2
An +

g′

4
(An−1 +An+1)

]
×
(
ei(ω3+nΩ−ωp)t

)
σ+ + h.c.. (B5)

In the Schrodinger picture, this Hamiltonian reads as

HRWA = [ω3 + nΩ− ωp]σz

+

([
g

2
An +

g′

4
(An−1 +An+1)

]
σ+ + h.c.

)
,

(B6)

which shows that the cavity-qubit coupling rate is mod-
ulated by the Fourier coefficients An, An−1 and An+1

where An = Ω
2π

∫ 2π/Ω

0
e−inΩteiη(t)dt. The effective cou-

pling of a Floquet mode with the cavity is thus given
by

gRWA
n =

[
g

2
An +

g′

4
(An−1 +An+1)

]
. (B7)

3. Experiment

To extract the coupling strengths of Floquet polaritons
(Fig. 2d), for each value of modulation strength (ξ), we
fit the transmission data with the eigenenergies of the
following manifold containing a single excitation in the
cavity or the sidebands of Φ3 -

H1exc = ωc |c〉 〈c|+
3∑

m=−2

(ω3 +mΩ + δm) |m〉 〈m|

+ g
(m)
03 (|c〉 〈m|+ |m〉 〈c|),

(B8)
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where g
(m)
03 and δm are the dipole coupling strength and

AC stark shift of the corresponding sidebands. ωc and
ω3 are the resonance frequencies of the cavity and the
third excited level respectively. |c〉 corresponds to state
with one excitation in the resonator and |m〉 represent the
normalized sidebands of Φ3. The flux dependence of ω3 is
calibrated from the spectroscopy data shown in Fig. 5a.

The model only has g
(m)
03 and δm as the fit parameters.

Appendix C: Extraction of Floquet T2R

We illustrate the extraction of T2R under flux modu-
lation in Fig. 6. The rate of accumulation of dynamical
phase of the Floquet state in the vicinity of dynamical
sweet spot is around 170 MHz (see Fig. 4d,e). To cap-
ture these fast oscillations, we vary time delay between
the two X90 pulses by 1 ns in a window of 20 ns. We
further run the experiment for multiple such 20 ns win-
dows offset by additional delay to precisely obtain the
decay envelope (Fig. 6b). The amplitude of the oscilla-
tion in each window (representative data in Fig. 6c) can
be fit with an exponential decay to obtain T2R as shown
in Fig. 6d.

Appendix D: Dynamical sweet spots

Using the formalism described in Ref. [11, 27], we the-
oretically show the dependence of pure-dephasing and
relaxation times on the modulation frequency and am-
plitude in Fig. 7.

First, it is well established that the DC flux randomly
fluctuates over time, which is associated with a 1/f noise
spectrum [46, 52]. Second, early explorations of qubit
dephasing under drives [24, 25, 27, 32] implies that ac
flux noise also has a low-frequency nature. We assume
that the fluctuation in ac modulation amplitude ξ, also
has a 1/f spectrum. Specifically, we assume the following
noise spectra

Sdc(ω) =

∫ ∞
−∞

dt eiωt〈δΦ0
ext(t)δΦ

0
ext(0)〉 = 2πA2

dc/|ω|,

Sac(ω) =

∫ ∞
−∞

dt eiωt〈δξ(t)δξ(0)〉 = 2πA2
ac/|ω|. (D1)

Here, Adc and Aac are used to denote the strengths of
the low-frequency noise.

We further assume that the high-frequency noise
mainly originates from the dielectric loss that causes
qubit depolarization. The dielectric loss is coupled to
the qubit by the fluxonium’s phase operator ϕ [46]. The
associated noise spectrum is assumed to be

Sdiel(ω) =

∫ ∞
−∞

dt eiωt〈Ôdiel(t)Ôdiel(0)〉

=
~ω2tanδc

8EC

[
coth

(
~ω

2kBT

)
+ 1

]
, (D2)

where Ôdiel is the noise operator for the dielectric loss.

To derive the rates of decoherence of the driven qubit
induced by these noise sources, we employ a Bloch-
Redfield master equation, similar to the treatment per-
formed in Ref. [11]. The interaction between the qubit
and the noise sources is described by

Hint = ϕÔdiel + ELϕ
2πδΦ0

ext

Φ0
+ ELϕ cos(Ωt)

2πδξ

Φ0
.

(D3)

Note that all three terms in the equation above contain
the operator ϕ. The decoherence rates are closely related
to matrix elements of ϕ in the basis of Floquet states
|Φα(t)〉 (α = 0, 1), i.e., ϕαα′(t) = 〈Φα(t)|ϕ|Φα′(t)〉, or
more importantly, their Fourier coefficients

ϕ
(k)
αα′ =

Ω

2π

∫ 2π/Ω

0

dt eikΩtϕαα′(t). (D4)

The depolarization and pure-dephasing rates are then
given by

γ± =
∑
k∈Z
|ϕ(k)

01 |2[Sdiel(kΩ∓ ε01) + E2
LS̃dc(kΩ∓ ε01)]

+
1

4

∑
k∈Z

(|ϕ(k+1)
01 + ϕ

(k−1)
01 |2)E2

LS̃ac(kΩ∓ ε01), (D5)

γφ =
√
| lnωirtm|

√
E2
L

(
2πAdc

Φ0

)2

|ϕ(0)
11 − ϕ

(0)
00 |2 +

1

4
E2
L

(
2πAac

Φ0

)2

|ϕ(1)
00 + ϕ

(−1)
00 − ϕ(1)

11 − ϕ
(−1)
11 |2

+
1

2

∑
k 6=0

|ϕ(k)
11 − ϕ

(k)
00 |2[Sdiel(kΩ) + E2

LS̃dc(kΩ)]

+
1

8

∑
k 6=0

(|ϕ(k+1)
00 + ϕ

(k−1)
00 − ϕ(k+1)

11 − ϕ(k−1)
11 |2)E2

LS̃ac(kΩ). (D6)
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FIG. 6. (a) Floquet T2R for Ω/2π = 776 MHz (also shown in Fig. 4e). (b) Time trace of the homodyne measurement
corresponding to the boxed data point in (a). In order to maintain adequate sampling frequency to capture the accumulation
of the dynamical phase of the Floquet state, we choose multiple windows with 20ns duration of delay times with varying
delay offsets. (c) We show a zoomed-in data for the window boxed in (b). The amplitude of the oscillation does not change
significantly within a single dense window of the delay times. (d) We fit the amplitudes of the oscillation at different delay
offsets with an exponential function to obtain the T2R value.
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FIG. 7. Calculation of the coherence times of the Floquet states show dynamical sweet regions in the (ξ,Ω) flux-drive-parameter
space. Pure-dephasing time limited by 1/f fluctuations in the (a) DC flux bias with Adc = 7.5µΦ0, (b) modulation strength
with Aac = 6µΦ0. Coherence times (c) T1 with tanδc = 2.8 × 10−6, T = 85mK and (d) T2R. We achieve highest coherence
enhancement for simultaneous insensitivity to the fluctuations in DC flux bias and modulation amplitude (intersection of dashed
lines).

Above, we defined the reduced noise spectrum S̃dc(ω) =

Sdc(ω)(2π/Φ0)2 and similarly for S̃ac(ω). We use ωir to
denote the infrared cutoff frequency for the noise, and tm
for the characteristic measurement time.

Similar to the discussion in Ref. [11], we also show

ϕ
(0)
11 − ϕ

(0)
00 ∼

∂ε01

∂Φ0
ext

, (D7)

ϕ
(1)
11 + ϕ

(−1)
11 − ϕ(1)

00 − ϕ
(−1)
00 ∼ ∂ε01

∂ξ
. (D8)

Proof: We invoke perturbation theory to prove the two
relations shown above. For the first relation, we assume
that a perturbation term δΦ0

extELϕ is added to the driven
qubit’s Hamiltonian. It is straightforward to evaluate the
first-order change in quasi-energy difference as

δε01 =

(
2π

Φ0

)
δΦ0

extEL

× Ω

2π

∫ 2π/Ω

0

dt [〈Φ1(t)|ϕ|Φ1(t)〉 − 〈Φ0(t)|ϕ|Φ0(t)〉]

=

(
2π

Φ0

)
ELδΦ

0
ext(ϕ

(0)
11 − ϕ

(0)
00 ). (D9)

Therefore, we have ∂ε01/∂Φ0
ext = (2π/Φ0)EL(φ

(0)
11 −

φ
(0)
00 ). We can prove Eq. (D8) similarly. The perturbation

term is hereby chosen to be δξ ELϕ cos(Ωt), and the first-
order correction is
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δε01 =

(
2π

Φ0

)
δξEL ×

Ω

2π

∫ 2π/Ω

0

dt cos(Ωt)

× [〈Φ1(t)|ϕ|Φ1(t)〉 − 〈Φ0(t)|ϕ|Φ0(t)〉]

=

(
π

Φ0

)
δξEL(ϕ

(1)
11 + ϕ

(−1)
11 − ϕ(1)

00 − ϕ
(−1)
00 ).

(D10)

Then we derive the result ∂ε01/∂ξ = (π/Φ0)EL(ϕ
(1)
11 +

ϕ
(−1)
11 − ϕ

(1)
00 − ϕ

(−1)
00 ). Using these relations, we can

rewrite Eq. (D6) as

γφ =
√
| lnωirtm|

√
A2

dc

∣∣∣∣ ∂ε01

∂Φ0
ext

∣∣∣∣2 +A2
ac

∣∣∣∣∂ε01

∂ξ

∣∣∣∣2
+

1

2

∑
k 6=0

|ϕ(k)
11 − ϕ

(k)
00 |2[Sdiel(kΩ) + E2

LS̃dc(kΩ)]

+
1

8

∑
k 6=0

(|ϕ(k+1)
00 + ϕ

(k−1)
00 − ϕ(k+1)

11 − ϕ(k−1)
11 |2)

× E2
LS̃ac(kΩ). (D11)

The double dynamical sweet spots correspond to the
regimes in parameter space where both ∂ε01/∂Φ0

ext and
∂ε01/∂ξ reach zero. We find that the observed reduc-
tion in T1 for the driven qubit cannot be explained solely
by the redistribution of the filter functions. However,
this discrepancy can be reconciled by considering a bath
temperature of 85mK. While prior experiments with
a strong drive have observed similar heating of the de-
vice [23], we note that further characterization is needed

to understand the source of the heating in our devices
which will be investigated in future studies.

Appendix E: Redistribution of filter functions

The lowering of T1 at the dynamical sweet spot com-
pared with that of the undriven qubit is expected to be

related to the increase of
∑
k |ϕ

(k)
01 |2, which are the filter-

function weights indicating the sensitivity of the qubit
to the dielectric loss. In fact, there exists a trade-off be-

tween the weights for pure-dephasing
∑
k |ϕ

(k)
11 −ϕ

(k)
00 |2/2

and those for depolarization
∑
k |ϕ

(k)
01 |2 [11]. Therefore,

when the pure-dephasing weights are suppressed at the
sweet spot, leading to an increase in pure-dephasing time,
the weights for depolarization increase. The proof of this
conservation law as given in Ref. [11] is provided below
for completeness.

When the drive strength and frequency aren’t suffi-
ciently large enough to excite transitions to higher flux-
onium states, we can conveniently describe the Floquet
states in the basis of the lowest two eigenstates of the
undriven qubit as |Φj(t)〉 =

∑
σ=0,1 uj,σ(t)|σ〉, where |σ〉

denotes the eigenstate of the undriven qubit.

ϕjj′(t) = 〈Φj(t)|ϕ|Φj′(t)〉
=
∑
σ,σ′

u∗j,σ(t)ϕ̄σ,σ′uj′,σ′(t) (E1)

where ϕ̄σ,σ′ ≡ 〈σ|ϕ|σ′〉 (σ, σ′ = 0, 1) are the drive-
independent matrix elements in the basis formed by |0〉
and |1〉. Interestingly, we can use this relation to prove
that the sum of all possible |ϕjj′(t)|2 equals the sum of
|ϕ̄σ,σ′ |2:

∑
j,j′

|ϕjj′(t)|2 =
∑
j,j′

∑
σ,σ′,σ′′,σ′′′

uj,σ(t)u∗j′,σ′(t)u∗j,σ′′(t)uj′,σ′′′(t)ϕ̄∗σσ′ ϕ̄σ′′σ′′′

=
∑

σ,σ′,σ′′,σ′′′

δσ,σ′′δσ′,σ′′′ ϕ̄∗σσ′ ϕ̄σ′′σ′′′

∵
∑
j

u∗j,σ(t)uj,σ′(t) = δσ,σ′


=
∑
σ,σ′

|ϕ̄σσ′ |2. (E2)

Substituting ϕjj′(t) =
∑
k ϕ

(k)
jj′ e

−ikΩt on the left-hand

side of Eq. (E2) and averaging over one drive period gives

∑
j,j′,k

|ϕ(k)
jj′ |

2 =
∑
σ,σ′

|ϕ̄σσ′ |2. (E3)

Note that the right-hand side of Eq.(E3) is a constant,
independent of drive parameters and time. Lastly, we

have

1

2

∑
k

|ϕ(k)
11 + ϕ

(k)
00 |2 =

1

2
|ϕ̄00 + ϕ̄11|2, (E4)

which can be derived in a similar manner using the fact
ϕ11(t) + ϕ00(t) = ϕ̄00 + ϕ̄11. Subtracting Eq. (E4) from



11

Eq. (E3), we finally arrive at∑
k

[
2|ϕ(k)

01 |2 +
1

2
|ϕ(k)

11 − ϕ
(k)
00 |2

]
= 2|ϕ̄01|2 +

1

2
|ϕ̄11 − ϕ̄00|2.

(E5)

Clearly, when the pure-dephasing weights
∑
k |ϕ

(k)
11 −

ϕ
(k)
00 |2/2 are suppressed, those for depolarization∑
k |ϕ

(k)
01 |2 will increase. This partially explains why

T1 decreases at the dynamical sweet spot where pure-
dephasing is suppressed. To capture the full picture of
the interplay between T1 and Tφ, we need detailed knowl-
edge of the noise spectra.
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[6] V. Havĺıcek, A. D. Córcoles, K. Temme, A. W. Harrow,
A. Kandala, J. M. Chow, and J. M. Gambetta, Super-
vised learning with quantum-enhanced feature spaces,
Nature 567, 209 (2019).

[7] M. T. Bell, J. Paramanandam, L. B. Ioffe, and M. E.
Gershenson, Protected josephson rhombus chains, Phys.
Rev. Lett. 112, 167001 (2014).

[8] A. Kou, W. C. Smith, U. Vool, R. T. Brierley, H. Meier,
L. Frunzio, S. M. Girvin, L. I. Glazman, and M. H. De-
voret, Fluxonium-based artificial molecule with a tunable
magnetic moment, Phys. Rev. X 7, 031037 (2017).

[9] K. Kalashnikov, W. T. Hsieh, W. Zhang, W.-S. Lu,
P. Kamenov, A. D. Paolo, A. Blais, M. E. Gershen-
son, and M. Bell, Bifluxon: Fluxon-parity-protected
superconducting qubit (2019), arXiv:1910.03769 [cond-
mat.supr-con].

[10] A. Gyenis, P. S. Mundada, A. D. Paolo, T. M. Haz-
ard, X. You, D. I. Schuster, J. Koch, A. Blais, and
A. A. Houck, Experimental realization of an intrin-
sically error-protected superconducting qubit (2019),
arXiv:1910.07542 [quant-ph].

[11] Z. Huang, P. S. Mundada, A. Gyenis, D. I. Schus-
ter, A. A. Houck, and J. Koch, Engineering dynami-
cal sweet spots to protect qubits from 1/f noise (2020),
arXiv:2004.12458 [quant-ph].

[12] S. Ashhab, J. R. Johansson, A. M. Zagoskin, and F. Nori,
Two-level systems driven by large-amplitude fields, Phys.
Rev. A 75, 063414 (2007).

[13] S. Shevchenko, S. Ashhab, and F. Nori, LandauZen-
erStckelberg interferometry, Physics Reports 492, 1
(2010).

[14] W. D. Oliver, Y. Yu, J. C. Lee, K. K. Berggren, L. S.
Levitov, and T. P. Orlando, Mach-Zehnder interferome-
try in a strongly driven superconducting qubit, Science

310, 1653 (2005).
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