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Native Conditional iSWAP Operation with Superconducting Artificial Atoms
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Controlling the flow of quantum information is a fundamental task for quantum computers, which is
unfeasible to realize on classical devices. Coherent devices, which can process quantum states are thus
required to route the quantum states that encode information. In this paper we demonstrate experimentally
the smallest quantum transistor with a superconducting quantum processor, which is composed of a col-
lector qubit, an emitter qubit, and a coupler (transistor gate). The interaction strength between the collector
and emitter qubits is controlled by the frequency and state of the coupler, effectively implementing a quan-
tum switch. Through the coupler-state-dependent Heisenberg (inherent) interaction between the qubits, a
single-step (native) conditional iSWAP operation can be applied. To this end, we find that it is useful to
take into consideration the higher-energy level for achieving a native and high-fidelity transistor opera-
tion. By reconstructing the quantum process tomography, we obtain an operation fidelity of 92.36% when
the transistor gate is open (iSWAP implementation) and 95.23% in the case of closed gate (identity gate
implementation). The architecture has strong potential in quantum information processing applications
with superconducting qubits.

DOI: 10.1103/PhysRevApplied.20.034072

I. INTRODUCTION

Thanks to the advent of semiconductors physics and
advances in solid-state physics [1,2], devices based on
quantum effects have been used to design first-generation
quantum technologies. These devices exploit tunneling
and band structure of complex systems and have been
used to build transistors with a nanometer physical gate
[3], although the information flow obeys classical laws.
Furthermore, spin-based transistors have allowed for the
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manipulation and engineering of atomlike spins at an ele-
mentary level, with applicability to quantum information
science [4]. Since transistors are fundamental hardware
components in classical computers, similar devices able to
process bits of quantum information have been proposed
as quantum analogues of such devices [5–9], including a
universal model for adiabatic quantum computation [10].
In this sense, quantum transistors may be useful compo-
nents to control the flow and processing of information
in operations of quantum computation [11]. Such a condi-
tional state transfer has been experimentally demonstrated
in a linear optics system [12] and superconducting cir-
cuits’ system [13], but the processes are not deterministic
or native, respectively. These are two key requirements for
quantum efficient transistor.

Among the physical platforms’ candidate to the con-
struction of quantum processors, superconducting circuit
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systems have stood out as a cutting-edge technology for
the realization of a scalable quantum computer [14–16], in
addition to being a promising platform to efficiently study
quantum many-body physics [17–20]. Although supercon-
ducting circuits present a multilevel structure (artificial
atoms), they can also be operated as two-level systems
(qubits) to implement tunable interaction between the parts
of a superconducting processor [21–29]. In this scenario,
frequency-tunable couplers are one of the most popu-
lar architectures for superconducting quantum computing
[28–31], where the gate control is done by applying an
external flux through the coupler. However, these kinds
of frequency tunable control interactions are sensitive to
flux noise [32,33], such that alternatives are required for
robust operations. In this paper, we exploit the idea of
a quantum transistor, as proposed by Bacon et al [11],
and a coupler-state-dependent interaction to implement
conditional operations.

By using two superconducting qubits allied with a
frequency-tunable coupler [25] [see Figs. 1(a) and 1(b)],
we demonstrate a coherent conditional implementation of
an iSWAP gate. The analysis of the conditional operation
is done through the effective dynamics of the supercon-
ducting qubits with tunable interactions, which allows
identification of the critical role of the third energy level
for the dynamics. As a first result, although the two-level
approach is quite precise in the description of the system
effective dynamics [21–29], our experimental data sup-
ports that under special conditions the three-level approach
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FIG. 1. (a) Chip with the superconducting quantum circuits
used in our experiment. (b) Schematic diagram of the three inter-
acting components of the circuit, with the tunable control qubit
in between the two target qubits. (c) Generic representation of
a conditional quantum operation U implemented by a quan-
tum transistorlike mechanism. (d) Schematic representation of
the superconducting quantum transistor, where the information
is encoded in the collector qubit and sent to the emitter qubit
in a coupler-state-dependent way. The reversibility of the quan-
tum evolution allows achievement of a two-way transistor for
quantum information.

needs to be considered to control precisely the real two-
qubit dynamics. As an application and second result, we
exploit a state-switchable transfer of information in super-
conducting processors, by effectively realizing a quantum
Bacon-Flammia-Crosswite transistorlike operation [11].
This specific transistor implements a quantum operation
U according to a transistor gate state, that can be changed
through an external stimulus, as schematized in Fig. 1(c).
Our device, in Fig. 1(d), differs from previous proposals in
the literature since the control gate is encoded into multi-
qubit state [5,7,11], so that our study constitutes an exper-
imental realization of the single-qubit quantum switch,
that is, the smallest quantum transistor in superconducting
integrated circuits.

II. MODELING AND TWO-QUBIT EFFECTIVE
DYNAMICS

Our superconducting circuit is schematically presented
in Figs. 1(a) and 1(b), where the tunable coupler qubit
(C) lies in between two Xmon superconducting artificial
atoms (Q1 and Q2). Using an external flux (chain control
Z) across the superconducting quantum interference device
loop, the frequencies of the atom Q1 and of the coupler
are made tunable, whereas the one of the atom Q2 remains
fixed.

As a preliminary step to realize the transistor, let us
discuss the nature of our artificial atoms: they cannot
be treated as simple two-level systems, as it was done
previously [21–29]. The system is thus described by a
Hamiltonian of the form H = H0 + V0 [30], where

H0 = �

∑
i=1,2,c

(
ωi a†

i ai + αi

2
a†

i a†
i aiai

)
, (1)

is the bare Hamiltonian of the atoms and the coupler, with
a†

i and ai their creation and annihilation operators, and
ωi the transition frequency between the ground state and
the first excited state. αi is the energy-level anharmonicity,
with αi big enough corresponding to the two-level system,
and αi = 0 to the harmonic oscillator. The term

V0 = �

∑
i=1,2

[
gi

(
a†

i ac + aia†
c

)]
+ �g12

(
a†

1a2 + a1a†
2

)
,

(2)

describes the interaction between the components of the
superconducting circuit, with gi the (capacitive) coupling
strength between the ith atom and the coupler. Such design
allows for an atom-coupler coupling gi much stronger than
the capacitive atom-atom coupling g12 (g12 � gi). More
precisely, we measure coupling strengths of order g1 ≈
110 MHz, g2 ≈ 105 MHz, and g12 ≈ 7.5 MHz. The other
parameters of the circuit are shown in Table I.

As a first result, we show that assuming the super-
conducting artificial atoms behave as two-level systems
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TABLE I. Parameters of the superconducting qubits used in our experiment.

Qubit Freqmax freqidling α Tidling
1 Tidling

2 Tidling
2,echo

Qubit 1 5.230 GHz 4.670 GHz −222 MHz 6.51 us 0.54 us 3.83 us
Coupler 8.831 GHz 6.183 GHz −378 MHz 4.06 us 0.27 us 2.42 us
Qubit 2 — 4.619 GHz −242 MHz 6.58 us 7.43 us 13.02 us

leads to inaccurate predictions for the coupled dynam-
ics, which can in turn affect the operation of the circuit.
In the explored regime, each atom must be considered
at least as a three-level system, where the anharmonic-
ity of the third energy level plays a role when the state
of the coupler changes. Let us set the two atoms Q1 and
Q2 at the same frequency (ω1 = ω2 = ω), and tune the
coupler frequency toward the dispersive regime |�| � gi
[21–23,28], with � = ω1 − ωc. The effective Hamiltonian
then reads H̃ |n〉c

eff = �g̃|n〉c
eff (�)[σ

−
1 σ

+
2 + σ−

2 σ
+
1 ], where the

effective coupling coefficients g̃|n〉c
eff (�) read

g̃|n〉c
eff (�) = g12 + g1g2

(
2

�− δn1αc
− 1
�

)
, (3)

with δnm the Kronecker δ symbol. This result is consistent
with the two-level approach adopted in Refs. [21–23,28]
when the coupler is in the ground state. However, when it
is in the first excited state, the anharmonicity αc comes into
play, and that it affects the effective coupling: this state-
dependent coupling has a direct impact on the operation of
our device, as we shall now see.

The contribution of the third level is probed in our setup
by implementing the procedure sketched in Fig. 2(a). We
use a power splitter to combine a dc signal and a pulse
signal to control the frequency of the frequency-tunable
atoms and coupler. The dc signal is a biased signal used
to set the idling frequency of Q1 and of the coupler, which
remain unchanged during the experiment. We then set the
coupler frequency idling point to completely turn off the
effective coupling between Q1 and Q2 [white horizontal
dotted line in Fig. 2(b)] when the coupler is in the ground
state, and we set the Q1 frequency idling point to be about
50 MHz above that of Q2. In this case, the interaction
between Q1, Q2, and the coupler can be neglected, and
the computational basis approximates the eigenstates of the
bare system. Through this procedure, one can then use the
single-qubit gate (π pulse) to efficiently prepare the system
in the state |0〉c |01〉12 or |1〉c |01〉12. The effective interac-
tion is then turned on by putting the atom Q1 at resonance
with Q2. After the interaction step, we switch back the
frequency of the atoms and coupler to their initial config-
uration (idling point) to measure the fidelity in the binary
state detection (see the Appendix for further details).

The above sequence is used to monitor the oscillation
of population between Q1 and Q2: this requires only mea-
surement of the population of the two-qubit state |01〉12,

independently on the coupler state, which we present in
Fig. 2(b). The coupling coefficient g̃|n〉c

12 is extracted from
these oscillations by fitting the oscillating dynamics of this
population with a sine function. Its dependence on the
detuning� and the coupler state |n〉c is shown in Fig. 2(c).
As mentioned before, for the coupler in the ground state,
the measured behavior of the coupling g̃|0〉c

12 is in very good
agreement with the theoretical prediction even if the sys-
tem is considered to possess only two levels, since, as there
is only one excitation in the whole system, the higher lev-
els do not play a role. On the other hand, the two-level
model fails to predict the behavior of an excited coupler,
g̃|1〉c

12 , which may lead to a loss in high control of two-qubit
operations. Differently, our three-level approach leads to
an effective coupling for which theory [see Eq. (3)] and
experiment [see Fig. 2(c)] agree very well. This leads to a
dramatic increase in the controllability on the system evo-
lution and, consequently, in the robustness and fidelity of
the derived quantum computation processes.

Although we can turn on and turn off the dynamics in
our system using different quantum states of the coupler,

(a) (b)

(c)

FIG. 2. Effective coupling strength between two target qubits
under the control of the quantum state and frequency of the cou-
pler. (a) Pulse sequence of the experimental implementation to
measure the effective coupling strength. (b) Experimental data
for resonant exchange between |0〉c |01〉12 and |0〉c |10〉12 (top),
and for |1〉c |01〉12 and |1〉c |10〉12 (bottom), where the y axis is
the coupler frequency. By fitting the vacuum Rabi oscillation,
we extract the effective coupling strength |2g̃|n〉c

eff (�)|/2π , whose
behavior as a function of � is shown in (c). Symbols denote the
experimental data, while curves represent theoretical prediction.
Full lines describe the expectation from Eq. (3) and the dotted
line corresponds to the prediction of the two-level approach.
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it is worth mentioning that we can turn off the dynam-
ics even when the coupler is in the excited state. As
shown by the red curve in Fig. 2(c), even when the cou-
pler is in the excited state, an alternative “off state” of
the coupler (identity gate) can be obtained by adequately
choosing the coupler frequency to another idle point such
that �′ ≈ 2.25 GHz.

III. CONDITIONAL iSWAP OPERATION

Let us now demonstrate how a quantum transistor can
be achieved using our circuit, which illustrates the coher-
ent manipulation of the quantum information flow through
the system. To this end, we exploit the dependence of the
coupling on the coupler state, which allows us to realize a
gate. The qubits Q1 and Q2 now correspond to the collector
and emitter, in which we encode and read out the quan-
tum information, while the coupler acts as the control gate.
First we prepare the information to be transferred in the
emitter Q2, while the coupler (transistor base) remains in
its ground state, see Fig. 3(a). We set the coupler frequency
at ωc = 6.183 GHz and we turn on the effective interaction
between Q1 and Q2. In Fig. 3(b), we present the population
of the different states when the information encoded corre-
sponds to a single excitation |ψ〉2 = |1〉2. The population
then remains blockaded in state |01〉12, that is, the informa-
tion is not transferred to the collector. The gate-introduced
extra single-qubit phase can be corrected using a virtual Z
gate.

The fidelity of the operations implemented in our sys-
tem is computed by the ideal and experimental quantum
process tomography (QPT). To this end, we prepare 16

two-qubit product states |φ1〉 |φ2〉, where the state of each
qubit |φn〉 is selected from the set {|0〉, |1〉, |0〉 + |1〉,
|0〉 + i |1〉}. The density matrix of the output state is deter-
mined through the standard two-qubit state tomography,
by measuring each qubit along the σx, σy , and σz axes
of the Bloch sphere [34]. Following the correction of
measurement errors, we reconstruct the 16 × 16 experi-
mental process matrix. To calculate the fidelity between the
experimental and ideal quantum processes we employ the
following formula F = Tr(χexpχideal), where χexp and χideal
correspond to the experimental and ideal process matrices,
respectively.

Through reconstruction of the QPT matrix for this
operation [Fig. 3(c)], one reaches fidelity around Fclos =
95.23(52)% for the closed gate. In the case of the open gate
[see Fig. 3(d)], the coupler is initially excited and a coher-
ent effective coupling between Q1 and Q2 (2g̃12/2π = 8.45
MHz) drives the system through a Heisenberg excitation
exchange. This dynamics can be observed through the
coherent flow of excitation from Q2 to Q1, as illustrated in
Fig. 3(c). This shows that our proposal constitutes a two-
way transistor, where the information can coherently flow
both ways throughout the system, thus being a signature
of the quantumness of our transistor (see the Appendix).
From a fundamental point of view, this symmetric behavior
is a direct consequence of the unitary nature of the dynam-
ics and of the quantum version of the recurrence theorem
of Poincaré [35]. From the corresponding ideal and experi-
mental QPT for the open gate, the fidelity for this operation
around Fopen = 92.36(75)% is obtained (see the Appendix
for further details). The duration of the operation shown
in Fig. 3(e) is approximately 59 ns. The efficiency of this
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FIG. 3. (a),(d) Sketch of the quantum transistor operation, which allows for the state transfer from Q2 to Q1 (and vice versa) when
an external stimulating field promotes an excitation (opening the gate) and de-excitation (closing the gate) in the coupler. (b),(e)
Theoretical (curves) and experimental (dots) data for transfer and blockade performance of the transistor. The inset in figure (b) shows
the low population in the state |10〉12, which constitutes the final state in the transfer process. The slow increase of the population in
the state |00〉12 stems from the relaxation of Q2. (c),(f) Experimental and ideal, respectively, quantum process tomography matrix of
the transistor operation.
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dynamics is here limited by the damping timescale of the
emitter, as shown in Table I.

As one of the main contributions of this work, we show
how the control discussed above allows one to implement
iSWAP operations between the two qubits, a crucial fea-
ture for achieving universal quantum computation through
Heisenberg exchange interactions [36,37]. Instead of mon-
itoring the coherent exchange of population between Q1
and Q2, Fig. 3(f) shows the quantum process tomogra-
phy for the qubits when the coupler starts in the excited
state. The right panel in Fig. 3(f) shows the ideal quan-
tum process tomography expected result for an ideal iSWAP
operation between Q1 and Q2, while the left panel of
Fig. 3(f) corresponds to the experimental data.

It shows that, thanks to the particular feature of our cir-
cuit our device [see Fig. 1(d)] provides us two features.
First, conditional coherent control of information, which
depends on the quantum state of a single coupler (working
as a quantum switch), instead of using multiqubit states
to perform that task [5,7,11]. Second, the realization of a
one-step two-qubit conditional iSWAP gate, using the inher-
ent Heisenberg interactions of the system, constitutes an
experimental implementation of such a gate in a native
way. It is a pivotal step for quantum computation, which
is one of the challenging, but promising, technologies in
contemporary science [12,13,38,39].

IV. CONCLUSION

In conclusion, we have presented a quantum tran-
sistor based on a three-component superconducting cir-
cuit, where high-fidelity operations are made possible by
accounting for the multilevel structure of the supercon-
ducting artificial atoms. The anharmonicity between the
two first excited states of these atoms plays a key role,
which manifests in the dependence of the dynamics on
the coupler state. In particular, a two-level description is
valid only when the coupler remains in its ground state,
so this anharmonicity will inevitably affect the operation
of the transistor. Our implementation of the transistor-
like behavior with Xmon artificial atoms confirm the role
of this anharmonicity, with theoretical and experimental
results in very good agreement. Our results thus allow
us to design a precisely-controllable mechanism for the
conditional iSWAP operation between two parts of a super-
conducting circuit. Also, as sketched in Fig. 1(d), the
two atoms act as collector and emitter, while the coupler
controls the information flow (i.e., the control gate), so
the coherent control of quantum state transfer is achieved
between the two qubits. Thus, in our system the coupler is
a part of the quantum circuit that acts as a quantum switch
to control information flow and two-qubit iSWAP gates.

While frequency division multiplexing is an effective
technology to circumvent the challenge of controlling

qubits by using their distinct frequencies, enabling a sin-
gle control line to manage multiple qubits, flux adjustment
and frequency division multiplexing methods are incom-
patible [40]. Differently, the proposed strategy of tuning
the coupler state are compatible with frequency division
multiplexing. It enables the control of the coupler state
via frequency division multiplexing to achieve desired
operations without adjusting the coupler frequency. This
eliminates the need for a separate flux control line in
sample design, conserving resources and offering a viable
solution for large-scale, scalable quantum computing.

Note added.—Recently, we became aware of a comple-
mentary demonstration of how the control of the coupler
state can be useful to implement a CZ gate on fluxonium
qubits [41].
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APPENDIX A: EXPERIMENTAL SETUP

The transmon superconducting chip is installed inside
a BlueFors XLD-1000 dilution refrigerator system, and
its base temperature is under 10 mK. We magnetically
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FIG. 4. Electronics and sample schematic diagram of the experimental setup.

shield the chip with a Cryoperm cylinder. The electronics
and sample diagram are shown in Fig. 4. To perform the
standard circuit-QED measurements, we apply microwave

to the input port of the readout transmission line. Four
microwave isolators are placed before the high electron-
mobility transistor (HEMT) amplifier to prevent noise
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from higher-temperature stages. After being amplified by
the HEMT amplifier at the 4-K stage and a low-noise
amplifier at room temperature, the readout signal will be
downconverted, and the demodulated IQ signals will be
digitized by analog-to-digital converters. All of the control
electronics, which is used to apply the XY and Z controls
of the qubits and coupler are at room temperature. The
control signals and the readout signals are programmed
in Labber software and sent to the QuantumCTek arbi-
trary waveform generator (AWG). Then, the corresponding
microwave pulses generated by the AWGs will be mixed
with different local oscillators (LOs), respectively. Here,
the LO is supported by a commercial multichannel coher-
ence microwave generator Sinolink SLFS20. In the exper-
iment, we need to add extra dc Z control signals to set
the idling points of the tunable qubit and the coupler. So,
we use a bias tee to combine the dc signals and the fast Z
control pulse signals.

APPENDIX B: READOUT ERROR CORRECTION

Before characterizing the performance of our quantum
transistor, we need to identify and correct the readout
errors of the system. Readout errors consist of the incor-
rect mapping error of single qubit and the crosstalk error
between qubits [42,43]. Here, a transfer matrix M is
adapted to correct both readout errors simultaneously. And
the transfer matrix working on the joint readout population
is written as

⎛

⎜⎝

p ′
00

p ′
10

p ′
01

p ′
11

⎞

⎟⎠ =

⎛

⎜⎝

M00 M01 M02 M03
M10 M11 M12 M13
M20 M21 M22 M33
M30 M31 M32 M33

⎞

⎟⎠

⎛

⎜⎝

p00
p10
p01
p11

⎞

⎟⎠ , (B1)

where p ′
ij are the measurement qubit populations, and pij

are the corrected qubit populations. To find M, we prepare
two qubits in states |00〉, |01〉, |10〉 and |11〉 successively,
and perform single-shot measurements in |00〉, |01〉, |10〉,
and |11〉 bases. As shown in Fig. 5, we get M directly
from the measured population matrix. Then, we are able to
correct measured population with equation �p = M−1�p ′.

APPENDIX C: TWO-LEVEL SYSTEM EFFECTIVE
HAMILTONIAN

As discussed in the main text, assuming a two-level
system (TLS) to deduce the effective Hamiltonian is not
adequate to describe the effective dynamics of the system.
To verify this point, we first define the raising and low-
ering operators for each of our atom i as σ+

i = |1〉i 〈0|
and σ−

i = |0〉i 〈1|, respectively, as well as the population
operators σ 0

i = |0〉i 〈0| and σ 1
i = |1〉i 〈1|. Then, assuming

ω1 = ω2 = ω, we can write the Hamiltonian presented in

(a)

(b)

FIG. 5. Readout error characterization. Each column in the
graph is the measured population distribution of the prepared ini-
tial state. The transfer matrix M is simply the population matrix.
(a) Measured when coupler is in state |0〉. (b) Measured when
coupler is in state |1〉.

Eqs. (1) and (2) of the main text as

H =
∑

i=1,2

�ωσ 1
i + �gic(σ

+
i σ

−
c + h.c.)

+ �g12(σ
+
1 σ

−
2 + h.c.)+ �ωcσ

1
c . (C1)

Then, using a unitary transformation HI = UHU† − H0,
with H0 = �ω(σ 1

1 + σ 1
2 )+ �ωcσ

1
c and U(t) = e−iH0t/�,

casting Eq. (C1) to the interaction picture we find

HI = �g1(σ
+
1 σ

−
c ei�t + h.c.)+ �g2(σ

+
2 σ

−
c ei�t + h.c.)

+ �g12(σ
−
1 σ

+
2 +σ−

2 σ
+
1 ), (C2)

where we have defined � = ω − ωc. In the interaction
picture, we can apply the rotating-wave approximation
(RWA) to the Hamiltonian, which here translates as

Heff ≈ 1
�

[
−iHI (t)

∫ t

0
HI (t′)dt′

]

RWA
, (C3)

where i stands for the imaginary unity, and where we
have assumed that |�| � gk to neglect the fast-oscillating
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terms. That leads to the TLS effective Hamiltonian

Heff = �
g1g2

�

[
h0 + (σ−

1 σ
+
2 +σ−

2 σ
+
1 )(σ

0
c − σ 1

c )
]

+ �g12(σ
−
1 σ

+
2 +σ−

2 σ
+
1 ), (C4)

where h0 = (σ 1
1 + σ 1

2 )σ
0
c − (σ 0

1 + σ 0
2 )σ

1
c , with σ n

k = |n〉
〈n|k, is an energy shift term, which does not promote any
population transference in the system. When we consider
only the interaction terms of Eq. (C4), we can identify the
effective coupling

g|n〉c
eff (�) = g12 + (−1)n

g1g2

�
, (C5)

where the (−1)n term is a signature that the effective
coupling depends on the coupler state.

APPENDIX D: THREE-LEVEL SYSTEM
EFFECTIVE HAMILTONIAN

To evaluate the effects of the third level of energy
on the dynamics, we need to consider the anhar-
monic terms in Eq. (1) of the main text. Let us
proceed similarly to the TLS case: first we define
H̃0 = ∑

j =1,2,c

[
ωj a†

j aj + αj
2 a†

j a†
j aj aj

]
as the unperturbed

Hamiltonian and use the unitary operator U(t) = e
−iH̃0t

� to
write the Hamiltonian in the interaction picture. However,
in this case, we define the operators �j for each artificial
atom, and proceed with the transformations

aj → �−
j =

2∑

k=1

√
k |k − 1〉 〈k| ,

a†
j → �+

j =
2∑

k=1

√
k |k〉 〈k − 1| .

(D1)

This allows us to write the Hamiltonian in the interaction
picture

H̃I =
∑

k=1,2

�gi
(
U†(t)�+

k U(t)U†(t)�−
c U(t)+ h.c.

)

+ �g12
(
U†(t)�+

1 U(t)U†(t)�−
2 U(t)+ h.c.

)
. (D2)

Defining the operator P(j )nm = |n〉 〈m|j and manipulating the
Eq. (D2), the Hamiltonian assumes the form

H̃I = H1,c(t)+ H2,c(t)+ H2(t) (D3)

with

Hk,c(t) = �gk

[
ei(ωk−ωc)tP(k)10 P(c)01 + ei(ωk−ω̃c)t

√
2P(k)10 P(c)12 + ei(ω̃k−ωc)t

√
2P(k)21 P(c)01 + 2ei(ω̃k−ω̃c)tP(k)21 P(c)12 + h.c.

]

H2(t) = �g12

[
ei(ω1−ω2)tP(1)10 P(2)01 + ei(ω1−ω̃2)t

√
2P(1)10 P(2)12 + ei(ω̃1−ω2)t

√
2P(1)21 P(2)01 + 2ei(ω̃1−ω̃2)tP(1)21 P(2)12 + h.c.

]
(D4)

where, ω̃i = ωi + αi. Assuming, for simplicity, that ω1 = ω2 = ω, and α1 = α2 = α we can write the Hamiltonian as

H̃I = H0 +
√

2�g12

[
eitα

(
P(1)21 P(2)01 + P(1)01 P(2)21

)
+ e−itα

(
P(1)12 P(2)10 + P(1)10 P(2)12

)]

+
∑

k=1,2

�gk

[
ei�tP(k)10 P(c)01 + ei�̃t

√
2P(k)10 P(c)12 + ei�̃′t√2P(k)21 P(c)01 + 2ei ˜̃

�tP(k)21 P(c)12 + h.c.
]

, (D5)

where H0 = g12

(
P(1)10 P(2)01 + 2P(1)21 P(2)12 + h.c.

)
is the time-independent part of the Hamiltonian, and �̃ = ω − ω̃c, �̃′ =

ω̃ − ωc and ˜̃
� = ω̃ − ω̃c are the detunnings. In the interaction picture, obtaining the effective Hamiltonian is similar

to the TLS case, where we use Eq. (C3) and assume that � � g1, g2 and α,αc � g12 to be able to neglect the fast
oscillating terms. The final result is

Heff =
∑

k,m=1,2

�gkgm

[
1

ω − ωc
(P(k)10 P(m)01 P(c)00 − P(k)01 P(m)10 P(c)11 ) + 2

ω − ω̃c
(P(k)10 P(m)01 P(c)11 − P(k)01 P(m)10 P(c)22 )

+ 2
ω̃ − ωc

(P(k)21 P(m)12 P(c)00 − P(k)12 P(m)21 P(c)11 )+ 4
ω̃ − ω̃c

(P(k)21 P(m)12 P(c)11 − P(k)12 P(m)21 P(c)22 )

]

+ �
2g2

12

α

(
−P(1)11 P(2)11 + P(1)22 P(2)00 + P(1)20 P(2)02 + h.c.

)
+ �g12

(
P(1)10 P(2)01 + 2P(1)21 P(2)12 + h.c.

)
. (D6)
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The difference between Eqs. (D6) and (C4) is quite clear: when neglecting the effects of the third level of energy, a
significant part of the effective dynamics is lost, which leads to a difference in the expression for the effective coupling,
when the coupler is in the first excited state. To verify that, we calculate the effective Hamiltonians taking into account
only the interaction terms, and find

H̃ |0〉c
eff = �

(g1g2

�
+ g12

)
(P(1)10 P(2)01 + h.c.)+ 2�

(
g12 + g1g2

�+ α

)
(P(1)21 P(2)12 + h.c.), (D7a)

H̃ |1〉c
eff = �

[
2g12 − 2g1g2

(
1

�+ α
− 2
α − αc

)]
(P(1)12 P(2)21 + h.c.)+ �

[
g12 − g1g2

(
1
�

− 2
�− αc

)]
(P(1)01 P(2)10 + h.c.).

(D7b)

Given that no transition occurs to the second excited
state, only the (P(1)01 P(2)10 + h.c.) terms will contribute to the
effective coupling, which leads to the effective two-level
system Hamitonian

H̃ |n〉c
eff (�) = �g̃|n〉c

eff (�)(σ
−
1 σ

+
2 +σ−

2 σ
+
1 ), (D8)

where

g̃|n〉c
eff (�) = g12 + g1g2

(
2

�− δn1αc
− 1
�

)
, (D9)

with δn1 the Kronecker δ. Comparing the expressions for
the effective couplings obtained in Eq. (C5) for the TLS
and now in Eq. (D9), we can verify that when the cou-
pler is in the ground state, both expressions are equivalent,
however, when we have an excitation on the coupler, the
TLS expression differs from the three-level approach by a
factor (2g1g2)/(�− αc). This term can only be negligible
in the limit of a genuine two-level system, that is, when we
have anharmonicity large enough (αc → ∞).

1. Effective dynamics and quantumness of the device

In this section we discuss the theory used to find the
value of g̃|1〉c

eff (�), as observed from the experimental
data. The effective Hamiltonian in the three-level system
Eq. (D7b) can be used to verify the inversion of excita-
tion between Q1 and Q2 when the system is set on the
initial state |�(0)〉 = |1〉c of the coupler. In this case, the
Hamiltonian can be written in the {|10〉 , |01〉} basis as

H̃eff = g̃|1〉c
eff (�)

[
0 1
1 0

]
, (D10)

which has the eigenenergies E± = ±g̃|1〉c
eff (�), associated

with eigenstates |�±〉 = (|01〉12 ± |10〉12)/
√

2. By com-
puting the evolved state |�(t)〉 = e−iHt/� |�(0)〉, from the

initial state |�(0)〉 = |1〉c |10〉12, we find

|�(t)〉 = cos(g̃|1〉c
eff t) |01〉12 − i sin(g̃|1〉c

eff t) |10〉12 . (D11)

Therefore, by measuring the probability of getting the
system in states |10〉 and |01〉, we find

P1(t) = |〈�(t)|10〉|2 = cos2(g̃|1〉c
eff t), (D12)

P2(t) = |〈�(t)|01〉|2 = sin2(g̃|1〉c
eff t). (D13)

Thus, from the experimental data for P1(t) and P2(t), we
can measure the value of g̃|1〉c

eff by fitting the curves P1(t)
and P2(t).

We now briefly explore the quantumness of the device
proposed here, where we investigate the performance of
the system under strong decoherence, which brings the sys-
tem into a classical realm. We focus on the simpler case
where we assume that the noise affects only the coupler. In
this case the system is governed by the master equation

ρ̇(t) = − i
�

[H , ρ(t)]

+ �

2
[
2a†

cacρ(t)aca†
c − {aca†

ca†
cac, ρ(t)}] , (D14)

where the last operator describes the dephasing effect on
the system with rate �. When � is strong enough the

FIG. 6. Fidelity of transfer and blockade when (a) no deco-
herence acts on the system, and (b) the coupler is affected by
decoherence that brings the system into the classical realm. To
this simulation we use the same parameters as in the main text
with � = g1.
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coherent transport of information is drastically deteriorated
as shown in Fig. 6. This shows that, due to the loss of
coherence, the device cannot explore quantum effects and
the performance becomes worse than the case where no
decoherence acts on the system.
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