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A chiral photonic interface is a quantum system that has different probabilities for emitting photons to
the left and right. An on-chip compatible chiral interface is attractive for both fundamental studies of light-
matter interactions and applications to quantum information processing. We propose such a chiral interface
based on superconducting circuits, which has wide bandwidth, rich tunability, and high tolerance to
fabrication variations. The proposed interface consists of a core that uses Cooper-pair boxes (CPBs) to
break time-reversal symmetry, and two superconducting transmons that connect the core to a waveguide in
the manner reminiscent of a “giant atom.” The transmons form a state decoupled from the core, akin to dark
states of atomic physics, rendering the whole interface insensitive to the CPB charge noise. The proposed
interface can be extended to realize a broadband fully passive on-chip circulator for microwave photons.

DOI: 10.1103/PhysRevLett.127.233601

The emission of photons from quantum systems is
typically nonchiral, meaning that the emitted photons have
equal probability to propagate in opposite directions. The
opposite situation, where the emitted photons propagate
in a single direction, allows for a wide range of novel
phenomena including cascaded driven-dissipative dynam-
ics [1,2], spin dimers [3,4], photonic bound states [5–7],
and solvable models of waveguide quantum electrodynam-
ics (QED) [8]. Chiral interfaces enabling the study of such
effects have recently been developed for optical photons
[9], but optical systems are prone to losses, limiting the
quality of the interfaces. In comparison, superconducting
circuits realize almost ideal interfaces to guided microwave
photons [10–12], potentially allowing for much cleaner
demonstrations of these fundamental effects, but so far no
chiral interactions have been realized for these systems.
Chiral interfaces to superconducting systems are also of

immense technological interest. Scaling superconducting
quantum computers to larger sizes puts high demands on
the ability to route signals between different components on
the chips, e.g., using circulators. Such circulators neces-
sarily break Lorentz reciprocity and thereby time-reversal
symmetry (TRS). Commercially available circulators often
exploit the Faraday effect [13]. However, such components
are off-chip, requiring additional space inside the exper-
imental apparatus. Most of the existing proposals for
on-chip circulators break TRS by tailored active control
[10,14–23], e.g., via a synthetic magnetic field [22], or by
dynamically modulating switches and delays [23]. On-chip
circulators that can be operated in a passive form, thereby
simplifying its experimental implementations, however
remain elusive. A Josephson junction ring threaded by a

constant magnetic flux breaks TRS [24], but its applicabil-
ity as a circulator in current superconducting hardware is
challenging, because the system must be operated in the
Cooper-pair-box (CPB) regime [24–26] which is suscep-
tible to charge noise [11,27] and limited by bandwidth and
fabrication variations [28]. The bandwidth can, however, be
increased substantially by exploiting carefully engineered
circuits with high impedance [29].
In this Letter, we develop an on-chip tunable broadband

charge-insensitive chiral system illustrated in Fig. 1(a). The
system is designed such that the (nondegenerate) excited
states decay by only emitting photons in one direction, left
or right. It has a core composed of two CPBs and an applied
external flux (green box), and two transmons that connect
the core to the waveguide at two separated locations, being
reminiscent of a “giant atom” [30–32]. The core is essential
for breaking TRS, while the transmons amplify the
coupling to the waveguide and hence the bandwidth.
Furthermore, by operating in a particular dark state con-
figuration [33] we show that excitation of the CPBs can be
suppressed, such that the interface maintains the excellent
coherence properties of transmons [34,35], while still
exploiting the inherent breaking of TRS by the CPBs.
The interface can directly be extended to realize a circulator
for routing signals in large scale superconducting devices.
Finally, the tunability of our chiral interface allows com-
pensating fabrication variations as well as control of the
operating frequency within a range of a few GHz.
Recent related proposals [36,37] have used giant atoms

formed by transmons and careful adjustments of parameters
to realize unidirectional interactions with two degenerate
levels, which decay in opposite directions. This degeneracy
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means that TRS is not broken, and the additional level
provides a complication of the dynamics, in particular, for
nonperfect or partially chiral systems. Compared to these
works, our chiral interface realizes the paradigmatic chiral
model of a two-level system with chiral coupling, has
tunable operating frequency, and more importantly, can be
used for photonic circulators. During the final stages of this
work, a different proposal suggested a chiral interface based
on a specially designed waveguide and active driving [38].
Preliminaries.—We first consider two coupled CPBs,

“a” and “b,” which as a whole, has the ground state jgabi
and a nondegenerate excited state jei. The transition
between them is resonant with waveguide modes of
wave number �k0. We couple CPB-a and CPB-b to
the waveguide at positions xl and xr, respectively [see
Fig. 1(a)], resulting in coupling operators of the form
â�k0ðn̂a þ e�ik0dn̂bÞ, where â�k0 is the photon annihilation
operator, d ¼ xr − xl and n̂a=b is the CPB charge number
operator. Within the rotating-wave approximation and
perturbation theory, the decay from jei to left-right going
photons depends on the magnitude of

λ� ¼ ηa þ e�ik0dηb; ηa=b ¼ hejn̂a=bjgabi: ð1Þ

This formula expresses the interference between excitation
decaying through the left and right arms in Fig. 2(a), which

depends on both the coupling matrix element ηa=b at
xl=r and the phase e�ik0d from waveguide propagation
between them.
A chiral interface with a single excited state requires

TRS to be broken since left and right propagation are
connected by TRS, and a state invariant under TRS cannot
distinguish these two possibilities. Breaking of TRS,
however, may induce a phase difference between ηa and
ηb allowing the cancellation of λþ or λ− for a suitable k0d
if jηaj ¼ jηbj.
Incorporating the chiral interface into one of the arms of

a balanced Mach-Zehnder interferometer enables the con-
struction of a four-port photonic circulator [Fig. 1(c)].
Suppose the scattering matrix of the chiral interface is
Sϵϵ0 ðωkÞ with ϵ; ϵ0 ¼ �1 denoting the matrix element from
wave number ϵ0k to ϵk. If the interface has ideal right-hand
chirality, there will be no phase shift for the uncoupled left-
moving photons (S−− ¼ 1), whereas a π phase shift is
attained for the perfectly coupled right-moving photons
(Sþþ ¼ −1). This phase difference of π implies that the
Mach-Zehnder interferometer, shown in Fig. 1(c), can be
balanced such that a right-moving photon incident in port 1
exits through port 3, whereas a left-moving photon incident
in port 3 exits through port 2, realizing a circulator. We
define the fidelity of the circulator as the product of the
probabilities for these two inputs to exit through the correct
port, which is given by

FR=LðωÞ ¼
1

16
j1 ∓ SþþðωÞj2j1� S−−ðωÞj2: ð2Þ

Obviously FR=L ¼ 1 if Sþþ ¼∓ 1 and S−− ¼ �1. In the
Supplemental Material [39] we show the system
Hamiltonian and use the input-output formalism to derive
the scattering matrix, based on which the fidelity (2) can be
numerically evaluated for given setups.
The bi-CPB core.—TRS can be broken by Josephson

junction rings threaded by magnetic flux [24]. Here we use

FIG. 2. Fidelity of circulator FLðωÞ against the detuning to the
first excited state for direct coupling between the waveguide and
the bi-CPB core. The device parameters are cδz ¼ Cq ¼ CΣ ¼
Cab ¼ 1 fF, EJ ¼ 5.5 hGHz, and (a) φext ¼ 0.5π and various
values of EJ;abðhGHzÞ; (b) EJ;ab ¼ 5.5 hGHz and the external
flux φext varying from 0 to π.

FIG. 1. Proposal for realizing the on-chip compatible charge-
noise insensitive chiral photonic interface. (a) Circuit of the chiral
interface consisting of two CPBs (green boxes) coupled to a
waveguide (top) through two tunable transmons (blue boxes)
connecting to the waveguide at positions xl and xr. CJ and EJ
denote the capacitance and Josephson energy of the CPBs, Cab
and EJ;ab are those of the junction connecting CPB-a and CPB-b,
φext is the dimensionless external flux, Cg is the gate capacitance,
Cq couples the CPB and transmons, Ct and EJt are the total
capacitance and (tunable) Josephson energy of the transmons and
Cc couples the transmons to the transmission line. (b) Circuit
model of the capacitive coupling between a transmon and the
transmission line. (c) A circulator based on chiral interface (right-
hand chirality) and Mach-Zehnder interferometer. “BS” denotes
50∶50 beam splitters. Input from port 1 goes to port 3 while input
from port 3 goes to port 2.
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an equivalent “bi-CPB core” [39] depicted in the green box
of Fig. 1(a). It has two CPBs denoted by “a” and “b,”which
are assumed identical for now. Each CPB has a junction
with Josephson energy EJ and capacitance CJ. The voltage
source determines the offset charge ng;a=b through a
capacitor with capacitance Cg. We define CΣ ¼ CJ þ Cg.
The two CPBs are connected by a Josephson junction with
capacitance Cab and Josephson energy EJ;ab. The external
flux φext is made dimensionless by expressing it in units of
Φ0=ð2πÞ with Φ0 being the flux quantum. As depicted in
Fig. 1(b), the transmission line waveguide is modeled by an
infinite chain of coupled LC oscillators with capacitance
cδz and inductance lδz. The waveguide parameters are set
by realistic impedance Z ¼ ffiffiffiffiffiffiffi

l=c
p ¼ 50 Ω and the speed

of light vg ¼ 1=
ffiffiffiffi

lc
p

≈ 1.2 × 108 m=s. The elementary
length, δz, is determined by the lateral size of the coupling
capacitor Cc (or Cq if using only the bi-CPB core).
At first, we consider coupling the bi-CPB core directly to

the waveguide at xl=r, with device parameters given in the
caption of Fig. 2. Particularly, we set cδz ¼ 1 fF corre-
sponding to δz ≈ 5 μm, which is comparable to the size of
typical CPBs [25]. To suppress the dephasing caused by
charge noise, the offset charge ng;a=b is fixed at the “sweet
spot” where ∂ω01=∂ng ¼ 0 [40] and ω0n is the energy gap
between the nth excited state and the ground state of the
core (the sweet spot ng;a=b ¼ 0.5must be excluded, because
here particle-hole symmetry preserves TRS). The separa-
tion d ¼ xr − xl is selected so that k0d ¼ π=2.
In Fig. 2(a), we plot FLðωÞ as a function of detuning

fromω01 for φext ¼ 0.5π and a few values of EJ;ab. The plot
shows that the bare core can indeed act as a chiral emitter,
but suffers from several shortcomings. First, the peak
fidelity, maxωFR=LðωÞ, is sensitive to the exact value of
EJ;ab, leaving the device performance highly sensitive to
fabrication variation. Fabrication variations might be com-
pensated by adapting the tunable flux φext. To examine this,
we choose a representative EJ;ab ¼ 5.5 hGHZ correspond-
ing to a 10% deviation from the ideal value and plot FLðωÞ
as a function of φext in Fig. 2(b). It shows that this tuning
fails to make the maximal fidelity above 0.9. Furthermore,
tuning φext changes ω01, rendering this configuration
inadequate for tasks where photon frequencies are fixed.
Figure 2 also shows that the bandwidth is less than 1 MHz,
which severely limits the functionality.
The transmon-coupled bi-CPB chiral photonic inter-

face.—The bandwidth is limited by the weak interaction
between the small CPBs and the waveguide excitations
delocalized on wavelength scale. To overcome this, we
propose to insert transmons, which have lateral size in
between the CPBs and the photonic wavelength, as efficient
mediators. Compared with similar proposals using micro-
wave resonators [27,29], transmons allow for stronger
spatial confinement of excitations, and thereby larger
couplings to the CPBs, while simultaneously maintaining

sizable coupling to waveguides. A similar advantage could
be achieved with high impedance elements [29], but the
transmons additionally allow wide tunability as discussed
below. In Fig. 3(a) we plot FR=LðωÞ as a function of the
detuning to the first two excited states (ω01 and ω02) for the
CPB-transmon-coupled system. The device parameters
used in the calculation are listed in Fig. 3(c), which are
chosen to be representative for typical experimental sit-
uations and not fully optimized. Particularly, we have taken
cδz ¼ 50 fF, i.e., δz ≈ 250 μm, corresponding to the lateral
size of the transmon reported in Ref. [41]. Figure 3(a)
shows that the bandwidth is significantly improved.
However, while a left-hand chirality (FL ≫ FR) is realized
for ω ≈ ω01 (and ω ≈ ω03)—similar to the bare bi-CPB
core—we observe the opposite chirality for ω ≈ ω02

(FR ≫ FL). This feature indicates the distinctness of the
2nd excited state. Below we use an approximate model to
highlight multiple benefits brought by this state.
We assume that the two transmons, indexed by “A”

and “B” in Fig. 1(a), are identical in parameters, and
consider a restricted Hilbert space spanned by the ground
state and the singly excited states of either transmon A, B,
or the bi-CPB core, which will be denoted by j1Ai, j1Bi,
and jei, respectively. The device Hamiltonian reads H ¼
H0 þHint, where H0¼e1jeihejþωtðj1Aih1Ajþj1Bih1BjÞ

(a)

(b)

(c)

FIG. 3. Energy levels and performance of the full system.
(a) Fidelity of circulator as a function of the detuning from ω01

and ω02 with device parameters in (c). (b) Values (in unit of
hGHz) of ω01 and ω02 of the full device as a function of ng;a=b,
using parameters listed in (c), where units for capacitances and
Josephson energies are fF and hGHz, respectively.

PHYSICAL REVIEW LETTERS 127, 233601 (2021)

233601-3



with e1 and ωt the energies of the 1st excited states of
the core and the transmons, respectively. The interaction
Hamiltonian is

Hint ¼ gn̂Aðn̂a − ng;aÞ þ gn̂Bðn̂b − ng;bÞ; ð3Þ

where g is the coupling strength. Using rotating-wave
approximation upon Hint, and restricting it to the reduced
Hilbert space, we rewrite H as

H ¼ H0 þ g̃ðjψcihej þ jeihψcjÞ; ð4Þ

where g̃ is modified from g and

jψ ci ∝ η�aj1Ai þ η�bj1Bi; ð5Þ

with ηaðbÞ ¼ hejn̂aðbÞjgabi as in Eq. (1). The coupling
between jψci and jei yields the 1st excited state jΨ−i
with energy ω01 ¼ e1 þ Δ− and the 3rd excited state jΨþi
with energy ω03 ¼ e1 þ Δþ,

jΨ�i ∝ Δ�jψ ci
|fflfflffl{zfflfflffl}

transmons

þ ig̃jei
|ffl{zffl}

bi-CPB

; ð6Þ

where Δ� ¼ −δ=2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δ2=4þ g̃2
p

with δ ¼ e1 − ωt. The
2nd excited state is a so-called dark state [33], which has no
excitation on the core,

jΨdei ∝ ηbj1Ai − ηaj1Bi: ð7Þ

Despite being decoupled, jΨdei still attains chiral property
from the core. The constants ηaðbÞ, however, have different
orders and signs in jΨdei and jψci, which lead to opposite
chirality.
A more important observation is that the state jΨdei does

not contain the bi-CPB state jei. Thus, it is not affected
by the CPB charge noise and keeps the charge noise
insensitivity of the transmon qubits [27]. To illustrate this,
Fig. 3(b) shows ω01 and ω02 as a function of the offset
charges ng;a=b. The results are numerically evaluated from
the complete Hamiltonian (see Ref. [39] for details) using
device parameters listed in Fig. 3(c). Figure 3(b) demon-
strates that ω02 is significantly more stable than ω01. The
fluctuation of ω02 does not exceed its linewidth γ02=2π ≈
76 MHz despite the large variations in ng;a=b. Thus, the
offset charges ng;aðbÞ need not be at the sweet spots, and can
be used as control knobs to provide tunability.
Tunability of the chiral interface.—First, we demonstrate

that by tuning ng;a=b and φext we can address issues of
fabrication variation in the device parameters. To simulate
realistic fabrication variations, we sample values of
capacitance and CPB Josephson energy uniformly in
intervals bounded by �1% and �10%, respectively, from
the intended values listed in Fig. 3(c). The transmon

Josephson energy EJt is fixed at the intended values
because they can be tuned in situ via flux control. We
collect 150 such “realistic samples,” which includes cases
with asymmetries between CPB-a and CPB-b, and between
transmon-A and transmon-B. In Fig. 4(a), we fix ng;a=b and
φext at the optimal value for the ideal parameters, and show
by gray points their individual maximal fidelity (vertical
coordinate), frequency where the maximal fidelity is
obtained (horizontal coordinate), and the FR=L > 0.9
bandwidth (horizontal error bar). While the performance
is generally good, certain instances with poor chiral fidelity
are observed. Next, for each sample that has a maximal
fidelity less than 0.99, we search for values of ng;a=b
and φext that improve the performance. The red points in
Fig. 4(a) show the result of such optimization. We are
always able to tune the maximal fidelity above 0.99.
Additional details about how the maximal fidelity and
bandwidth depend on ng;a=b and φext are given in the
Supplemental Material [39].
Additionally, flux-tunable transmons [27] enables tuning

of the operating frequency of our device. We consider the
parameters listed in Fig. 3(c) (including the separation d).
For 100 values of EJt between 6 ∼ 22 hGHz, we optimize
the peak fidelity to be higher than 0.99 by tuning ng;a=b
and φext. The results are presented in Fig. 4(b). It shows that
for photons in a band of 3 GHz width, the same device can
always be tuned to provide an excellent chiral interaction.
This broad adaptability is rooted in the breaking of TRS.
When we tune EJt, ω02 changes and so does the phase k0d

FIG. 4. Tunability of the chiral interface. (a) 150 realizations of
the chiral interfaces with device parameters randomly sampled to
represent fabrication variations (see text for details). The marker
shows peak fidelity for a given realization, error bar indicates the
FR > 0.9 bandwidth. The gray points show results obtained when
ng;a=b and φext are optimized for the ideal parameters listed in
Fig. 3(c). Red points show fidelities obtained when ng;a=b and φext

are optimized for each realization. (b) Upper panel: Peak fidelities
as a function of photon frequency, for the chiral interface with
parameters given in Fig. 3(c) and 100 samples of transmon
Josephson energy EJt between 6 ∼ 22 hGHz. For each red dot
thereof, the vertically aligned markers in the lower panel shows
the adaptively optimized ng;a=b and φext.
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with k0 ¼ ω02=vg. Adjusting the offset charges and flux,
however, allows us to achieve complete destructive inter-
ference in one of the directions. Our chiral interface thus
works in principle as long as k0d ≠ 0 (mod π).
Discussion and conclusion.—The bandwidth for

FR=LðωÞ > 0.9 is about 25 MHz in Fig. 3(a). This is
limited by the transmon decay rate, which is typically
on the order of 100 MHz. The bandwidth can thus be
directly enhanced by designing transmons with larger
decay rates. We note, however, that as the decay rate
approaches roughly a tenth of the transition frequency
(0.1ω0=2π ∼ 500 MHz) the system reaches the ultrastrong
coupling regime of waveguide QED [42] requiring a more
advanced theoretical description [43,44].
Our interface relies on the 2nd excited state. This raises

the concern that decay to the 1st excited state may jeopardize
the performance. This transition is negligible for two
reasons. First, the transition matrix element is tiny (vanishing
in our simplified model hΨ−jn̂A=BjΨdei ¼ 0). Second, the
waveguide mode density at ω12=2π ¼ ðω02 − ω01Þ=2π ∼
100 MHz is low. As a result, the decay rate to the 1st excited
state is numerically found to be γ12=2π ∼ 10 kHz, which is
much smaller than γ02=2π ∼ 100 MHz. Similarly, the intrin-
sic loss of the components involved can be made well below
0.1 MHz [34,45]. This is much less than the decay rate to the
waveguide and hence negligible [39].
In conclusion, we have shown that by introducing two

transmons, a passive charge-noise insensitive chiral pho-
tonic interface can be built, based on a core consisting of
CPBs and an external magnetic flux that breaks TRS. The
interface has rich tunability, making it tolerant to exper-
imentally relevant fabrication variations. The bandwidth of
FR=L > 0.9 is a few tens of MHz for realistic transmon
parameters with decay rates typically around 100 MHz.
With tunable transmons (SQUIDs), our design can be tuned
in a band as wide as a few GHz. The lateral dimension
of the entire circulator can be a few millimeters [39].
These properties make our chiral interface highly
attractive for, e.g., on-chip routing of microwave signals
[10,14–23,36,37] as well as fundamental studies of chiral
waveguide QED [3,4,7,46].
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