
PHYSICAL REVIEW A 105, 013711 (2022)

Nonreciprocal single-photon quantum router
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The quantum router is an elementary building block in quantum information processing and quantum com-
munication. This work constitutes a step forward in this direction, i.e., an efficient scheme is proposed for the
implementation of a nonreciprocal single-photon quantum router, allowing the routing of a single photon from
one side but blocking it from the other side. Our model consists of two directly coupled coplanar-waveguide
resonators and a superconducting ring resonator, which are connected together through a transmission line. The
nonreciprocity is realized by unidirectionally interacting the rotating microwave modes of the ring resonator with
a dissipative magnon mode in an yttrium iron garnet disk. We find that a single-photon signal can be delivered
from a given input port to either of the two output ports, but is fully absorbed from the opposite one. The proposed
scheme not only enriches the family of nonreciprocal quantum devices, but also finds useful applications in chiral
quantum technologies.
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I. INTRODUCTION

Building a quantum network [1,2] enables important
applications, such as quantum-enhanced computing [3,4], ad-
vanced simulation [5,6], secure communication [7–9], and
distributed sensing [10]. Basically, a quantum network is com-
posed of a series of channels and nodes [11–15], including
quantum amplifier [16], isolator [17–19], frequency converter
[20–22], quantum router [23–26], and so on [27–30]. Among
them, the quantum router is an essential element, and can
be exploited to direct signals from its source to different
quantum channels. So the quantum router has attracted wide
interests in recent years, and great progress on this subject has
been made by using the coupled resonator-waveguide systems
[31–33], cavity optomechanical systems [34–36], and atomic
systems [25,37–42].

In parallel, the nonreciprocal optical devices, which break
the Lorentz reciprocity of light [43], are indispensable for a
variety of practical applications, such as communication tech-
nologies [44], sensing [45–47], and optical signal processing
[48,49]. The incident light displays different physical phe-
nomena when it propagates along with the different directions
in these nonreciprocal devices. On one hand, the nonrecipro-
cal transmission of classical fields have been experimentally
demonstrated with optical nonlinearity [50–57], spatiotem-
poral modulation of permittivity [58,59], chiral optics [60],
synthetic materials [61,62], atoms [63–66], and spinning cav-
ities [67]. On the other hand, there also has been a large
number of research works for developing nonreciprocal quan-
tum devices, such as control of thermal noise [68], one-way
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photon blockade [69] and quantum amplifier [70,71], single-
photon diodes [72–75], and nonreciprocal entanglement [76].
These devices are fundamental elements in chiral quantum
technologies.

In this work, we present a theoretical framework for the
realization of a nonreciprocal single-photon quantum router.
Our model is based on a cascaded quantum system that
consists of two linearly coupled coplanar-waveguide (CPW)
resonators and a superconducting ring resonator. The CPW
and ring resonators are interconnected together through a
transmission line. In addtion, an yttrium iron garnet (YIG)
disk is placed on top of the ring resonator that supports both
the counterclockwise (CCW) and the clockwise (CW) rotating
microwave modes [77–81]. Owing to the selective coupling
rule, the magnon mode in YIG can only couple to the rotating
microwave modes with the same chirality [78–80]. As a result,
the time-reversal symmetry is broken and the nonreciprocity
can be realized. For a given direction, an input single photon
is decoupled from the magnon mode. We show that the two
coupled CPW resonators act in the role of a quantum router
that can deliver the left-input photon to either of the two output
ports. On the contrary, an incident single photon from the
right direction is strongly affected by the magnon mode with a
large decay rate, and can be completely absorbed. This perfect
photon-absorption phenomenon can be interpreted as the ap-
pearance of a sharp symmetry-breaking transition in a parity-
time (PT)-symmetric Hamiltonian with the balanced gain and
loss [82–84]. Thus we design a one-way quantum device to
route the single photon nonreciprocally, which can protect the
signal resource against the undesired signals from the opposite
direction. The present work not only enriches the family of
nonreciprocal devices, but also finds a wide range of practical
applications, such as the noise-tolerant quantum information
processing [85,86] and the chiral quantum network [87–89].
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FIG. 1. Nonreciprocal single-photon quantum router based on
circuit QED implementation. Two coupled superconducting CPW
resonators and a superconducting ring resonator are linked together
through a transmission line. A YIG disk (gray color) is placed on top
of the ring resonator and biased perpendicularly by an external static
magnetic field B.

II. THEORETICAL MODEL

A. Hamiltonian

As depicted in Fig. 1, we consider a circuit QED architec-
ture where two quantum nodes are interconnected through a
one-dimensional transmission line. The first node is composed
of two directly coupled CPW resonators. The CPW resonator
can be modeled as the simple harmonic oscillators, where two
ground planes are placed on the two sides of a narrow central
conductor [90]. By just considering the fundamental cavity
mode, we first give the Hamiltonian of the two coupled CPW
resonators (hereafter h̄ = 1)

H1 = ωc(c†
1c1 + c†

2c2) + J (c†
1c2 + c1c†

2), (1)

where c1 and c2 are the annihilation operators of two CPW
resonators with identical frequency ωc. J represents the pho-
ton hopping rate, and can be experimentally implemented by
connecting the independent resonators via a coupler, such
as a superconducting quantum interference device [91,92].
Additionally, the parameter J can be tuned dynamically by
adjusting the effective inductance of the coupler [93].

The second node is formed by a superconducting ring
resonator coupled to a single YIG disk. Because of the sym-
metry of the geometric structure, the ring resonator inherently
possesses a degenerate pair of propagating microwave modes,
i.e., CW and CCW modes [77–81]. When an external static
magnetic field B is applied, the YIG disk is uniformly magne-
tized and supports various magnon modes [94–97]. Here we
only focus on the kittel mode, and the associated Hamiltonian
reads

H2 = ωmm†m + ωd (d†
1 d1 + d†

2 d2)

+ G1(d†
1 m + d1m†) + G(d†

2 m + d2m†), (2)

where d1 (d2) is the annihilation operator for the CCW (CW)
microwave mode with the resonance frequency ωd . m is the
annihilation operator of the magnon mode with the resonance
frequency ωm = γ B, where γ /2π = 28 GHz/T is the gyro-
magnetic ratio. In addition, G1 (G) describes the coupling
strength between the CCW (CW) microwave mode and the
magnon mode. It has turned out that the magnon mode only
couples to one of the propagating modes with the same chi-
rality [78–80]. As a result, the perfect chiral coupling can be
realized, where we have G1 = 0 and G �= 0. Since the magnon
mode is decoupled from the d1 mode, the time-reversal

symmetry is broken, leading to the nonreciprocal single-
photon transmission.

At present, the total Hamiltonian describing the system
takes the form

H = ωc(c†
1c1 + c†

2c2) + ωd (d†
1 d1 + d†

2 d2) + ωmm†m

+ J (c†
1c2 + c1c†

2) + G(d†
2 m + d2m†). (3)

B. Output spectrum

We now derive the output spectrums of the left-input and
right-input photons. According to Hamiltonian (3), the quan-
tum Langevin equations (QLEs) of the system are given by

ċ1 = −(iωc + κc + �c)c1 − iJc2 +
√

2κccin
1 ,

ċ2 = −(iωc + κc + �c)c2 − iJc1 +
√

2κccin
2 ,

ḋ1 = −(iωd + κd + �d )d1 +
√

2κd d in
1 ,

ḋ2 = −(iωd + κd + �d )d2 − iGm +
√

2κd d in
2 ,

ṁ = −(iωm + γm)m − iGd2.

(4)

In the above equation, we dropped the quantum noise op-
erators whose contributions to the output spectrums can be
neglected when the system is operated at a low temperature.
At the working temperature 20 mK, the average thermal exci-
tation of each mode is about 10−7 for the resonance frequency
2π × 6 GHz. κc, κd capture the external damping rates and
are related to the coupling of the transmission line to the
superconducting resonators. �c, �d , and γm are the intrinsic
damping rates. cin

1 (d in
1 ) and cin

2 (d in
2 ) describe the input signals

that are coming from the left (right) side of the transmission
line.

By introducing the Fourier transform f (t ) =∫ +∞
−∞

dω
2π

f (ω)e−iωt , we can rewrite Eq. (4) in the frequency
domain as

(i�c + κc + �c)c1(ω) + iJc2(ω) =
√

2κccin
1 (ω),

(i�c + κc + �c)c2(ω) + iJc1(ω) =
√

2κccin
2 (ω),

(i�d + κd + �d )d1(ω) =
√

2κd d in
1 (ω),

(i�d + κd + �d )d2(ω) + iGm(ω) =
√

2κd d in
2 (ω),

(i�m + γm)m(ω) + iGd2(ω) = 0,

(5)

where �c = ωc − ω, �d = ωd − ω, and �m = ωm − ω are
the detunings. We stress here that the frequency band-
width of the transmission line is much larger than the
total damping rate of the resonator. Hence the transmis-
sion line can be regarded as a Markovian reservoir [97].
Under this premise, we can exploit the standard input-
output boundary conditions dout

1 (ω) = d in
1 (ω) − √

2κd d1(ω),
d in

1 (ω) = eiϕcout
1 (ω), cout

1 (ω) = cin
2 (ω) − √

2κcc2(ω), cin
2 (ω) =

eiϕdout
2 (ω), dout

2 (ω) = d in
2 (ω) − √

2κd d2(ω), and cout
2 (ω) =

cin
1 (ω) − √

2κcc1(ω). Here ϕ is the phase accumulated by the
photon traveling in the transmission line, determined by the
separation distance between the CPW resonator and the ring
resonator. Then, the output fields can be readily derived as

Uout(ω) = S(ω)Uin(ω). (6)
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FIG. 2. (a) Scattering diagram of the left-incident photon.
(b) Transmission Tl and reflection Rl spectrums as a function of the
detuning �/κ for different J . (c) Transmission Tl and reflection Rl

spectrums versus the hopping rate J/κ with � = 0. We set � = 0.

In Eq. (6), Uin(ω) = [cin
1 (ω), d in

2 (ω)]T and Uout(ω) =
[dout

1 (ω), cout
2 (ω)]T are the vectors of the input and output

fields, respectively; S(ω) is the scattering matrix

S(ω) =
(

tcd rdd

rcc tdc

)
, (7)

where the relevant matrix elements are given by

tcd = i
2Jκc

[i�c + (κc + �c)]2 + J2
Deiϕ,

rcc = [i�c + (κc + �c)][i�c − (κc − �c)] + J2

[i�c + (κc + �c)]2 + J2
,

tdc = tcd M/D, rdd = rccMDei2ϕ

(8)

with M = (i�m+γm )[i�d −(κd −�d )]+G2

(i�m+γm )[i�d +(κd +�d )]+G2 and D = i�d −(κd −�d )
i�d +(κd +�d ) . The

matrix elements in Eq. (7) determine the scattering behavior
of an input single-photon state. Owing to the unidirectional
magnon-photon coupling, the scattering matrix is asymmet-
ric. Consequently, the system will manifest different physical
responses with respect to the input directions of the single
photon. By tuning the system’s parameters, we can route the
left-going photon on-demand, and fully block the right-going
photon. To facilitate our discussion, we set ωc = ωd = ωm =
ω0, �c = �d = �m = �, κc = κd = κ , and �c = �d = � in
subsequent sections.

III. NONRECIPROCAL SINGLE-PHOTON ROUTER

A. Left-going photon

First, let us investigate the physical response of the sys-
tem when the incident photon is injected from the left side
of the transmission line, i.e., cin

1 �= 0 and d in
2 = 0. In this

case, the output fields yield dout
1 = tcd cin

1 and cout
2 = rcccin

1 .
Figure 2(a) intuitively displays the coherent scattering behav-
ior of the left-input photon. Note that the ring resonator in
this direction is decoupled from the magnon mode, so the
left-input photon passes through it without reflection. As a
result, the two coupled CPW resonators play the role of a
quantum router, dominating the transmission manner of the
left-input photon. When a single photon is fed into the two
CPW resonators from the left side, it can be transmitted or

FIG. 3. Left-going photon: Total spectrum Sl versus the intrinsic
damping rate �/κ and the detuning �/κ , where we set J = κ .

reflected, controlled by the hopping rate J . We now discuss
the mechanism of routing the left-input photon. For J = 0,
the first CPW resonator is side-coupled to a superconducting
transmission line. The system can be regarded as a complete
reflector, so that an incoming photon is fully reflected. For J =
κ , the quantum critical coupling condition can be achieved
[98], which involves the intricate balance between the inter-
resonator coupling and the resonator-waveguide couplings.
Hence, the system acts as a complete lens and the single pho-
ton is totally transmitted. For J ∈ [0, κ], the transport of the
left-incident photon can be tuned on-demand with an arbitrary
ratio.

To elucidate the above discussion, we numerically simu-
late the transmission probability Tl = |tcd |2 and the reflection
probability Rl = |rcc|2 by changing the parameter J . It is
observed from Fig. 2(b) that, around the central resonance
frequency � = 0, we have the transmission coefficient Tl = 0
and reflection coefficient Rl = 1 for J = 0; while the coeffi-
cients Tl = 1 and Rl = 0 are obtained for J = κ . Moreover,
we also plot the transmission and reflection spectrums for J ∈
[0, κ] in Fig. 2(c). As expected, the transmission (reflection)
probability can be continuously tuned from 0 (1) to 1 (0) by
changing the hopping rate J from 0 to κ . Thus, the efficient
routing of the left-input photon is realized.

In the practical situation, the intrinsic photonic losses of
the microwave resonators are inevitable to affect the routing
performance. To analyze their influence, we introduce the
total spectrum Sl = Tl + Rl (we have Sl = 1 for the ideal
case � = 0). As shown in Fig. 3, the total spectrum Sl grad-
ually decreases with the increase of the intrinsic decay rate
�. However, the routing capability is still sufficient enough
under a relatively small �. For �/κ < 0.0017, the total spec-
trum Sl > 0.99 can be achieved over a large frequency range,
which means that a nearly perfect single-photon router can
be implemented. If we set κ/2π = 20 MHz, the intrinsic
decay rate �/2π < 34 kHz is required to reach Sl > 0.99,
and the needed internal quality factor is Qi = ω0/� > 1.8 ×
105 for a cavity frequency ω0/2π = 6 GHz. Experimentally,
the internal quality factor Qi > 107 of the superconducting
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FIG. 4. (a) Scattering diagram of the right-incident photon.
(b) Total spectrum Sr as a function of the coupling strength G/κ and
the detuning �/κ with J = κ . (c) Transmission Tr and reflection Rr

versus the detuning �/κ for different J . We set G = γm = κ and
� = 0.

cavities has been reported [99,100]. Therefore, the quan-
tum routing scheme is applicable to the currently available
technologies.

B. Right-going photon

Second, we study the scatting behavior of an incident pho-
ton coming from the right side of the transmission line. As
illustrated in Fig. 4(a), the output of the right-going photon
is given by dout

1 = rddd in
2 and cout

2 = tdcd in
2 . Here, we label

Tr = |tdc|2 and Rr = |rdd |2 as the transmission and reflection
probabilities. If the condition G = γm = κ − � is satisfied, we
can get Tr = Rr = 0 at the point � = 0 from Eq. (8). This
suggests that the right-propagating photon is completely ab-
sorbed, which refers to a phase transition in a PT -symmetric
Hamiltonian of the coupled magnon-photon system. The sig-
nal photon is totally dissipated into the environment through
the intrinsic loss of the magnon mode.

We now detail the mechanism of the perfect single-photon
absorption. Provided that the right-input photon has zero out-
put dout

1 = cout
2 = 0, we can derive d in

2 = √
2κd d2 from the

input-output relation. So the reduced QLEs in Eq. (4) can be
obtained

ḋ2 = −(iω0 − κe)d2 − iGm,

ṁ = −(iω0 + γm)m − iGd2,
(9)

with κe = κ − �. Thus the dynamics of d2 and m is dominated
by a non-Hermitian Hamiltonian He = (ω0 + iκe)d†

2 d2 +
(ω0 − iγm)m†m; that is,

He =
(

ω0 + iκe G
G ω0 − iγm

)
. (10)

For κe > 0, the right-input photon corresponds to an ef-
fective gain for the mode d2. When the condition κe = γm

is satisfied, He becomes a standard PT -symmetric Hamil-
tonian with [PT, He] = 0 [101] whose eigenfrequencies are

-2 -1 0 1 2
0

0.2

0.4

0.6

0.8

FIG. 5. Total spectrum Sr as a function of �/κ for different δ�m.
We set G = γm = κ = J and � = 0.

given by

λ± = ω0 ±
√

G2 − γ 2
m. (11)

In the PT -symmetric-broken region G < γm, the eigenfre-
quencies λ± are a complex conjugate pair. In the PT -
symmetric region G > γm, the eigenfrequencies λ± become
real values. For G = γm, a sharp transition occurs from the
PT -symmetry-breaking phase to the PT -symmetric phase,
and the eigenfrequencies λ± coalesce. This corresponds to
the non-Hermitian parameter crossing an exceptional point
with the balanced gain and loss [82–84]. So, when the condi-
tion G = γm = κ − � is satisfied, the coupled magnon-photon
system is operated at the exceptional point. The right-input
photon will be completely transferred from the microwave
mode d2 to the dissipative magnon mode m, giving rise to
the perfect photon absorption. Figure 4(b) displays the output
spectrum Sr = Tr + Rr of the right-incident photon. We can
observe that Sr = 0 is confirmed at the exceptional point.
Moreover, since the right-input photon cannot be transported
to the CPW resonators at the exceptional point, the hopping
rate J does not affect the output spectrum Sr , as illustrated in
Fig. 4(c).

In the above discussion we assumed that ωm is equal to the
other resonance frequencies. Due to the fluctuation of external
magnetic field B, a frequency shift δ�m (�m = � + δ�m) can
be induced, affecting the absorption of the right-input photon.
However, our scheme has a large isolation bandwidth ∼κ for
the right-input photon, as shown in Fig. 4(c). Hence its effect
on the photon absorption is negligible for the case δ�m � κ ,
which can be demonstrated in Fig. 5.

C. Nonreciprocity

We discussed the different scattering behaviors of the left-
going and right-going photons. To quantitatively describe
the nonreciprocity of the proposed one-way quantum router,
we introduce the contrast ratio η = |(Sl − Sr )/(Sl + Sr )|. As
shown in Fig. 6, we plot the contrast ratio η as a function of
the hopping rate J/κ and the detuning �/κ . Remarkably, the
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FIG. 6. The contrast ratio η as a function of the hopping rate J/κ
and the detuning �/κ , where we set G = γm = κ and � = 0.

numerical results demonstrate that the isolation performance
works well in a large operational bandwidth ∼0.8κ , where
the nonreciprocal single-photon router can be performed with
a contrast ratio larger than 0.99.

Up to now, the proposed nonreciprocal single-photon quan-
tum router is built on the ideal chiral coupling G1 = 0 and
G �= 0. However, the condition G1 = 0 may not be satisfied in
a realistic device, i.e., there exists a direct coupling between
the magnon mode m and the CCW microwave mode d1. So
the presence of G1 will lead to the signal loss of the left-input
photon, as well as the signal transmission of the right-input
photon. This degrades the quality of the nonreciprocal quan-
tum router. In Fig. 7, we investigate the effect of G1 on the
total spectrums and the contrast ratio. For G1 ∈ [0, 0.1G],
the left-going photon almost has no loss with Sl > 0.99, and
the right-going photon can be almost completely absorbed
with Sr < 0.01. Additionally, the contrast ratio η > 0.99 can
be obtained for G1 < 0.07G. Therefore, we should keep G1 <

0.07G for guaranteeing a high-performance nonreciprocal
quantum router.
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-0.8 0.4 0.80-0.4
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FIG. 7. (a) Total spectrums Sl (solid line) and Sr (dotted line) as
a function of the coupling strength G1/G for � = 0. (b) The contrast
ratio η as a function of the coupling strength G1/G and the detuning
�/κ . We set G = γm = κ = J and � = 0.

IV. CONCLUSION

In conclusion, we proposed a method to generate a nonre-
ciprocal single-photon quantum router in a composite system
of superconducting resonators and a YIG disk. The non-
reciprocity arises from the selective coupling between the
magnon mode and the propagating microwave modes with the
same chirality. We show that an input photon from the left
side of the transmission line can be routed to one of the two
output channels. While an input photon from the right side
of the transmission line can be completely absorbed by the
dissipative magnon mode, which is related to a phase transi-
tion in a non-Hermitian PT -symmetric Hamiltonian with the
balanced gain and loss. The proposed nonreciprocal device
can protect the signal source from extraneous noise and has
beneficial applications in the fields of quantum computation
and quantum network.
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[93] M. C. Collodo, A. Potočnik, S. Gasparinetti, J.-C. Besse,
M. Pechal, M. Sameti, M. J. Hartmann, A. Wallraff, and C.
Eichler, Phys. Rev. Lett. 122, 183601 (2019).

[94] X. Zhang, C.-L. Zou, L. Jiang, and H. X. Tang, Phys. Rev. Lett.
113, 156401 (2014).

[95] Y. Tabuchi, S. Ishino, T. Ishikawa, R. Yamazaki, K. Usami,
and Y. Nakamura, Phys. Rev. Lett. 113, 083603 (2014).

[96] D. Zhang, X.-M. Wang, T.-F. Li, X.-Q. Luo, W. Wu, F. Nori,
and J. You, npj Quantum Inf. 1, 15014 (2015).

[97] Y.-P. Wang, J. W. Rao, Y. Yang, P.-C. Xu, Y. S. Gui, B. M.
Yao, J. Q. You, and C.-M. Hu, Phys. Rev. Lett. 123, 127202
(2019).

[98] J.-T. Shen and S. Fan, Phys. Rev. A 82, 021802(R)
(2010).

[99] A. Megrant et al., Appl. Phys. Lett. 100, 113510 (2012).
[100] A. Romanenko, R. Pilipenko, S. Zorzetti, D. Frolov, M.

Awida, S. Belomestnykh, S. Posen, and A. Grassellino, Phys.
Rev. Appl. 13, 034032 (2020).

[101] V. V. Konotop, J. Yang, and D. A. Zezyulin, Rev. Mod. Phys.
88, 035002 (2016).

013711-7

https://doi.org/10.1063/1.4961052
https://doi.org/10.1103/PhysRevA.101.043842
https://doi.org/10.1103/PhysRevB.102.064416
https://doi.org/10.1103/PhysRevApplied.13.044039
https://doi.org/10.1103/PhysRevA.103.053501
https://doi.org/10.1103/PhysRevLett.112.143903
https://doi.org/10.1038/s41467-017-01634-w
https://doi.org/10.1126/science.abj1028
https://doi.org/10.1038/35005001
https://doi.org/10.1103/PhysRevLett.109.013603
https://doi.org/10.1103/PhysRevA.93.062104
https://doi.org/10.1103/PhysRevLett.117.240501
https://doi.org/10.1038/s41566-019-0399-1
https://doi.org/10.1103/PhysRevA.75.032329
https://doi.org/10.1103/PhysRevB.87.134504
https://doi.org/10.1063/1.4919759
https://doi.org/10.1103/PhysRevLett.122.183601
https://doi.org/10.1103/PhysRevLett.113.156401
https://doi.org/10.1103/PhysRevLett.113.083603
https://doi.org/10.1038/npjqi.2015.14
https://doi.org/10.1103/PhysRevLett.123.127202
https://doi.org/10.1103/PhysRevA.82.021802
https://doi.org/10.1063/1.3693409
https://doi.org/10.1103/PhysRevApplied.13.034032
https://doi.org/10.1103/RevModPhys.88.035002

