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FIG. 2. Exploring the parameter space of two-qubit gates. Each pixel represents one experiment. We use a set of 15 ns
rectangular current bias waveforms to perform some fSim unitary by setting the qubit-qubit detuning, �, and the coupling
strength, g. a, To identify the low-leakage gates described by the fSim model, we measure leakage by initializing the |11i state
and measuring the |02i state. When the detuning is near the qubit nonlinearity, we observe the expected Rabi oscillations. b,
We measure the conditional phase, �, by performing a Ramsey experiment where we initialize one qubit with an X/2 gate and
perform tomography to measure the di↵erence in accumulated phase (�) with and without initializing the other qubit to the |1i
state. By choosing combinations of � and g as indicated by the CPHASE dash-dotted line (chosen as the low-leakage coupling
strength from a), we are able to achieve any � : [�180�, 180�]. c, We measure the swap angle, ✓, by initializing the |01i state
and measuring the |10i state. By placing the qubits on resonance and varying the coupling strength along the iSWAP-like
dashed line, we are able to achieve any ✓ : [0�, 90�].

time-dependent control of both � and |g| using DC to
⇡ 200MHz bandwidth flux waveforms. The qubit center
frequency, (fq1 + fq2)/2, is a free parameter that may
be used to avoid coupled two level system (TLS) defects
present in the frequency spectrum of either qubit [20–22].
For simplicity, we limit our fSim control pulses to syn-
chronous, nominally rectangular waveforms defined by
four parameters: a shared length, typically 13 ns to 15 ns
and three control amplitudes that set g and �. While
further pulse shaping may improve gate performance in
the future, these basic waveforms were su�cient to ap-
proach the decoherence limit of our qubits which have a
T1 of 25.3± 7.3µs (supplement IXB).

The full fSim control model describes any low-leakage
two-qubit unitary evolution with five parameters: ✓ and
�, discussed previously, in addition to three parameters
describing single-qubit phases as detailed in the supple-
ment (VII). Here, we focus on the parameters that de-
scribe the two-qubit interaction and use the three ex-
periments described in Figure 2 to measure leakage to
the |02i state and map out the � and ✓ control land-
scape (complete unitary tomography procedure outlined
in supplemental section IXC). Each experiment follows
the same pattern: initialize a relevant state, apply fSim

control pulses, and then perform either population or to-
mographic measurements to extract the desired qubit’s
population or phase. Within the fSim model, leakage is
the dominant error. In Figure 2a, we map out leakage by
initializing |11i and measuring the |0i population of the
lower frequency qubit as a proxy for leakage in the higher
frequency qubit. In Figure 2b we explore the � parameter
space by performing a Ramsey experiment where we take
the di↵erence in the accumulated phase with and without
the second qubit initialized to the |1i state. Finally, in
Figure 2c we explore the ✓ parameter space by initializing
one qubit to the |1i state and measuring the |1i popu-
lation of the other qubit after the fSim gate. The Rabi
oscillation physics explored with these measurements is
reproduced with fairly rudimentary numerics in supple-
mental VIII, but these experiments serve to demonstrate
our fSim control strategy.

IV. BENCHMARKING iSWAP-like AND
CPHASE GATES

The data presented in Figure 2 provides a map for im-
plementing an arbitrary fSim—each pixel defines a set

for each subsystem in Eq. 3. Recently intro-
duced randomized methods enable efficient
measurement of Rényi entanglement entropies,
requiring a smaller number of measurements
for large subsystems as compared with full
quantum state tomography (29–31). This en-
ables accurate entropy measurement when
tomography is intractable, such as the nine-
qubit subsystem in Fig. 2A.We applied random
single-qubit unitary gates to the subsystem
of interest and sampled the probability dis-
tribution of the bitstrings. Analyzing statistical
correlations across many random instances
allowed us to compute the second Rényi entro-
py.We used an iterative Bayesian scheme (32)
to mitigate measurement errors and remove
undersampling bias [we also compare random-
ized measurement with tomography results in
(24), section III].
Distributions of the measured entanglement

entropies are shown in Fig. 2C for subsystems
of 2 by 2, 2 by 3, and 3 by 3 qubits within the
toric code ground state. For a subsystem with
n qubits, the entanglement entropy ranges
from 0 for a product state to nln2. In the toric

code, subsystems with no interior have the
maximum value nln2; in those cases, wemea-
sured anarrowdistribution centered just below
the ideal value. For subsystems with an inte-
rior, we measured a wider distribution cen-
tered slightly above the predicted value. This is
consistent with unitary error and decoherence
slightly mixing the system with its environ-
ment, which increases entanglement entro-
pies that are not yet at their maximal value.
We computed Stopo from the subsystem

entropies using Eq. 3 for 14 different 2-by-2
arrays, 20 different 2-by-3 arrays, and three
different 3-by-3 arrays. Each randomizedmea-
surement on the qubit array yields several
Stopo estimates from different orientations
of the partitions A, B, and C. Distributions
of measured Stopo are shown in Fig. 2D, with
mean values Stopo/ln2 = –0.89, –0.90, and –0.95
for the 2-by-2, 2-by-3, and 3-by-3 qubit arrays,
respectively. The distributions provide strong
evidence for the nontrivial topological nature
of the state, approaching the ideal value of
Stopo = –ln2, which is incompatible with the
trivial state value of zero.

Simulation of braiding statistics
Our approach of directly preparing the toric
code ground state also allows us to simulate
the exotic braiding statistics of its quasipar-
ticle excitations (anyons). We used a mapping
between the adiabatic evolution of toric code
excitations and strings of Pauli operators
applied to the ground state. Within this
framework, a controlled Pauli string imple-
ments an interferometry protocol, through
which we experimentally extracted themutual
and exchange statistics corresponding to all
combinations of excitations.
The quasiparticle excitations of the toric

code are commonly denoted as “electric” e
with Ash i ¼ "1, and “magnetic”mwith Bph i ¼
"1, in connection to lattice gauge theory. The
four distinct anyons of the toric code are1 (the
absence of an e orm), e,m, andy (an emergent
fermion resulting from the combination of e
andm). In the toric code, the mutual statistics
are encoded in the phase accumulated when
dragging one anyon around another anyon of
a different type, and the exchange statistics are
phases that arise from the spatial interchange
of two identical anyons. The toric code excited
states can be created by applying a string of
Pauli operators to the ground state: AnX-string
will result in the state with e excitations at each
end, whereas a Z-string prepares the state with
m excitations at each end. We visualize an
example of e –mmutual braiding in Fig. 3A,
with snapshots of experimentally measured
parity values, Ash i and Bph i. We moved an e
around m with an X-string, eventually re-
turning to its initial position. The initial and
final states have the same parity values but
differ by an overall phase—in this case, p, which
is not directly detectable.
To experimentally determine this phase, we

used multiqubit Ramsey interferometry (33).
This protocol provides a scalable way to mea-
sure the overlap between the initial and final
states, allowing experimental access to the
accumulated phase q. A key step in this pro-
tocol is the use of an auxiliary qubit and a
controlled operation, effectively creating a
superposition of the braided and nonbraided
states (Fig. 3, B and C). This sequence imparts
q into a measurable rotation of the auxiliary
qubit. We efficiently compiled the multiqubit
controlled operations into CZ gates. Because
the measured phases are sensitive to coherent
and non-Markovian errors, we used random-
ized compiling to mitigate these errors (34, 35).
Details are available in (24), section IV.
Illustrated in Fig. 3, D and E, are two ex-

amples of braiding interferometry by use of
minimal-length paths, which we chose because
of the zero correlation length of the states. In
Fig. 3D, we extract the e –mmutual statistics,
where the braiding path is a Pauli stringXXXX,
moving e around the plaquette that contains
an m. A similar example is shown in Fig. 3E
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Fig. 3. Extracting braiding statistics by using Ramsey interferometry. (A) Visualizing braiding with a
toric code excited state Ej i ¼ U1 Gj i [excitations e (red) and m (yellow), experimentally measured parities].
We applied additional X gates (U2, U3, and U4) to visualize braiding an e around the m. (B) Quantum
circuits with unitary U and an eigenstate fj i. (Left) Direct application. (Right) Extracting the phase q by using
an auxiliary qubit (green). (C) Illustration of Ramsey interferometry for the case of braiding an e and m
(state fj i) by using an operator U. We visualized the superposition of two paths, with the braid operation U
controlled by an auxiliary qubit in þj i. (D) Extracting the mutual statistics for e and m. (Left) Initial
excited eigenstate [similar to that in (A)]. We implemented controlled-XXXX with an auxiliary control qubit
(green) starting in þj i. (Right) Parity measurements after controlled-XXXX. (E) Extracting the fermion
exchange statistics, analogous to (D). We created two pairs of y (neighboring e and m) and implemented
controlled-XXYYZZ to measure the exchange phase. (F) Measured mutual and exchange phases, with braiding
diagrams. Phases are from tomography on the auxiliary qubit, 18,000 total repetitions per compiled
instance. Standard error was estimated with jackknife resampling over instances.
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resulting Ô (t) can be expanded as Ô (t) =
Pnp

i=1 wiB̂i,

where B̂i = ⇢̂
(i)
1 ⌦ ⇢̂

(i)
2 ⌦ ... are basis operators consisting

of single-qubit operators ⇢̂
(i)
j acting on di↵erent qubits

and wi are their coe�cients.
Quantum scrambling is enabled by two di↵erent mech-

anisms: operator spreading and operator entanglement
[11, 22–26]. Operator spreading refers to the transfor-
mation of basis operators such that on average, each
B̂i involves a higher number of non-identity single-qubit
operators. Operator entanglement, on the other hand,
refers to the increase in np, i.e. the minimum number

of terms required to expand Ô (t). Independent char-
acterizations of these two mechanisms are essential for a
complete understanding of the nature of quantum scram-
bling. Quantifying the degree of operator entanglement
also holds the key to assessing the classical simulation
complexity of quantum observables [27]. However, oper-
ator spreading and operator entanglement are generally
intertwined and indistinguishable in past experimental
studies of quantum scrambling [28–32].

In this Article, we perform a comprehensive characteri-
zation of quantum scrambling in a two-dimensional (2D)
quantum system of 53 superconducting qubits. Signa-
tures of operator spreading and operator entanglement
are clearly distinguished in our experiment. These re-
sults are enabled by quantum circuit designs that inde-
pendently tune the degree of each scrambling mechanism,
as well as extensive error-mitigation techniques that al-
low us to faithfully recover coherent experimental signals
in the presence of substantial noise. Lastly, we find that
while operator spreading can be e�ciently predicted by a
classical stochastic process, simulating the experimental
signature of operator entanglement is significantly more
costly with a computational resource that scales expo-
nentially with the size of the quantum circuit.

Our experiment approach is based on evaluating the
correlator between Ô (t) and a “measurement operator”,
M̂ , which is another Pauli operator on a di↵erent qubit
(the “measurement qubit”):

C(t) = hÔ
†(t) M̂†

Ô(t) M̂i. (1)

Here h...i denotes the expectation value over a particular
quantum state. C(t) is commonly known as the out-of-
time-order correlator (OTOC) and related to the commu-
tator [Ô(t), M̂ ] by C(t) = 1� 1

2 h|[Ô(t), M̂ ]|2i [11, 21, 34–
37]. Quantum scrambling is characterized by measuring
C over a collection of quantum circuits with microscopic
di↵erences, e.g. phases of individual gates. Operator
spreading is then reflected in the average OTOC value,
C, which decays from 1 when Ô(t) and M̂ overlap and
no longer commute [30, 31]. In the fully scrambled limit
where the commutation between Ô(t) and M̂ is com-
pletely randomized, C becomes ⇠0. If operator entan-
glement is also present (i.e. np � 1), C approaches 0
for all circuits and their fluctuation �C vanishes as well.
This is because each C includes contributions from many
basis operators B̂i with di↵erent phases. It is therefore

෡𝑈†෡𝑈Qb:

QN

Q1:
Qa:

Q2:

Q

Q

Q

Q
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FIG. 1. OTOC measurement protocol. (A) Measurement
scheme for the OTOC of a quantum circuit Û . A quantum
system (qubits Q1 through QN ) is first initialized in a super-
position state

Qj=N
j=1 |+Xij , where |+Xij = 1p

2
(|0i+ |1i)j

and |0i (|1i) is the ground (excited) state of individual qubits.
Û and its inverse Û

† are then applied, with a butterfly oper-
ator (realized as an X gate on qubit Qb) inserted in-between.
An ancilla qubit Qa is initialized along the y-axis of the Bloch
sphere and entangled with Q1 by a pair of CZ gates. The
y-axis projection of Qa, h�̂yi, is measured at the end. (B)
The structure of Û consists of K cycles: each cycle includes
one layer of single-qubit gates (randomly chosen from

p
X±1,p

Y ±1,
p
W±1 and

p
V ±1) and one layer of two-qubit entan-

gling gates (EG). Here W = X+Yp
2

and V = X�Yp
2

. (C) Left

panel: The filled circles represent h�̂yi measured with Qb suc-
cessively chosen from Q2 through QN . The open grey circles
are a set of normalization values, corresponding to h�̂yi with-
out applying the butterfly operator. The data are plotted over
di↵erent numbers of cycles in Û and averaged over 60 random
circuit instances. Right panel: Experimental average OTOCs
C for di↵erent Qb, obtained from dividing the corresponding
h�̂yi by the normalization values.

su�cient to identify operator spreading through the de-
cay of C, whereas any insight into operator entanglement
necessitates an estimate of �C.
The measurement protocol for OTOC is described in

Fig. 1A and consists of a quantum circuit Û and its in-
verse Û

†, with a butterfly operator Ô (Pauli operator

�̂
(b)
x on Qb) inserted in-between. An ancilla qubit Qa,

connected to the measurement qubit Q1 via a controlled-
phase (CZ) gate, measures C between Ô and M̂ (Pauli

operator �̂
(1)
z on Q1) through its h�̂yi [35, 38]. For this

work, we employ quantum circuits composed of random
single-qubit gates and fixed two-qubit gates (Fig. 1B)
due to the wide range of quantum scrambling that may
be achieved with limited circuit depths [33, 39]. The
OTOC measurement protocol is first implemented on a
one-dimensional (1D) chain of 21 qubits (Fig. 1C). We

Science 374, 1479 (2021)
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Fig. 2. Pulse sequence and conditional Rabi oscillations of the

target qubit. a, For the iToffoli gate, the three qubits are simultane-
ously driven using flat-top cosine-ramp pulses (blue) at the transition
frequency of Qt. To investigate the conditional evolution of Qt, the
control state of Qc1 and Qc2 is initialized in |00ic, |01ic, |10ic, and
|11ic, and then the expectation value of Qt is measured in the Pauli Z
basis. The gate calibration procedure is detailed in Methods. b, After
the gate calibration, the conditional Rabi oscillations of Qt initially
in |0it are measured as functions of the pulse duration ⌧ . The gate
duration of the iToffoli gate (dashed line) is determined by fitting the
oscillations.

tation axis tilted by undesired interactions, cos ✓ is �
kl
/⌦

kl
t

for |0it and ��
kl
/⌦

kl
t for |1it. Thus, in the absence of qubit

decoherence, the iToffoli operation UGP maps the computa-
tional basis states as follows:

|klic|0it ! e
i⇡(1��kl/⌦kl

t )
|klic|0it,

|klic|1it ! e
i⇡(1+�kl/⌦kl

t )
|klic|1it, (3)

where |klic 2 {|01ic, |10ic, |11ic}. In the case of |00ic, �00

is presumed to be zero so that the target qubit’s computa-
tional states are perfectly inverted with a phase shift of 3⇡/2.
The condition �

00
= 0 is satisfied if the drive tones are at

the target qubit frequency !t. We estimate the GP error in
UGP to be 1� F (UGP, Uideal) = 0.31% by obtaining �

kl
/⌦

kl
t

from the oscillation amplitudes in Fig. 2b. Here the entangle-
ment fidelity is adopted as the measure of the process fidelity,
F (V, U) = |Tr[V †

U ]/d|
2 where d = 8 is the Hilbert space

dimension41.

Gate benchmark and error budget analysis

As an initial characterization of the iToffoli gate, the classi-
cal truth table is obtained for the computational states after
correcting the readout errors based on the readout fidelities42

(see Fig. 3a). This table shows that the target state is in-
verted only when the control state is |00ic. The process fi-
delity of the truth table |Uexp|, excluding the GP error, is given
as F (|Uexp|, |Uideal|) = 97.39(8)% with respect to the ideal
operation |Uideal|. The uncertainty is obtained by performing
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Fig. 3. Benchmark of a 353-ns iToffoli gate. a, Truth table of the
iToffoli gate. The input and output states denote the states of Qc1,
Qt, and Qc2 in order. The red bars and the solid borders represent
the experimental and ideal results, respectively. b, Circuit schematic
of cycle benchmarking (CB). The iToffoli gate is twirled with ran-
dom Pauli gates (blue) to tailor the gate errors to stochastic Pauli
error channels. The initial state and measurement basis (green) are
chosen to pick up an error of a certain Pauli channel using True-
Q47. The Pauli-twirling error is separately estimated by perform-
ing CB without the iToffoli gate as a reference. c, The cumulative
fidelity histograms of all three-qubit Pauli channels for the Pauli-
twirled iToffoli gate and the reference, and the solid vertical lines
represent the average fidelities of 97.51(2)% and 99.24(1)%. The
process fidelity of the iToffoli gate is given as 98.26(2)% by deduct-
ing the Pauli-twirling error.

1000 Monte Carlo simulation runs taking into account statisti-
cal errors. The population leakage to the second excited state
is measured to be less than 0.1% for all the qubits.

The fidelity measured above is subject to state-preparation-
and-measurement (SPAM) errors. To extract a SPAM-error-
free fidelity estimate of a quantum operation, interleaved ran-
domized benchmarking (IRB) is typically used43–45. How-
ever, IRB is impractical for the iToffoli gate due to the com-
plexity of three-qubit Clifford twirling46. As an alternative,
we perform cycle benchmarking (CB) which relies on Pauli
twirling32. The CB protocol has better scalability than IRB as
the complexity of twirling operation is reduced. The circuit
schematic of the CB protocol is depicted in Fig. 3b. The Pauli

High-fidelity three-qubit iToffoli gate Programmable Heisenberg interactions 
between Floquet qubits
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a

Fig. 1. Floquet qubit. a, Experimental schematic depicting two single-junction transmon qubits Q
1
(red) and Q

2
(blue)

coupled via a shared coplanar-waveguide resonator resulting in an e↵ective static coupling29. Microwave pulses are applied to
the transmission lines situated below the capacitor pads to sculpt the Floquet qubits and control single-qubit rotations. The
Heisenberg interactions are programmed by tailoring pulses p1, p2, and p3. b, Bloch sphere representation of the adiabatic
transformation from a bare qubit in the lab frame to a Floquet qubit in the rotating frame. c, Population in the excited state
P|1i of Q

1
when subjected to a microwave pulse with amplitude 100 MHz, detuning �40 MHz, ramp time ⌧r, and duration ⌧g.

Nonadiabaticity manifests as finite oscillations for short ramp time ⌧r. d, Dependence of the maximum state leakage Pmax

|1i on
the pulse’s amplitude and ramp time ⌧r. The drive is applied at the same frequency from c. e, Dependence of Pmax

|1i on the
pulse’s ramp time ⌧r and DRAG coe�cient. The drive amplitude and frequency are the same from c.

Synthesizing Floquet qubits
Figure 1a depicts the superconducting device used in
the experiment. It consists of single-junction transmon
qubits14 which are pairwise coupled via mutual coplanar
waveguide resonators29,30. Details of the quantum de-
vice and experimental setup are presented in Methods.
Although the frequencies of the qubits are fixed after fab-
rication, Floquet engineering has recently emerged as a
powerful tool that allows the sculpting of e↵ective Hamil-
tonians that are otherwise unavailable31, thus promising
a new dimension to tune the system. Here, we synthesize
Floquet qubits using detuned periodic microwave drives
and tailor them to engineer the Hamiltonian given by
Eq. (1).

The mapping is described by Floquet formalism as fol-
lows. The Hamiltonian of a two-level spin-half system
subjected to a periodic driving field with amplitude A,
frequency !d, and phase ' is given as

Ĥq(t)/~ = �
!q

2
�̂z +A cos(!dt+ ') �̂x, (2)

where ~!q is the energy gap of the two-level system,
and �̂z and �̂x represent the Pauli operators. There ex-
ists no static eigenenergies and eigenstates of the system
as solutions of the time-dependent Schrödinger equation
i~@t| (t)i = Ĥq(t)| (t)i. However, due to the periodic-

ity of Ĥq(t), the Schrödinger equation can be modified

into the Floquet equation5,32,
⇣
Ĥq(t)� i~@t

⌘
|un(t)iF =

~"n|un(t)iF, and static quasienergies ~"n can be found for
time-periodic Floquet states |un(t)iF = |un(t+2⇡/!d)iF.
Here the Floquet states are denoted with subscript F to
distinguish them from the bare states in the lab frame.
The Floquet and bare states are interconvertible follow-
ing the relation

|un(t)iF = e
i"nt| n(t)i. (3)

Interestingly, eik!dt|un(t)iF with integer k also satisfies
the Floquet equation and has quasienergy ~("n + k!d),
resulting in an infinite transition spectrum32, "1 � "0 =
k!d±

p
A2 + (!d � !q)2, where the plus(minus) sign cor-

responds to red(blue) detuned drive. In addition, the
drive phase ' acts as a time translation operator on
the Hamiltonian in Eq. (2), |un(t)iF ! |un(t+ '/!d)iF.
These show how the Floquet states and their quasiener-
gies depend on the drive parameters A, ', and !d, which
we can use to tailor the driven systems (See Methods for
detailed Floquet formalism).
To prepare a Floquet qubit with the desired properties,

we have to continuously map the undriven qubit to the
Floquet basis, as shown in Fig. 1b. If the transformation
is performed abruptly, there exists finite tunneling be-
tween the Floquet basis states, and the process becomes
nonadiabatic. According to Adiabatic Theorem32, the
tunneling rate is proportional to dA/dt, that is, the tar-
get Floquet qubit corresponding to a larger drive ampli-
tude must be transformed using a longer ramp time.
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Schrödinger Equation
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i~ @
@t

| (t)i = Ĥq(t)| (t)i

Floquet Equation
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Ĥq(t) = Ĥq(t+ T )
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Fig. 1: Floquet qubit. a, Experimental schematic involving two single-junction transmon qubits Q1 (red) and Q2

(blue) coupled via a shared CPW resonator resulting in an e↵ective static coupling constant J18. The qubits are
readout dispersively via their respective CPW resonators which are connected to a common readout bus. Microwave
pulses are applied to the transmission lines situated next to the capacitor pads for qubit control. b, Dependence of
quasienergies on drive parameters. c, Population in the excited state of Q1 when subjected to a microwave pulse
with drive amplitude of 100 MHz, detuning � = !d � !01 = �40 MHz, ramping time ⌧r and duration ⌧g.
Nonadiabaticity manifests as finite oscillations for short ⌧r’s. d, Dependence of P|1i oscillation amplitude, and
subsequently the adiabaticity, on the ramping time ⌧r and the drive amplitude for the same drive frequency from
(c). e, Dependence of adiabaticity on the ramping time ⌧r and DRAG coe�cient for a pulse with the same drive
amplitude and frequency from (c).

Interestingly, we observe that a Shortcut To Adi-
abaticity (STA) technique20 known as Derivative Re-
moval by Adiabatic Gate (DRAG)21,22 helps reduce the
ramping time required for adiabatic mapping, thereby
promising operational optimization by pulse shaping. To
validate the interaction model, the systems are trans-
formed back to the lab frame for conventional single-
qubit controls and measurements. We calibrate and
characterize two-qubit iSWAP, CZ, and SWAP gates,
which play important roles in quantum approximate op-
timization algorithms23–25, error mitigation using virtual
distillation26,27, and quantum error correction28,29.

In addition, we show that the Floquet-engineered in-
teraction can be broadly applied to general qudit lev-
els. Specifically, we explore the swapping between the
qutrit states |11i $ |02i, and employ it to implement
a three-qubit CCZ gate, which is locally equivalent to
the To↵oli gate30. Besides being essential in factoriza-
tion algorithms31–34, it enables universal reversible clas-
sical computation35, and may streamline progress to-
wards hardware-e�cient fault-tolerance36–38. Our work
on one hand exemplifies the operational principles of Flo-
quet qubits and on the other hand adds important tools
that enhance the capabilities of fixed-frequency solid-
state quantum systems to perform analog many-body
quantum simulations and gate-based quantum compu-
tations.

Synthesizing Floquet qubit

The experimental device is constructed from single-
junction transmon circuits forming a ring network. Each
qubit is formed by two superconducting electrodes sand-
wiching a thin layer of aluminum oxide, resulting in a
Josephson junction with Josephson energy EJ shunted
by a capacitor with charging energy EC . The qubits are
pairwise coupled via mutual coplanar waveguide (CPW)
superconducting resonators designed to provide an e↵ec-
tive coupling J18. Figure 1a depicts an extensible section
of the device consisting of two qubits along with their
readout and control components.

For the sake of simplicity, we consider a two-level trans-
mon subjected to a periodic driving field with amplitude
A at frequency !d and the Hamiltonian is given as,

Hq(t) = �
!q

2
�̂z +Acos(!dt) �̂x, (2)

where �̂z = |0ih0| � |1ih1| and �̂x = |0ih1| + |1ih0|39.
Given the Schrödinger equation of i~@t| i = Hq(t)| i,
there is no well-defined eigenergies. However, in Floquet
formalism40,41, the Schrödinger equation can be modified
to (Hq(t)� i~@t) |un(t)iF = ~"n|un(t)iF and the eigen-
states, the so-called Floquet states |un(t)iF, have static
quasienergies of "n. This allows to describe state evolu-
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readout dispersively via their respective CPW resonators which are connected to a common readout bus. Microwave
pulses are applied to the transmission lines situated next to the capacitor pads for qubit control. b, Dependence of
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with drive amplitude of 100 MHz, detuning � = !d � !01 = �40 MHz, ramping time ⌧r and duration ⌧g.
Nonadiabaticity manifests as finite oscillations for short ⌧r’s. d, Dependence of P|1i oscillation amplitude, and
subsequently the adiabaticity, on the ramping time ⌧r and the drive amplitude for the same drive frequency from
(c). e, Dependence of adiabaticity on the ramping time ⌧r and DRAG coe�cient for a pulse with the same drive
amplitude and frequency from (c).
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promising operational optimization by pulse shaping. To
validate the interaction model, the systems are trans-
formed back to the lab frame for conventional single-
qubit controls and measurements. We calibrate and
characterize two-qubit iSWAP, CZ, and SWAP gates,
which play important roles in quantum approximate op-
timization algorithms23–25, error mitigation using virtual
distillation26,27, and quantum error correction28,29.
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teraction can be broadly applied to general qudit lev-
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qutrit states |11i $ |02i, and employ it to implement
a three-qubit CCZ gate, which is locally equivalent to
the To↵oli gate30. Besides being essential in factoriza-
tion algorithms31–34, it enables universal reversible clas-
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wards hardware-e�cient fault-tolerance36–38. Our work
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that enhance the capabilities of fixed-frequency solid-
state quantum systems to perform analog many-body
quantum simulations and gate-based quantum compu-
tations.
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by a capacitor with charging energy EC . The qubits are
pairwise coupled via mutual coplanar waveguide (CPW)
superconducting resonators designed to provide an e↵ec-
tive coupling J18. Figure 1a depicts an extensible section
of the device consisting of two qubits along with their
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For the sake of simplicity, we consider a two-level trans-
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(blue) coupled via a shared CPW resonator resulting in an e↵ective static coupling constant J18. The qubits are
readout dispersively via their respective CPW resonators which are connected to a common readout bus. Microwave
pulses are applied to the transmission lines situated next to the capacitor pads for qubit control. b, Dependence of
quasienergies on drive parameters. c, Population in the excited state of Q1 when subjected to a microwave pulse
with drive amplitude of 100 MHz, detuning � = !d � !01 = �40 MHz, ramping time ⌧r and duration ⌧g.
Nonadiabaticity manifests as finite oscillations for short ⌧r’s. d, Dependence of P|1i oscillation amplitude, and
subsequently the adiabaticity, on the ramping time ⌧r and the drive amplitude for the same drive frequency from
(c). e, Dependence of adiabaticity on the ramping time ⌧r and DRAG coe�cient for a pulse with the same drive
amplitude and frequency from (c).

Interestingly, we observe that a Shortcut To Adi-
abaticity (STA) technique20 known as Derivative Re-
moval by Adiabatic Gate (DRAG)21,22 helps reduce the
ramping time required for adiabatic mapping, thereby
promising operational optimization by pulse shaping. To
validate the interaction model, the systems are trans-
formed back to the lab frame for conventional single-
qubit controls and measurements. We calibrate and
characterize two-qubit iSWAP, CZ, and SWAP gates,
which play important roles in quantum approximate op-
timization algorithms23–25, error mitigation using virtual
distillation26,27, and quantum error correction28,29.

In addition, we show that the Floquet-engineered in-
teraction can be broadly applied to general qudit lev-
els. Specifically, we explore the swapping between the
qutrit states |11i $ |02i, and employ it to implement
a three-qubit CCZ gate, which is locally equivalent to
the To↵oli gate30. Besides being essential in factoriza-
tion algorithms31–34, it enables universal reversible clas-
sical computation35, and may streamline progress to-
wards hardware-e�cient fault-tolerance36–38. Our work
on one hand exemplifies the operational principles of Flo-
quet qubits and on the other hand adds important tools
that enhance the capabilities of fixed-frequency solid-
state quantum systems to perform analog many-body
quantum simulations and gate-based quantum compu-
tations.

Synthesizing Floquet qubit

The experimental device is constructed from single-
junction transmon circuits forming a ring network. Each
qubit is formed by two superconducting electrodes sand-
wiching a thin layer of aluminum oxide, resulting in a
Josephson junction with Josephson energy EJ shunted
by a capacitor with charging energy EC . The qubits are
pairwise coupled via mutual coplanar waveguide (CPW)
superconducting resonators designed to provide an e↵ec-
tive coupling J18. Figure 1a depicts an extensible section
of the device consisting of two qubits along with their
readout and control components.

For the sake of simplicity, we consider a two-level trans-
mon subjected to a periodic driving field with amplitude
A at frequency !d and the Hamiltonian is given as,

Hq(t) = �
!q

2
�̂z +Acos(!dt) �̂x, (2)

where �̂z = |0ih0| � |1ih1| and �̂x = |0ih1| + |1ih0|39.
Given the Schrödinger equation of i~@t| i = Hq(t)| i,
there is no well-defined eigenergies. However, in Floquet
formalism40,41, the Schrödinger equation can be modified
to (Hq(t)� i~@t) |un(t)iF = ~"n|un(t)iF and the eigen-
states, the so-called Floquet states |un(t)iF, have static
quasienergies of "n. This allows to describe state evolu-
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Fig. 1: Floquet qubit. a, Experimental schematic involving two single-junction transmon qubits Q1 (red) and Q2

(blue) coupled via a shared CPW resonator resulting in an e↵ective static coupling constant J18. The qubits are
readout dispersively via their respective CPW resonators which are connected to a common readout bus. Microwave
pulses are applied to the transmission lines situated next to the capacitor pads for qubit control. b, Dependence of
quasienergies on drive parameters. c, Population in the excited state of Q1 when subjected to a microwave pulse
with drive amplitude of 100 MHz, detuning � = !d � !01 = �40 MHz, ramping time ⌧r and duration ⌧g.
Nonadiabaticity manifests as finite oscillations for short ⌧r’s. d, Dependence of P|1i oscillation amplitude, and
subsequently the adiabaticity, on the ramping time ⌧r and the drive amplitude for the same drive frequency from
(c). e, Dependence of adiabaticity on the ramping time ⌧r and DRAG coe�cient for a pulse with the same drive
amplitude and frequency from (c).

Interestingly, we observe that a Shortcut To Adi-
abaticity (STA) technique20 known as Derivative Re-
moval by Adiabatic Gate (DRAG)21,22 helps reduce the
ramping time required for adiabatic mapping, thereby
promising operational optimization by pulse shaping. To
validate the interaction model, the systems are trans-
formed back to the lab frame for conventional single-
qubit controls and measurements. We calibrate and
characterize two-qubit iSWAP, CZ, and SWAP gates,
which play important roles in quantum approximate op-
timization algorithms23–25, error mitigation using virtual
distillation26,27, and quantum error correction28,29.

In addition, we show that the Floquet-engineered in-
teraction can be broadly applied to general qudit lev-
els. Specifically, we explore the swapping between the
qutrit states |11i $ |02i, and employ it to implement
a three-qubit CCZ gate, which is locally equivalent to
the To↵oli gate30. Besides being essential in factoriza-
tion algorithms31–34, it enables universal reversible clas-
sical computation35, and may streamline progress to-
wards hardware-e�cient fault-tolerance36–38. Our work
on one hand exemplifies the operational principles of Flo-
quet qubits and on the other hand adds important tools
that enhance the capabilities of fixed-frequency solid-
state quantum systems to perform analog many-body
quantum simulations and gate-based quantum compu-
tations.

Synthesizing Floquet qubit

The experimental device is constructed from single-
junction transmon circuits forming a ring network. Each
qubit is formed by two superconducting electrodes sand-
wiching a thin layer of aluminum oxide, resulting in a
Josephson junction with Josephson energy EJ shunted
by a capacitor with charging energy EC . The qubits are
pairwise coupled via mutual coplanar waveguide (CPW)
superconducting resonators designed to provide an e↵ec-
tive coupling J18. Figure 1a depicts an extensible section
of the device consisting of two qubits along with their
readout and control components.

For the sake of simplicity, we consider a two-level trans-
mon subjected to a periodic driving field with amplitude
A at frequency !d and the Hamiltonian is given as,

Hq(t) = �
!q

2
�̂z +Acos(!dt) �̂x, (2)

where �̂z = |0ih0| � |1ih1| and �̂x = |0ih1| + |1ih0|39.
Given the Schrödinger equation of i~@t| i = Hq(t)| i,
there is no well-defined eigenergies. However, in Floquet
formalism40,41, the Schrödinger equation can be modified
to (Hq(t)� i~@t) |un(t)iF = ~"n|un(t)iF and the eigen-
states, the so-called Floquet states |un(t)iF, have static
quasienergies of "n. This allows to describe state evolu-
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waveform generator (AWG) results in real-time control over phase,
frequency and amplitude47.
In a frame rotating at the qubit frequency, the transmon

Hamiltonian is given by

Ĥ
R

_
¼ Δ 2j i 2h jþ

eΩxðtÞ
2

X2

j¼1

σ̂xj;j%1 þ
eΩyðtÞ
2

X2

j¼1

σ̂y
j;j%1; (1)

where terms rotating at twice the qubit frequency have been
omitted. Here, eΩx;y are the IQ-components of the drive after the
displacement due to the microwave resonator48. The ith level of
the transmon is denoted by ij i. The operators σ̂x

j;j%1 ¼ffiffi
j

p
jj i j % 1h jþ j % 1j i jh jð Þ and σ̂yj;j%1 ¼ i

ffiffi
j

p
jj i j % 1h j% j % 1j i jh jð Þ

couple adjacent energy levels. Therefore, Ωx-pulses at the
resonance frequency ω01 drive rotations about the x− axis of
the Bloch sphere spanned by f 0j i; 1j ig, see Fig. 1. The total area of
the pulse envelope defines the rotation angle Θ. The rotation axis
can be freely chosen in the xy-plane by changing the phase of the
drive signal ϕ. By selecting ϕ= nπ/2 (n= 0, 1,…) and Θ= π/2, ±X/
2 and ±Y/2 single-qubit operations are realized.
Since transmons have a low anharmonicity, fast pulses with a

wide frequency response lead to leakage out of the computational
subspace defined by the two lowest-lying energy eigenstates. This
process is suppressed by derivative removal gates (DRAG)6,49,50,
designed to reduce leakage and phase errors caused by
inadvertent driving of the 1j i $ 2j i transition. The first-order
DRAG correction (Fig. 1(a); dashed lines) to a Gaussian shaped
pulse ΩxðtÞ ¼ A exp %t2=ð2σ2Þf g with amplitude A and width σ, is

ΩDRAGðtÞ ¼ ΩxðtÞ þ i
β

Δ

d ΩxðtÞ
dt

: (2)

The correction in the imaginary component of ΩDRAG(t) with the
scaling parameter β eliminates the spectral weight of the pulse at
the 1j i $ 2j i transition.
Although being designed for fast, short gates DRAG fails to

produce high fidelities when the gate duration is lower than ~ 10/
Δ6. To overcome this, either higher-order correction terms or
pulses with more degrees of freedom have to be employed. To
find suitable pulses we use a parameterization that applies a
correction δn= an+ ibn at each point in time to a calibrated DRAG
pulse, similar to common optimal control approaches17,51. This
results in a list of piecewise-constant (PWC) control amplitudes

Ωn ¼ ΩDRAGðnΔtÞ þ δn; (3)

as shown in Fig. 1(a). The time discretization Δt is naturally given
by the sampling rate of the AWG generating the pulse envelope.
We use a Zurich Instruments HDAWG52 operating at a sampling

rate of fs= 2.4GS/s. The optimization parameters are the
amplitude corrections an and bn to the n-th sample of Ωx and
Ωy, respectively, with the initial guess an= bn= 0.

Pulse parameter optimization
Since the parametrization in Eq. (3) no longer permits an
individual optimization of each parameter we simultaneously
optimize all of them using the CMA-ES optimization algorithm42

(see “Methods” section). It is based on generating sets of
parameters Sk that describe k= 1, . . . , λ different pulse shapes
as candidate solutions. The parameters in Sk are defined by the
parametrization of the pulse shape. The fidelity of each candidate
solution is evaluated by a cost function, which serves to generate
a new set of candidate solutions. This process is repeated until
convergence is reached and the best solution is found.
As a cost function we use randomized benchmarking (RB)

sequences with a fixed number of m Clifford gates30 averaged
over K sequence realizations, see Fig. 2(a). This corresponds to
evaluating only a single-point in a standard RB measurement53,54,
which reduces the runtime to evaluate the cost function. We
construct the Clifford gates by composing ±X/2 and ±Y/2 pulses,

Fig. 1 Control pulse. a The dashed lines show the analytic DRAG
pulse, with Ωx in red and Ωy in blue. The solid lines show the same
pulse sampled by the AWG. The optimization parameters an and bn
of the piecewise-constant pulse are depicted as modifications of the
sampled DRAG pulse by gray arrows and dashed lines. b Ideal Bloch
sphere trajectory of the Ωx-pulse. The rotation angle Θ is given by
the total area under the pulse.

Fig. 2 Key components of the pulse optimization. a Single-qubit
Clifford gate sequence of length m. b Schematic visualization of the
composition of a Clifford gate from ± X/2, ± Y/2 pulses based on a
specific pulse shape. The Ωx and Ωy components are displayed in red
and blue, respectively. c Sketch of ideal RB curves 1þ Fmð Þ=2 with
the cost function for m= 120 Clifford gates indicated as points for
several fidelities F . d Experimental data of a full optimization run for
a 23 dimensional parameter space. Each blue point represents the
cost function of each of the λ= 30 candidate pulse shapes based on
a unique parameter set Sk evaluated using 20 Clifford sequences.
The red points represent the average cost function at each iteration
of the optimizer.
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Fig. 2. Floquet-engineered XXZ Heisenberg interaction. a, Chevron pattern showing the dependence of P|01i on the
amplitude AXY and duration ⌧g of pulses p1 and p2 for qubits initialized in |10i (top left schematic). The pulses are applied at
frequencies 40 MHz red(blue)-detuned from Q1(2)’s |0i $ |1i transition with DRAG coe�cients �DRAG = �(+)0.6 and ramp
time ⌧r = 50 ns. b, Coherent oscillation between |10i and |01i for the optimal pulse amplitude AXY/2⇡ = 65.2 MHz highlighted
by the red dashed line in a. c, Extracted longitudinal coupling angle �ZZ between the qubits after p1 and p3 are applied at
40 MHz red-detuned from Q1’s transition frequency (bottom left schematic). They are 200-ns-long, with ramp time ⌧r = 50 ns
and DRAG coe�cient �DRAG = �0.6. p1’s amplitude is fixed at AXY/2⇡ = 65.2 MHz, while p2’s amplitude AZZ and phase '
are varied to tune the ZZ coupling rate. d, Extracted longitudinal coupling angle �ZZ between the qubits after being subjected
to all three pulses. p{1,2}’s amplitude AXY is tuned to induce a full |10i $ |01i swap, while p3’s amplitude AZZ and phase '
are varied to tune the ZZ rate during the swap.

We experimentally explore this by irradiating qubit Q1

with a cosine-ramp pulse with di↵erent pulse durations ⌧g
and ramp times ⌧r, then measuring its excited state pop-
ulartion P|1i. The drive amplitude is set to be 100 MHz
in terms of on-resonant Rabi frequency, and the drive
frequency is red-detuned from Q1’s transition frequency
by 40 MHz. Nonadiabatic e↵ects then manifest as finite
excited state populations after the pulse, which oscillates
with respect to the pulse duration due to the dynami-
cal phase accumulation of the Floquet qubit (Fig. 1c).
Evidently, shorter ramp times correspond to more severe
nonadiabatic e↵ects. In addition, the result in Fig. 1d
confirms that a larger drive amplitude requires a longer
ramp time to satisfy the adiabatic condition.

Interestingly, we find that using an STA tech-
nique known as derivative removal by adiabatic gate
(DRAG)26,27 helps reduce nonadiabatic e↵ects substan-
tially. As shown in Fig. 1e, the excited state leakage
corresponding to a short-ramp pulse can be suppressed
by adding a quadrature component to the pulse with am-
plitude AQ = �DRAG ⇥ dA(t)/dt. Case in point, ⌧r can
be reduced from 60 ns to 30 ns by employing a DRAG
coe�cient �DRAG = �0.7. This suggests that advanced
optimal control techniques can be explored to further ac-
celerate the mapping procedure.

Tailoring Heisenberg interactions
Having established the general conditions for adiabatic
mapping between undriven qubit states and Floquet
states, we next orchestrate the microwave pulses to en-
gineer the XXZ Heisenberg interaction in Eq. (1) be-
tween the Floquet qubits. The interaction Hamiltonian
describing the coupling between Q1 and Q2 in Fig. 1a

is Ĥint/~ = J �̂
(1)

x �̂
(2)

x , where J is the static coupling
strength, the superscripts are qubit indices, and the Pauli
operators are defined in the undriven basis. This inter-
action can be described by a Floquet Hamiltonian using
the relation given by Eq. (3),

Ĥint,F/~ = J

X

a,b,c,d

c
(1)

ab (t)c
(2)

cd (t)ei("
(1)
ab +"(2)cd )t

f̂
(1)

ab (t)f̂ (2)

cd (t),

(4)

where "(k)ab ⌘ "
(k)
b � "

(k)
a , c(k)ab (t) = h 

(k)
a (t)|�̂(k)

x | 
(k)
b (t)i,

f̂
(k)
ab (t) = |u

(k)
a (t)iFhu

(k)
b (t)|F for qubit Qk, and a, b, c, d 2

{0, 1} for two qubits. The fast oscillation dynamics can
be neglected by invoking the rotating wave approxima-
tion, leaving only the terms that follow energy conserva-

tion law, "(1)ab + "
(2)

cd = 0 for abcd 2 {0110, 1001, 0000,
0011, 1100, 1111}. Inspecting the reduced Hamiltonian
then gives us insight on the types of interactions present
between the qubits.

1. Spin-exchange Interaction
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Fig. 1. Floquet qubit. a, Experimental schematic depicting two single-junction transmon qubits Q
1
(red) and Q

2
(blue)

coupled via a shared coplanar-waveguide resonator resulting in an e↵ective static coupling29. Microwave pulses are applied to
the transmission lines situated below the capacitor pads to sculpt the Floquet qubits and control single-qubit rotations. The
Heisenberg interactions are programmed by tailoring pulses p1, p2, and p3. b, Bloch sphere representation of the adiabatic
transformation from a bare qubit in the lab frame to a Floquet qubit in the rotating frame. c, Population in the excited state
P|1i of Q

1
when subjected to a microwave pulse with amplitude 100 MHz, detuning �40 MHz, ramp time ⌧r, and duration ⌧g.

Nonadiabaticity manifests as finite oscillations for short ramp time ⌧r. d, Dependence of the maximum state leakage Pmax

|1i on
the pulse’s amplitude and ramp time ⌧r. The drive is applied at the same frequency from c. e, Dependence of Pmax

|1i on the
pulse’s ramp time ⌧r and DRAG coe�cient. The drive amplitude and frequency are the same from c.

Synthesizing Floquet qubits
Figure 1a depicts the superconducting device used in
the experiment. It consists of single-junction transmon
qubits14 which are pairwise coupled via mutual coplanar
waveguide resonators29,30. Details of the quantum de-
vice and experimental setup are presented in Methods.
Although the frequencies of the qubits are fixed after fab-
rication, Floquet engineering has recently emerged as a
powerful tool that allows the sculpting of e↵ective Hamil-
tonians that are otherwise unavailable31, thus promising
a new dimension to tune the system. Here, we synthesize
Floquet qubits using detuned periodic microwave drives
and tailor them to engineer the Hamiltonian given by
Eq. (1).

The mapping is described by Floquet formalism as fol-
lows. The Hamiltonian of a two-level spin-half system
subjected to a periodic driving field with amplitude A,
frequency !d, and phase ' is given as

Ĥq(t)/~ = �
!q

2
�̂z +A cos(!dt+ ') �̂x, (2)

where ~!q is the energy gap of the two-level system,
and �̂z and �̂x represent the Pauli operators. There ex-
ists no static eigenenergies and eigenstates of the system
as solutions of the time-dependent Schrödinger equation
i~@t| (t)i = Ĥq(t)| (t)i. However, due to the periodic-

ity of Ĥq(t), the Schrödinger equation can be modified

into the Floquet equation5,32,
⇣
Ĥq(t)� i~@t

⌘
|un(t)iF =

~"n|un(t)iF, and static quasienergies ~"n can be found for
time-periodic Floquet states |un(t)iF = |un(t+2⇡/!d)iF.
Here the Floquet states are denoted with subscript F to
distinguish them from the bare states in the lab frame.
The Floquet and bare states are interconvertible follow-
ing the relation

|un(t)iF = e
i"nt| n(t)i. (3)

Interestingly, eik!dt|un(t)iF with integer k also satisfies
the Floquet equation and has quasienergy ~("n + k!d),
resulting in an infinite transition spectrum32, "1 � "0 =
k!d±

p
A2 + (!d � !q)2, where the plus(minus) sign cor-

responds to red(blue) detuned drive. In addition, the
drive phase ' acts as a time translation operator on
the Hamiltonian in Eq. (2), |un(t)iF ! |un(t+ '/!d)iF.
These show how the Floquet states and their quasiener-
gies depend on the drive parameters A, ', and !d, which
we can use to tailor the driven systems (See Methods for
detailed Floquet formalism).
To prepare a Floquet qubit with the desired properties,

we have to continuously map the undriven qubit to the
Floquet basis, as shown in Fig. 1b. If the transformation
is performed abruptly, there exists finite tunneling be-
tween the Floquet basis states, and the process becomes
nonadiabatic. According to Adiabatic Theorem32, the
tunneling rate is proportional to dA/dt, that is, the tar-
get Floquet qubit corresponding to a larger drive ampli-
tude must be transformed using a longer ramp time.
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Extended Data Fig. 3. Floquet quasienergies. a, Transi-
tion energies between |u0(t)iF and |u1(t)iF with drive ampli-
tude 200 MHz, qubit frequency 5.23 GHz, and varying drive
detuning �. The dashed lines represent the qubit frequency.
b, Dependence of "01 on the drive amplitude. By driving
qubit Q1(Q2) with red(blue) detuned microwave, two qubits
can be brought into resonance.

Specifically, if � > 0, we define |u+(�)(t)iF as |u0(1)(t)iF
and "+(�) as "0(1), otherwise the index is inverted.
Thus, the quasienergy di↵erence, "01 ⌘ "1 � "0, abruptly
changes at � = 0 (Extended Data Fig. 3a).

Heisenberg interactions between Floquet states
As described by Eq. (4), the interaction strengths of the
Floquet-engineered Heisenberg Hamiltonian are given as

JXY = Jhc
(1)

01
c
(2)

10
it = Jhc

(1)

10
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(2)

01
it,

JZZ = Jhc
(1)
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00
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� c

(1)
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c
(2)
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c
(2)

00
it, (11)

where c
(n)
ab = h 

(n)
a (t)|�̂(n)

x | 
(n)
b (t)i is for qubit Qn

and h...it denotes the time-average value. For the
transverse (XY) spin-exchange interaction, we drive
Q1(Q2) with red(blue) detuned microwaves to bring their

quasienergy di↵erences "(n)
01

into resonance. Specifically,
this condition is satisfied for quasienergy transitions

e
ik!(n)

d t
|u

(n)
0

(t)iF $ e
i(k+1)!(n)

d t
|u

(n)
1

(t)iF when mapped
by a certain drive amplitude (Eq. (10) and Extended
Data Fig. 3b). Accordingly, the Floquet states’ coe�-
cients read
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When the blue- and red-detuned drives have the same
detuning |�| and amplitude A, the time-average XY in-
teraction strength is obtained as

|JXY| = J |hc
(1)

01
c
(2)

10
it| = J

(|�|+
p
A2 + �2)2

4(A2 + �2)
, (14)

using Eq. (9). On the other hand, the relevant coe�cients
for the longitudinal (ZZ) spin-spin interaction read
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When the microwave drives for Q1 and Q2 are both de-
tuned to red or blue,
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For !
(1)

d
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d
, the time-averaged ZZ interaction

strength is thus given as
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ZZ interaction measurements
The ZZ rate can be estimated using a time-e�cient and
reliable Ramsey-like experiment. The sequence consists
of initializing one qubit in a superposition state, then ap-
plying the intended pulses and measuring it along the Z
axis. The Z rotation resulting from the frame frequency
di↵erence between the bare qubit and the Floquet qubit
manifests as an oscillation of the qubit’s population with
respect to the pulse duration. For a finite spin-spin cou-
pling, the two oscillation frequencies corresponding to
the other qubit in the ground and excited states are sub-
tracted to find the ZZ rate. As this always works for both
zero and finite XY coupling (Extended Data Fig. 4a-d),
it is a versatile method to approximate the longitudinal
coupling. However, its accuracy is limited by the fast
oscillations and subsequently the fitting errors.
To accurately measure the ZZ angle at the end of a

pulse with a fixed duration ⌧g, a sequence with the ad-
dition of a single-qubit Z gate with a variable phase ' is
used. The measured qubit population depends on ', and
�ZZ is the phase di↵erence corresponding to the other

Fl
oq

ue
t e

ne
rg

y



XXZ Heisenberg interactions between Floquet qubits

Spin-spin 
Interaction

Spin-exchange 
Interaction

3

P|01�
P|10�

a b 1.0

55

60

65

70

75

0.0 1.00.5

Am
pl
itu

de
,A

XY
/2

�(
M
H
z)

P|01�

0.6

0.8

200 400 600 800 1000200 400 600 800 1000
0.0

0.2

0.4

Pulse duration, �g (ns) Pulse duration, �g (ns)

Po
pu

la
tio

n

Fig. 2. Floquet-engineered XXZ Heisenberg interaction. a, Chevron pattern showing the dependence of P|01i on the
amplitude AXY and duration ⌧g of pulses p1 and p2 for qubits initialized in |10i (top left schematic). The pulses are applied at
frequencies 40 MHz red(blue)-detuned from Q1(2)’s |0i $ |1i transition with DRAG coe�cients �DRAG = �(+)0.6 and ramp
time ⌧r = 50 ns. b, Coherent oscillation between |10i and |01i for the optimal pulse amplitude AXY/2⇡ = 65.2 MHz highlighted
by the red dashed line in a. c, Extracted longitudinal coupling angle �ZZ between the qubits after p1 and p3 are applied at
40 MHz red-detuned from Q1’s transition frequency (bottom left schematic). They are 200-ns-long, with ramp time ⌧r = 50 ns
and DRAG coe�cient �DRAG = �0.6. p1’s amplitude is fixed at AXY/2⇡ = 65.2 MHz, while p2’s amplitude AZZ and phase '
are varied to tune the ZZ coupling rate. d, Extracted longitudinal coupling angle �ZZ between the qubits after being subjected
to all three pulses. p{1,2}’s amplitude AXY is tuned to induce a full |10i $ |01i swap, while p3’s amplitude AZZ and phase '
are varied to tune the ZZ rate during the swap.

We experimentally explore this by irradiating qubit Q1

with a cosine-ramp pulse with di↵erent pulse durations ⌧g
and ramp times ⌧r, then measuring its excited state pop-
ulartion P|1i. The drive amplitude is set to be 100 MHz
in terms of on-resonant Rabi frequency, and the drive
frequency is red-detuned from Q1’s transition frequency
by 40 MHz. Nonadiabatic e↵ects then manifest as finite
excited state populations after the pulse, which oscillates
with respect to the pulse duration due to the dynami-
cal phase accumulation of the Floquet qubit (Fig. 1c).
Evidently, shorter ramp times correspond to more severe
nonadiabatic e↵ects. In addition, the result in Fig. 1d
confirms that a larger drive amplitude requires a longer
ramp time to satisfy the adiabatic condition.

Interestingly, we find that using an STA tech-
nique known as derivative removal by adiabatic gate
(DRAG)26,27 helps reduce nonadiabatic e↵ects substan-
tially. As shown in Fig. 1e, the excited state leakage
corresponding to a short-ramp pulse can be suppressed
by adding a quadrature component to the pulse with am-
plitude AQ = �DRAG ⇥ dA(t)/dt. Case in point, ⌧r can
be reduced from 60 ns to 30 ns by employing a DRAG
coe�cient �DRAG = �0.7. This suggests that advanced
optimal control techniques can be explored to further ac-
celerate the mapping procedure.

Tailoring Heisenberg interactions
Having established the general conditions for adiabatic
mapping between undriven qubit states and Floquet
states, we next orchestrate the microwave pulses to en-
gineer the XXZ Heisenberg interaction in Eq. (1) be-
tween the Floquet qubits. The interaction Hamiltonian
describing the coupling between Q1 and Q2 in Fig. 1a

is Ĥint/~ = J �̂
(1)

x �̂
(2)

x , where J is the static coupling
strength, the superscripts are qubit indices, and the Pauli
operators are defined in the undriven basis. This inter-
action can be described by a Floquet Hamiltonian using
the relation given by Eq. (3),

Ĥint,F/~ = J

X

a,b,c,d

c
(1)

ab (t)c
(2)

cd (t)ei("
(1)
ab +"(2)cd )t

f̂
(1)

ab (t)f̂ (2)

cd (t),

(4)

where "(k)ab ⌘ "
(k)
b � "

(k)
a , c(k)ab (t) = h 

(k)
a (t)|�̂(k)

x | 
(k)
b (t)i,

f̂
(k)
ab (t) = |u

(k)
a (t)iFhu

(k)
b (t)|F for qubit Qk, and a, b, c, d 2

{0, 1} for two qubits. The fast oscillation dynamics can
be neglected by invoking the rotating wave approxima-
tion, leaving only the terms that follow energy conserva-

tion law, "(1)ab + "
(2)

cd = 0 for abcd 2 {0110, 1001, 0000,
0011, 1100, 1111}. Inspecting the reduced Hamiltonian
then gives us insight on the types of interactions present
between the qubits.

1. Spin-exchange Interaction
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Fig. 1. Floquet qubit. a, Experimental schematic depicting two single-junction transmon qubits Q
1
(red) and Q

2
(blue)

coupled via a shared coplanar-waveguide resonator resulting in an e↵ective static coupling29. Microwave pulses are applied to
the transmission lines situated below the capacitor pads to sculpt the Floquet qubits and control single-qubit rotations. The
Heisenberg interactions are programmed by tailoring pulses p1, p2, and p3. b, Bloch sphere representation of the adiabatic
transformation from a bare qubit in the lab frame to a Floquet qubit in the rotating frame. c, Population in the excited state
P|1i of Q

1
when subjected to a microwave pulse with amplitude 100 MHz, detuning �40 MHz, ramp time ⌧r, and duration ⌧g.

Nonadiabaticity manifests as finite oscillations for short ramp time ⌧r. d, Dependence of the maximum state leakage Pmax

|1i on
the pulse’s amplitude and ramp time ⌧r. The drive is applied at the same frequency from c. e, Dependence of Pmax

|1i on the
pulse’s ramp time ⌧r and DRAG coe�cient. The drive amplitude and frequency are the same from c.

Synthesizing Floquet qubits
Figure 1a depicts the superconducting device used in
the experiment. It consists of single-junction transmon
qubits14 which are pairwise coupled via mutual coplanar
waveguide resonators29,30. Details of the quantum de-
vice and experimental setup are presented in Methods.
Although the frequencies of the qubits are fixed after fab-
rication, Floquet engineering has recently emerged as a
powerful tool that allows the sculpting of e↵ective Hamil-
tonians that are otherwise unavailable31, thus promising
a new dimension to tune the system. Here, we synthesize
Floquet qubits using detuned periodic microwave drives
and tailor them to engineer the Hamiltonian given by
Eq. (1).

The mapping is described by Floquet formalism as fol-
lows. The Hamiltonian of a two-level spin-half system
subjected to a periodic driving field with amplitude A,
frequency !d, and phase ' is given as

Ĥq(t)/~ = �
!q

2
�̂z +A cos(!dt+ ') �̂x, (2)

where ~!q is the energy gap of the two-level system,
and �̂z and �̂x represent the Pauli operators. There ex-
ists no static eigenenergies and eigenstates of the system
as solutions of the time-dependent Schrödinger equation
i~@t| (t)i = Ĥq(t)| (t)i. However, due to the periodic-

ity of Ĥq(t), the Schrödinger equation can be modified

into the Floquet equation5,32,
⇣
Ĥq(t)� i~@t

⌘
|un(t)iF =

~"n|un(t)iF, and static quasienergies ~"n can be found for
time-periodic Floquet states |un(t)iF = |un(t+2⇡/!d)iF.
Here the Floquet states are denoted with subscript F to
distinguish them from the bare states in the lab frame.
The Floquet and bare states are interconvertible follow-
ing the relation

|un(t)iF = e
i"nt| n(t)i. (3)

Interestingly, eik!dt|un(t)iF with integer k also satisfies
the Floquet equation and has quasienergy ~("n + k!d),
resulting in an infinite transition spectrum32, "1 � "0 =
k!d±

p
A2 + (!d � !q)2, where the plus(minus) sign cor-

responds to red(blue) detuned drive. In addition, the
drive phase ' acts as a time translation operator on
the Hamiltonian in Eq. (2), |un(t)iF ! |un(t+ '/!d)iF.
These show how the Floquet states and their quasiener-
gies depend on the drive parameters A, ', and !d, which
we can use to tailor the driven systems (See Methods for
detailed Floquet formalism).
To prepare a Floquet qubit with the desired properties,

we have to continuously map the undriven qubit to the
Floquet basis, as shown in Fig. 1b. If the transformation
is performed abruptly, there exists finite tunneling be-
tween the Floquet basis states, and the process becomes
nonadiabatic. According to Adiabatic Theorem32, the
tunneling rate is proportional to dA/dt, that is, the tar-
get Floquet qubit corresponding to a larger drive ampli-
tude must be transformed using a longer ramp time.
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Fig. 2. Floquet-engineered XXZ Heisenberg interaction. a, Chevron pattern showing the dependence of P|01i on the
amplitude AXY and duration ⌧g of pulses p1 and p2 for qubits initialized in |10i (top left schematic). The pulses are applied at
frequencies 40 MHz red(blue)-detuned from Q1(2)’s |0i $ |1i transition with DRAG coe�cients �DRAG = �(+)0.6 and ramp
time ⌧r = 50 ns. b, Coherent oscillation between |10i and |01i for the optimal pulse amplitude AXY/2⇡ = 65.2 MHz highlighted
by the red dashed line in a. c, Extracted longitudinal coupling angle �ZZ between the qubits after p1 and p3 are applied at
40 MHz red-detuned from Q1’s transition frequency (bottom left schematic). They are 200-ns-long, with ramp time ⌧r = 50 ns
and DRAG coe�cient �DRAG = �0.6. p1’s amplitude is fixed at AXY/2⇡ = 65.2 MHz, while p2’s amplitude AZZ and phase '
are varied to tune the ZZ coupling rate. d, Extracted longitudinal coupling angle �ZZ between the qubits after being subjected
to all three pulses. p{1,2}’s amplitude AXY is tuned to induce a full |10i $ |01i swap, while p3’s amplitude AZZ and phase '
are varied to tune the ZZ rate during the swap.

We experimentally explore this by irradiating qubit Q1

with a cosine-ramp pulse with di↵erent pulse durations ⌧g
and ramp times ⌧r, then measuring its excited state pop-
ulartion P|1i. The drive amplitude is set to be 100 MHz
in terms of on-resonant Rabi frequency, and the drive
frequency is red-detuned from Q1’s transition frequency
by 40 MHz. Nonadiabatic e↵ects then manifest as finite
excited state populations after the pulse, which oscillates
with respect to the pulse duration due to the dynami-
cal phase accumulation of the Floquet qubit (Fig. 1c).
Evidently, shorter ramp times correspond to more severe
nonadiabatic e↵ects. In addition, the result in Fig. 1d
confirms that a larger drive amplitude requires a longer
ramp time to satisfy the adiabatic condition.

Interestingly, we find that using an STA tech-
nique known as derivative removal by adiabatic gate
(DRAG)26,27 helps reduce nonadiabatic e↵ects substan-
tially. As shown in Fig. 1e, the excited state leakage
corresponding to a short-ramp pulse can be suppressed
by adding a quadrature component to the pulse with am-
plitude AQ = �DRAG ⇥ dA(t)/dt. Case in point, ⌧r can
be reduced from 60 ns to 30 ns by employing a DRAG
coe�cient �DRAG = �0.7. This suggests that advanced
optimal control techniques can be explored to further ac-
celerate the mapping procedure.

Tailoring Heisenberg interactions
Having established the general conditions for adiabatic
mapping between undriven qubit states and Floquet
states, we next orchestrate the microwave pulses to en-
gineer the XXZ Heisenberg interaction in Eq. (1) be-
tween the Floquet qubits. The interaction Hamiltonian
describing the coupling between Q1 and Q2 in Fig. 1a

is Ĥint/~ = J �̂
(1)

x �̂
(2)

x , where J is the static coupling
strength, the superscripts are qubit indices, and the Pauli
operators are defined in the undriven basis. This inter-
action can be described by a Floquet Hamiltonian using
the relation given by Eq. (3),

Ĥint,F/~ = J

X

a,b,c,d

c
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ab (t)c
(2)

cd (t)ei("
(1)
ab +"(2)cd )t
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ab (t)f̂ (2)

cd (t),

(4)

where "(k)ab ⌘ "
(k)
b � "

(k)
a , c(k)ab (t) = h 

(k)
a (t)|�̂(k)

x | 
(k)
b (t)i,

f̂
(k)
ab (t) = |u

(k)
a (t)iFhu

(k)
b (t)|F for qubit Qk, and a, b, c, d 2

{0, 1} for two qubits. The fast oscillation dynamics can
be neglected by invoking the rotating wave approxima-
tion, leaving only the terms that follow energy conserva-

tion law, "(1)ab + "
(2)

cd = 0 for abcd 2 {0110, 1001, 0000,
0011, 1100, 1111}. Inspecting the reduced Hamiltonian
then gives us insight on the types of interactions present
between the qubits.
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Fig. 2. Floquet-engineered XXZ Heisenberg interaction. a, Chevron pattern showing the dependence of P|01i on the
amplitude AXY and duration ⌧g of pulses p1 and p2 for qubits initialized in |10i (top left schematic). The pulses are applied at
frequencies 40 MHz red(blue)-detuned from Q1(2)’s |0i $ |1i transition with DRAG coe�cients �DRAG = �(+)0.6 and ramp
time ⌧r = 50 ns. b, Coherent oscillation between |10i and |01i for the optimal pulse amplitude AXY/2⇡ = 65.2 MHz highlighted
by the red dashed line in a. c, Extracted longitudinal coupling angle �ZZ between the qubits after p1 and p3 are applied at
40 MHz red-detuned from Q1’s transition frequency (bottom left schematic). They are 200-ns-long, with ramp time ⌧r = 50 ns
and DRAG coe�cient �DRAG = �0.6. p1’s amplitude is fixed at AXY/2⇡ = 65.2 MHz, while p2’s amplitude AZZ and phase '
are varied to tune the ZZ coupling rate. d, Extracted longitudinal coupling angle �ZZ between the qubits after being subjected
to all three pulses. p{1,2}’s amplitude AXY is tuned to induce a full |10i $ |01i swap, while p3’s amplitude AZZ and phase '
are varied to tune the ZZ rate during the swap.

We experimentally explore this by irradiating qubit Q1

with a cosine-ramp pulse with di↵erent pulse durations ⌧g
and ramp times ⌧r, then measuring its excited state pop-
ulartion P|1i. The drive amplitude is set to be 100 MHz
in terms of on-resonant Rabi frequency, and the drive
frequency is red-detuned from Q1’s transition frequency
by 40 MHz. Nonadiabatic e↵ects then manifest as finite
excited state populations after the pulse, which oscillates
with respect to the pulse duration due to the dynami-
cal phase accumulation of the Floquet qubit (Fig. 1c).
Evidently, shorter ramp times correspond to more severe
nonadiabatic e↵ects. In addition, the result in Fig. 1d
confirms that a larger drive amplitude requires a longer
ramp time to satisfy the adiabatic condition.

Interestingly, we find that using an STA tech-
nique known as derivative removal by adiabatic gate
(DRAG)26,27 helps reduce nonadiabatic e↵ects substan-
tially. As shown in Fig. 1e, the excited state leakage
corresponding to a short-ramp pulse can be suppressed
by adding a quadrature component to the pulse with am-
plitude AQ = �DRAG ⇥ dA(t)/dt. Case in point, ⌧r can
be reduced from 60 ns to 30 ns by employing a DRAG
coe�cient �DRAG = �0.7. This suggests that advanced
optimal control techniques can be explored to further ac-
celerate the mapping procedure.

Tailoring Heisenberg interactions
Having established the general conditions for adiabatic
mapping between undriven qubit states and Floquet
states, we next orchestrate the microwave pulses to en-
gineer the XXZ Heisenberg interaction in Eq. (1) be-
tween the Floquet qubits. The interaction Hamiltonian
describing the coupling between Q1 and Q2 in Fig. 1a

is Ĥint/~ = J �̂
(1)

x �̂
(2)

x , where J is the static coupling
strength, the superscripts are qubit indices, and the Pauli
operators are defined in the undriven basis. This inter-
action can be described by a Floquet Hamiltonian using
the relation given by Eq. (3),

Ĥint,F/~ = J

X

a,b,c,d

c
(1)

ab (t)c
(2)

cd (t)ei("
(1)
ab +"(2)cd )t
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ab (t)f̂ (2)

cd (t),

(4)

where "(k)ab ⌘ "
(k)
b � "

(k)
a , c(k)ab (t) = h 

(k)
a (t)|�̂(k)

x | 
(k)
b (t)i,

f̂
(k)
ab (t) = |u

(k)
a (t)iFhu

(k)
b (t)|F for qubit Qk, and a, b, c, d 2

{0, 1} for two qubits. The fast oscillation dynamics can
be neglected by invoking the rotating wave approxima-
tion, leaving only the terms that follow energy conserva-

tion law, "(1)ab + "
(2)

cd = 0 for abcd 2 {0110, 1001, 0000,
0011, 1100, 1111}. Inspecting the reduced Hamiltonian
then gives us insight on the types of interactions present
between the qubits.
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