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Tailoring the decay rate of structured quantum emitters into their environment opens new avenues
for nonlinear quantum optics, collective phenomena, and quantum communications. Here, we demonstrate
a novel coupling scheme between an artificial molecule comprising two identical, strongly coupled
transmon qubits and two microwave waveguides. In our scheme, the coupling is engineered so that
transitions between states of the same (opposite) symmetry, with respect to the permutation operator, are
predominantly coupled to one (the other) waveguide. The symmetry-based coupling selectivity, as
quantified by the ratio of the coupling strengths, exceeds a factor of 30 for both waveguides in our device.
In addition, we implement a Raman process activated by simultaneously driving both waveguides, and
show that it can be used to coherently couple states of different symmetry in the single-excitation manifold
of the molecule. Using that process, we implement frequency conversion across the waveguides, mediated
by the molecule, with efficiency of about 95%. Finally, we show that this coupling arrangement makes it
possible to straightforwardly generate spatially separated Bell states propagating across the waveguides.
We envisage further applications to quantum thermodynamics, microwave photodetection, and photon-
photon gates.
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Waveguide quantum electrodynamics (QED) is an
emerging field of research that studies the interaction of
quantum emitters with waveguides hosting a continuum
of one-dimensional photonic modes [1–4]. It has been
explored in several experimental platforms that include
atoms [5], solid-state quantum defects [6], semiconductor
quantum dots [7], and superconducting circuits [8] with
either optical or microwave waveguides. A plethora of rich
and diverse physics has become accessible from these
studies, such as resonance fluorescence [9], nonclassical
states of light [10,11], collective effects [5,8,12–18], giant
artificial atoms [19–21], chiral photonic transport [22–26],
atom-photon bound states [27–30], topological physics
[31,32], and tunable non-Markovian dynamics [33,34].
Waveguide QED finds applications in single-photon
sources and quantum communication [3], quantum infor-
mation processing [35], and, recently, quantum thermody-
namics [36–39].
The primary aspect in waveguide QED is the tailoring of

the coupling mechanisms of quantum emitters to a wave-
guide. When multiple resonant emitters are involved, they

form collective states known as Dicke states [40]. Their
coupling strength depends on the symmetry property of
their composite wave function with respect to exchanges
of emitters. Depending on the symmetry, Dicke states are
either bright or dark states because they emit rapidly or
slowly [12,16,41,42]. Owing to their isolated nature, dark
states are promising resources for quantum information
processing [43–46] and quantum memories [47]. For the
same reason, they are also challenging to control or detect
[13,14,18]. Quantum control of dark states has been
achieved using multiple classical drives with a definite
phase relation [18,48].
Here, we present a simple architecture of two super-

conducting artificial atoms coupled to two microwave
waveguides such that each waveguide couples selectively
to collective states possessing one of the two manifesting
symmetries, characterized by the permutation operator.
Thus, each collective state of a given symmetry is a dark
state to one waveguide but a bright state to the other
waveguide, and therefore is independently amenable to
both control and detection. We also demonstrate the scope
of its applications with two distinct experiments: (1) cou-
pling between a pair of bright and dark states (having
opposite symmetries) by activating a Raman process and
mediation of coherent population transfers with an effi-
ciency of about 95% [49], thereby also achieving a
frequency conversion [50]; (2) generation of spatially
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separated, entangled itinerant photons, in particular a Bell
state, employing a simple scheme—a capability [51–54]
that is valuable for distributing quantum entanglement
[35,55–58].
Our device contains a molecule made of two nominally

identical, mutually interacting artificial atoms, each real-
ized with a superconducting transmon [59]. Each transmon
has two nodes, made of conducting islands, that form
the capacitor and are shunted by a Josephson junction
[Fig. 1(a)]. They are coupled to two waveguides in a
novel geometry such that the waveguide named A (S) is
coupled to the same-side (inner) nodes of each transmon.
The Hamiltonian governing the molecule is Ĥ ¼P

i¼1;2ðωib̂
†
i b̂i þ αib̂

†
i b̂

†
i b̂ib̂i=2Þ þ gðb̂†1b̂2 þ b̂1b̂

†
2Þ, where

b̂i and b̂†i are bosonic annihilation and creation operators,
ωi and αi are the mode transition frequency and the
anharmonicity of transmon i ¼ f1; 2g respectively, and g
is the intertransmon coupling rate [59]. Importantly, the
Hamiltonian is invariant under the exchange of constituent
atoms; therefore, it commutes with the permutation oper-
ator [60–62], whose eigenvalues are �1. Thereby, their
eigenstates, which yield an eigenvalue −1 (þ1) with the
permutation operator, are antisymmetrical (symmetrical).
The molecule’s bare modes in the single-excitation mani-
fold, states j01i and j10i, are resonant and split by 2g
into collective states, jai ¼ ðj01i − j10iÞ= ffiffiffi

2
p

and jsi ¼
ðj01i þ j10iÞ= ffiffiffi

2
p

, that are antisymmetrical and symmet-
rical, respectively [Fig. 1(b)]. The double-excitation mani-
fold has three collective states where one, j2−i ¼
ðj02i − j20iÞ= ffiffiffi

2
p

, is antisymmetrical while the other two
are symmetrical (see Supplemental Material [63]).
Since the spatial extent of the molecule is deep within

subwavelength regime compared to the excitation frequen-
cies (see ωa;s in Table I), it behaves as a lumped element

and therefore, nearly resonant microwave field drives in the
waveguides acquire negligible relative phase across the
molecule. However, crucially, the oscillating voltage in
the molecule’s nodes exhibits relative phase differences
such that the same-side (inner) nodes are in phase while
being π out of phase with the remaining nodes when the
molecule is in the antisymmetric (symmetric) state.
Therefore, as a result of our engineered coupling geometry,
the drive operators corresponding to waveguides A and S,
in the rotating frame, are directly proportional to b̂A þ b†A
and b̂S þ b̂†S, respectively, where b̂A ¼ b̂1 − b̂2 and bS ¼
b̂1 þ b̂2. Thus, waveguide A (S) causes dipole moment
transitions between the states that is symmetry-inverting
(symmetry-preserving) [see transitions in Fig. 1(b) and
the matrix elements in Supplemental Material [63]]. For
instance, the transition j0i ↔ jai (j0i ↔ jsi) couples
strongly to waveguide A (S) at a coupling rate Γa (Γs).
Our experiments are performed with the device at about

9 mK in a dilution refrigerator. Each waveguide is con-
nected to an input line to deliver microwave drives and an
output line with linear amplifiers to measure the scattered
microwave signals, separated by a circulator [see Fig. 1(c)].

(a) (b) (c) Microwave transceiver

LO

Pump 1 Pump 2

Γ Γ

FIG. 1. Device architecture and experimental setup. (a) False-color micrograph of the device comprising two split transmons (pink and
violet) coupled to two microwave waveguides labeled A (red) and S (blue). Black wires represent bonding wires connecting isolated
islands to the ground plane. A small white box delineates the area containing one of the Josephson junctions, enlarged in the inset.
(b) Energy-level diagram of the collective states of the artificial molecule up to the double-excitation manifold. States with odd (even)
symmetry, as well as symmetry-inverting (symmetry-preserving) transitions are indicated in red (blue). Symmetry-inverting (symmetry-
preserving) transitions predominantly couple to waveguide A (S), as indicated by horizontal arrows. Transitions to doubly excited states
other than j2−i are omitted for clarity (shown in Supplemental Material [63]). (c) Simplified experimental setup (LO, local oscillator).
See text and Supplemental Material [63].

TABLE I. Experimentally found parameter values.

Parameter Symbol Value

jai mode frequency ωa=2π 5.6981 GHz
jsi mode frequency ωs=2π 6.2909 GHz
Qubit-qubit coupling g=2π 296.4 MHz
jai → A decay rate Γa=2π 0.311 MHz
jsi → S decay rate Γs=2π 1.388 MHz
jai → S decay rate Γ0

a=2π 8.8 kHz
jsi → A decay rate Γ0

s=2π 29.8 kHz
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The input signals consist of a continuous-wave tone, a time-
resolved probe tone, or their combination. The continuous
tone is generated by microwave sources, called pumps
in Fig. 1(c), whereas the time-resolved probe tones are
tailored with a microwave transceiver used with in-phase-
quadrature (IQ) mixers. The transceiver also acquires the
signals from the output line as time traces. To perform
coherent measurements, especially of population transfers
(discussed below) between states jai and jsi of different
frequencies, it is vital to acquire the time traces with the
same phase across multiple realizations (shots) of the
experiment. This is enforced by driving all IQ mixers with
the same local oscillator and a centralized transceiver. The
Supplemental Material [63] provides more details.
We first measure the power-dependent reflectance r from

both waveguides using a vector network analyzer (Fig. 2).
It is strongly dependent on the coupling rate between each
waveguide and the single-excitation state of corresponding
symmetry, Γfa;sg, and the coupling rate of that state to any
other decay channel, Γ0

fa;sg. When measured from wave-
guide A, jrj exhibits a strong suppression at the mode
frequency of jai, ωa=2π at a power referred to as the
“magic power” [64], a signature that the transition
j0i ↔ jai is overcoupled to waveguide A (Γa > Γ0

a).

The suppression is due to destructive interference between
reflected and coherently scattered radiation from a two-
level system. A small dip (∼0.3 dB) also appears at the
mode frequency of jsi, ωs=2π at sufficiently low powers,
indicating that the transition j0i ↔ jsi is strongly under-
coupled. When measuring r from waveguide S, we make
opposite observations, i.e., we observe full suppression at
ωs=2π but only a small dip at ωa=2π (Fig. 2(a), bottom).
For the two overcoupled transitions, we measure the full
power dependence of r and find that at low power r traces a
nearly unit circle in the IQ plane, which continuously
reduces toward a single point (þ1) as the power is
increased [Figs. 2(b) and 2(c)]. This trend reflects the
transition between coherent and incoherent scattering as a
two-level system is driven toward saturation [37]. The data
is very well described by a two-level model based on the
Linblad master equation and input-output theory [15] (see
Supplemental Material [63]). Based on global fits of the
model [64,65] to the data, we extract the coupling rates
Γfa;sg and Γ0

fa;sg (Table I). The fact that Γs > Γa is owing to

several factors, dominantly due to a strong capacitance
between the inner nodes (coupling to the waveguide S),
whose counterpart does not exist between the same-side
nodes coupling to waveguide A. We find that Γ0

fa;sg is

largely the coupling to the waveguide of opposite sym-
metry because the corresponding rmeasurements can be fit
fairly well by exchanging the values of Γfa;sg and Γ0

fa;sg
(Fig. 2(a), insets). State jai (jsi) primarily emits into
waveguide A (S) with a high coupling selectivity of
Γa=Γ0

a ¼ 35 (Γs=Γ0
s ¼ 47). This is primarily attributed to

the high electrostatic shielding of the waveguides from the
unintended transmons’ nodes and engineered capacitance
network in our device such that the voltage excitations of
the collective states are localized as exclusively as possible
in the expected nodes.
The selectivity in the emission properties of states with

opposite symmetry is desirably complemented by a mecha-
nism to activate a strong, coherent coupling between them.
This is enabled by a Raman process between jai and jsi,
mediated by the state j2−i [49,66,67] [Fig. 3(a)]. To do so,
we send pump tones at frequency ω− (ωþ) with pump
amplitude Ω− (Ωþ) to waveguide A (S). The Raman
resonance occurs when ωþ − ω− ≈ ωs − ωa and, in the
doubly rotated frame, causes the orthogonal states jai and
jsi to become resonant and couple with strength ΩþΩ−=2δ
[49], where δ is the detuning between the virtual state of the
Raman process and j2−i. To observe the coupling, we
study the transmission of weak coherent tones of frequency
ωp and drive amplitude Ωp from waveguide S into wave-
guide A at the converted frequency ωp þ ωþ − ω− while
the Raman process is activated with pumps. We fix
δ=2π ¼ 300 MHz, a sufficient detuning to avoid direct
population of the j2−i state. The measured power trans-
mission, jtj2, as a function of ωp exhibits a clear peak,

(a)

(b) (c)

FIG. 2. Reflection spectroscopy. (a) Reflectance magnitude
jrj as a function of probe frequency shows signature of both
the state jai at ωa=2π ¼ 5.6981 GHz and state jsi at ωs=2π ¼
6.2909 GHz when probed from the waveguides A (upper panel)
and S (lower panel). (b),(c) Plot of imaginary part versus real part
of r for (b) state jai probed in waveguide A and (c) state jsi
probed in waveguide S at selected input powers. All solid lines
are fits based on the model in Supplemental Material [63].

PHYSICAL REVIEW LETTERS 129, 123604 (2022)

123604-3



signifying Raman resonance, when the common pump
amplitude Ω ¼ Ωþ;− is sufficiently increased and reaches
nearly 90.1% power transmission at Ω=2π ¼ 15.35 MHz
[Fig. 3(b)]. Above this optimal value, Ω becomes large
enough to split the resonant Raman levels that appear as
two local maxima in jtj2, while Stark shifting at the same
time. The same trends are observed in the measured power
reflection, jrj2, which exhibits the corresponding minima
where the Raman resonance occurs [Fig. 3(c)]. The
efficiency of the population transfer is sensitive to the
probe power used, which is about Ωp=Γs ¼ 0.116 for
the measurement of Figs. 3(b) and 3(c). When using
a smaller probe amplitude, Ωp=Γs ¼ 0.077, well in the
linear response regime, the maximum jtj2 reaches 95.2%
[Fig. 3(d)]. jrj2 diminishes to almost zero here, implying
that less than 5% of power is lost incoherently during
optimal population transfer. Beyond the optimal Ω,
the maximum achievable jtj2 decreases slowly with Ω

[Fig. 3(e)]. These results are in excellent agreement with a
simple two-state model based on a non-Hermitian
Hamiltonian, which uses only independently extracted
spectroscopic parameters, without any fitting parameters
(solid lines in Figs. 3(d) and 3(e); see Supplemental
Material [63]). In Fig. 3(e), we note that jrj2 is less than
1 for Ω → 0 because of nonzero direct scattering into the
waveguide A (Γ0

s=Γs > 0, already captured by the model)
and partial saturation of the state jsi due to a nonzero Ωp

chosen to be high enough for adequate signal to noise ratio.
Deviations in jrj2 from the model at large Ω may be
accounted by a model incorporating other doubly excited
states [see Fig. 1(b)]. We expect the demonstrated Raman
process to transfer population in the reverse direction as
well with comparable efficiency.
The V-shaped structure of the level diagram in Fig. 1(b)

lends itself well to generating entanglement between the
radiation emitted by the jai → j0i and jsi → j0i transi-
tions. Thanks to our waveguide engineering, this radiation
is directly emitted into spatially separated modes. To
demonstrate entanglement between propagating photonic
modes, we enable the following sequence of events
[Fig. 4(a)]: (1) induce a π=2 rotation between j0i and
jai by applying a resonant pulse of 80 ns duration to
waveguide A; (2) induce a rotation of variable angle θ
between j0i and jsi by applying a resonant pulse of
duration 50 ns to waveguide S; and (3) let the molecule
spontaneously decay, thereby transferring the original
entanglement to propagating photonic modes. After the
above sequence, we expect to find the system in the state

1ffiffiffi
2

p j0i
�
cos

θ

2
j0iAj0iS þ

�
sin

θ

2
j0iAj1iS þ j1iAj0iS

��
;

where jf0; 1gifA;Sg are Fock states of propagating modes in
waveguides A and S, which, in the following, we describe
by the annihilation operators âA and âS, respectively.
We perform tomographic reconstruction of selected

moments of both photonic modes, âA;S, which are simulta-
neously read out as voltage signals at the output lines of
both waveguides using our linear amplification chain
and temporal mode matching, employing the techniques
described in Ref. [68] (see Supplemental Material [63]
for details). The whole measurement acquisition chain,
including all its analog and digital gains, are calibrated
by normalizing the âA;S readouts with reference to values
found for the photon fluxes, â†AâA and â†SâS, at θ ¼ π, such
that they scale to the theoretically expected value at θ ¼ π,
having taken into account all observed decay processes and
pulsed drives used in the experiment. We compare our
results against a control experiment in which event (1) is
omitted from the sequence [square data points in
Figs. 4(b)–4(g)]. The measured first-order moments hâAi
and hâSi [circle data points in Figs. 4(b) and 4(c)] are close
to the calculated expectation values, hâAi ¼ 1

2
cos θ=2 and

(a)

(b) (c)

(d) (e)

FIG. 3. Coupling and coherent population transfers between
states of opposite symmetries using a Raman process. (a) Level
diagram; see text for description. (b),(c) 2D plot of (b) power
transmittance, jtj2, and (c) power reflectance, jrj2, as a function of
probe frequency ωp and pump amplitudeΩ ¼ Ωþ ¼ Ω−. (d) Plot
of jtj2 and jrj2 at the optimalΩ=2π ¼ 15.35 MHz as a function of
ωp. (e) Plot of the maximum jtj2 and correspondingly minimum
jrj2 as a function of Ω, when following the higher-frequency
resonance in (b),(c). Solid lines in (d),(e) are theoretical pre-
dictions.
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hâSi ¼ 1
4
sin θ [solid lines in Figs. 4(b) and 4(c)]. However,

the measurements deviate slightly from the ideal functional
forms because the excitations decay during the pulsed
drives owing to the short lifetimes of these states
(1=Γa ¼ 512 ns, 1=Γs ¼ 115 ns) and their small cross-
coupling to the waveguide of the opposite symmetry. We
expect the photon flux hâ†AâAi to be 0.5, irrespective of θ
[Fig. 4(d)], because event (1) drives the molecule to the
superposition state ðj0i þ jaiÞ= ffiffiffi

2
p

. Subsequently, the mol-
ecule’s state j0i is left with a population of nearly 0.5,
available for coherent exchange with the state jsi when
driven by the second pulse. Consequently, hâ†SâSi oscillates
up to an amplitude of nearly 0.5 as opposed to 1 in the case
when event (1) is omitted because the population of state
j0i is 1 to begin with [Fig. 4(e)].
The main signature of entanglement is encoded in the

cross-moments, hâ†AâSi and hâAâSi [Figs. 4(f) and 4(g)].
Only hâ†AâSi takes a sufficiently large value when the π=2
pulse is applied to jai, reaching nearly 0.5 as expected for

the Bell state ðj01i þ j10iÞ= ffiffiffi
2

p
at θ ¼ π while obeying

the functional form of the expectation value, hâ†AâSi ¼
1
2
sin θ=2. Moreover, a much smaller value of hâAâSi close

to zero reassures the formation of this specific Bell state.
The slight variation here is likely due to the cross-couplings
noted above. While full quantum state tomography would
be required in order to quantify the fidelity of the generated
states [68], which we theoretically expect to be 89.4%
for the Bell state, the measured data provide compelling
evidence that the targeted process is realized in our system,
given that resonant driving of a two-level system followed
by spontaneous decay has been used to implement highly
efficient single-photon sources in earlier works [69,70].
In summary, we have presented a novel waveguide QED

architecture in which transitions in a diatomic artificial
molecule are selectively coupled to two waveguides,
depending on their inherent symmetries. The selective
coupling mechanism is implanted in the device and requires
no static or dynamic tuning of frequencies or phase
differences in control pulses [18,48]. We have provided
two examples of the capabilities of this architecture: a
coherent frequency converter operating between states of
opposite symmetries with efficiency close to unity, and a
simple scheme to generate maximally entangled propagat-
ing modes in spatially separate waveguides. A number of
further applications can be envisaged. Setting one of the
two waveguides in the undercoupling regime enables the
creation of a long-lived metastable state, which can be
coupled to the bright state either coherently, via a Raman
process, or irreversibly via a resonant coupling to the
second-excitation manifold followed by photon emission
into the strongly coupled waveguide. The latter scheme
leads to an impedance-matched lambda system that can be
exploited for photodetection [71–73]. A scheme similar to
the one used to generate Bell states may be used to realize
photon-photon gates [74] across separate waveguides.
When the waveguides are populated with thermal fields
[37,38], and the dark and bright states are coherently
coupled by demonstrated Raman process, the molecule
operates as a quantum thermal machine (heat engine or
refrigerator), paving the way for studies in quantum
thermodynamics. Finally, the presented scheme can be
extended to larger artificial molecules, arrays of qubits or
resonators [75], and generally to any other physical system
with near-field coupling to an electric or magnetic dipole—
for example, double quantum dots [76].

We are grateful to Francesco Ciccarello, Giuseppe
Calajò, and Anton Frisk Kockum for useful feedback to
our results. The presented device was fabricated in Myfab
Chalmers, a nanofabrication laboratory, and its design was
assisted by the PYTHON package QuCAT [77]. We acknowl-
edge financial support from Swedish Research Council and
the Knut and Alice Wallenberg Foundation through the
Wallenberg Center for Quantum Technology (WACQT).

(b) (c)

(d) (e)

(f) (g)

(a)

FIG. 4. Entanglement of propagating microwave fields in two
separate waveguides. (a) (Left) Step sequence to entangle
propagating fields in the waveguides A and S. (Right) Corre-
sponding pulse sequence followed by simultaneous readouts in
the output lines of both waveguides. The entanglement is
conditional on the first step in which a π=2 pulse is sent to state
jai; all results are compared against the case of its omission.
(b)–(g) Selected moments of the photonic modes âfA;Sg in
waveguides fA;Sg vs Rabi rotation angle θ of the pulse sent
to waveguide S.
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