
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Nonreciprocal Single-Photon Band Structure
Jiang-Shan Tang, Wei Nie, Lei Tang, Mingyuan Chen, Xin Su, Yanqing Lu, Franco Nori, and

Keyu Xia
Phys. Rev. Lett. 128, 203602 — Published 17 May 2022

DOI: 10.1103/PhysRevLett.128.203602

https://dx.doi.org/10.1103/PhysRevLett.128.203602


Nonreciprocal single-photon band structure

Jiang-Shan Tang,1, 2 Wei Nie,3 Lei Tang,1 Mingyuan Chen,1 Xin Su,1, 4 Yanqing Lu,1, 2 Franco Nori,3, 5 and Keyu Xia1, 2, 6, 7, ∗

1College of Engineering and Applied Sciences, National Laboratory of Solid State Microstructures,
and Collaborative Innovation Center of Advanced Microstructures, Nanjing University, Nanjing 210023, China

2School of Physics, Nanjing University, Nanjing 210023, China
3RIKEN Quantum Computing Center, RIKEN Cluster for Pioneering Research, Wako-shi, Saitama 351-0198, Japan

4School of Electronic Science and Engineering, Nanjing University, Nanjing 210023, China
5Physics Department, The University of Michigan, Ann Arbor, Michigan 48109-1040, USA

6Jiangsu Key Laboratory of Artificial Functional Materials, Nanjing University, Nanjing 210023, China
7Key Laboratory of Intelligent Optical Sensing and Manipulation (Nanjing University), Ministry of Education, Nanjing 210023, China

(Dated: April 12, 2022)

We study a single-photon band structure in a one-dimensional (1D) coupled-resonator optical waveguide
(CROW) which chirally couples to an array of two-level quantum emitters (QEs). The chiral interaction between
the resonator mode and the QE can break the time-reversal symmetry without the magneto-optical effect and an
external/synthetic magnetic field. As a result, nonreciprocal single-photon edge states, band gap and flat band
appear. By using such a chiral QE-CROW system, including a finite number of unit cells and working in the
nonreciprocal band gap, we achieve frequency-multiplexed single-photon circulators with high fidelity and low
insertion loss. The chiral QE-light interaction can also protect one-way propagation of single photons against
backscattering. Our work opens a new door for studying unconventional photonic band structures without
electronic counterparts in condensed matter and exploring its applications in the quantum regime.

Introduction.—In analogy to the electronic band structure
in condensed matter, a periodic photonic structure exhibits
nontrivial band structures and allows defect-immune photon
transport [1–4], promising many important applications in
light manipulation. Nevertheless, a topological optical sys-
tem can break time-reversal symmetry and is appealing for
backscattering-immune optical isolation only in the presence
of an external/synthetic magnetic field, typically causing a
considerable loss of photons. Thus, it is highly desirable to
achieve one-way photonic band structures, such as nonrecip-
rocal single-photon edge states (SPESs), and band gap with-
out magnetic fields, in particular, in the quantum regime.

Optical nonreciprocity plays an indispensable role in many
important applications including quantum-information pro-
cessing [5–8], invisible sensing [9], noise-free information
processing [10] and unconventional lasing [11]. Conventional
nonreciprocal optical devices breaking time-reversal symme-
try rely on the weak magneto-optical effect and are imcompat-
ible with the integration of periodic photonic microstructures
due to the constraint of a strong magnetic field.

Various theoretical schemes and experimental methods
have been reported to circumvent the severe constraint of
magnetic fields, by using optical nonlinearity [12–19], op-
tomechanical resonators [20–22], spinning resonators [23,
24], tempo-spatial modulation of the medium [25–27], or chi-
ral quantum optics systems [28–36].

In contrast to classical methods, a chiral quantum optics
system is of special interest because it can realize optical non-
reciprocity in the quantum regime [14–16, 29–31, 33, 34] and
provides unprecedented capabilities for unconventional quan-
tum information processing [37–40]. The chiral interaction of
some QEs with few resonators has been extensively studied
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and promises important applications [41, 42]. The coupled-
resonator optical waveguide (CROW) can be used to engineer
photonic band structures and thus has been widely investi-
gated [43–47]. Photonic band structures with chiral interac-
tion between QEs and a resonator array are attracting growing
interest [48–50]. Nevertheless, magnetic-free nonreciprocity
in such systems has barely been addressed.

By exploring the chiral interaction between an array of QEs
and a 1D CROW, here we show that nonreciprocal single-
photon band structures, including SPES, band gap and flat
band, can be achieved without a magnetic field. Interestingly,
such a chiral QE-CROW system, working in the nonreciprocal
band gap, allow frequency-multiplexed and backscattering-
immune single-photon circulators. Such magnetic-free pho-
tonic behavior reveals essentially different physics from its
electronic counterpart in condensed matter.

System and model.—The schematic of the chiral QE-
CROW system is depicted in Fig. 1. In the CROW, the evanes-
cent field of each microring resonator is almost perfectly cir-
cularly polarized and thus possesses nearly unitary optical chi-
rality [29, 30, 36], i.e. possessing spin-momentum locking
[51–53]. In each unit cell, the adjacent resonators are sepa-
rated by Λ and coherently coupled via evanescent fields. Each
resonator supports two degenerate optical whispering-gallery
modes circulating along either the clockwise (CW) or coun-
terclockwise (CCW) direction. We divide the resonators into
A and B sublattice groups, respectively denoted as RA and
RB. In each unit cell, a two-level QE with frequency ωq is
only embedded in the A-sublattice resonator RA, but decou-
ples from the B-sublattice resonator RB. Within a cell, the
CW (CCW) mode of RA couples to the CCW (CW) mode of
RB with strength J1, see the green box in Fig. 1(a). The jth
resonator RA couples to the ( j + 1)th resonator RB in the next
cell with strength J2. The oppositely circulating whispering-
gallery modes in the sublattices A and B form N unit cells
with a lattice constant of 2Λ [44]. We assume that the res-
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FIG. 1. (a) Schematic of a chiral QE-CROW system containing N
unit cells and the input and output waveguides. The arrows repre-
sent the circulating direction of the whispering-gallery mode for an
input to port 1 or 3 (forward input). The photon incident to ports 2
and 4 (backward input) excites the oppositely propagating resonator
modes. The QEs with σ+-polarized optical transitions are periodi-
cally coupled to the clockwise resonator mode of the sublattice A in
each unit cell, see dashed box. (b) The L-shaped trimer chain in the
forward-input case. (c) The dimer chain for the backward-input case.

onators, with resonance frequency Ω and internal dissipation
rate γin, are identical.

Hereafter, we consider only a single excitation in the QE-
CROW system. The QEs can be precisely positioned atoms
[30, 45, 54], quantum dots [42, 55, 56], valley-selective
exciton [36, 57, 58], or nanopillars covered by monolay-
ers [59, 60]. By optically initializing the QEs in specific
spin ground states or shifting the transition energy with a
circularly-polarized field via the optical Stark effect, we can
induce a chiral transition in the QE. Without loss of general-
ity, we assume that the QE transition and the evanescent field
of the CW mode of RA are both σ+−polarized. Thus, we cre-
ate a chiral interaction between the QE and the CW mode of
RA without using a magnetic field [28–31, 34–36]. However,
the QE decouples from the CCW mode [29–31, 36].

When a single photon is incident into port 1 or 3, namely
the forward-input case, the CW modes in the RA resonators
and the CCW ones in the RB resonators are driven. We refer
to this excitation as the CWA − CCWB supermode (opposite
to the CCWA − CWB supermode). In this case, the QEs are
coupled to RA in each unit cell. The QE-CROW system is
equivalent to an L-shaped trimer chain with each cell contain-
ing three sublattices [61], see Fig. 1(b). We now take ωq = Ω

and can write the Hamiltonian of the system in the rotating
frame as ĤCWA−CCWB =

∑N
j

(
gâ†j,�σ̂ j + J1â†j,�b̂ j,	 + H.c.

)
+∑N−1

j

(
J2â†j+1,�b̂ j,	 + H.c.

)
, where â j,� (b̂ j,	) is the annihila-

tion operator of the CW (CCW) mode of the RA (RB) res-
onator in the jth unit cell, and σ̂ j denotes the lowering opera-
tor of the jth two-level QE.

Now we study the band structure of an infinite 1D-CROW
model in a single-excitation subspace. We assume a peri-
odic boundary condition along the 1D-CROW chain and ap-
ply the Fourier transform, ζk =

(
1/
√

N
∑

j e−ik jξ j

)
with ξ j =

(
â j,�, σ̂ j, b̂ j,	

)T
, thus, ĤCWA−CCWB =

∑
k ζ
†

k HCWA−CCWB (k)ζk.
Then, in wavevector space, we have

HCWA−CCWB (k) =

 0 g J1 + J2e−ik

g 0 0
J1 + J2eik 0 0

 . (1)

By defining a unitary and Hermitian matrix, χ =

[−1, 0, 0; 0, 1, 0; 0, 0, 1], we have χHCWA−CCWBχ
−1 =

−HCWA−CCWB . Thus, the system possesses chiral symmetry.
In comparison, if a single photon incidents to port 2

or 4 corresponding to the backward-input case, then the
CCWA − CWB supermode is driven in each unit cell and
the QEs decouple from all resonators. Our system reduces
to a dimer chain, corresponding to a standard Su-Schrieffer-
Heeger (SSH) model [62, 63], see Fig. 1(c):

HCCWA−CWB (k) =

(
0 J1 + J2e−ik

J1 + J2eik 0

)
. (2)

The band structures and energy spectra of the system in the
CWA−CCWB and CCWA−CWB supermodes can be found by
solving the eigenvalues and eigenstates of Eq. (1) and Eq. (2),
respectively. In the case related to the CWA − CCWB super-
mode, the QEs interact with the RA resonators. This interac-
tion causes a phase and amplitude modulation eiϕ to the RA
CW mode [64, 70]. Here, ϕ is a complex number. In contrast,
the QE-resonator interaction is absent for the CCWA − CWB
supermode. Thus, the extra modulation disappears, i.e. ϕ = 0.
The dispersion relations of the CWA−CCWB supermode con-
sists of three dispersive bands. It is essentially different from
the CCWA−CWB supermode, which only contains two bands.
Therefore, the single-photon band structures are nonrecip-
rocal in two counter-propagating cases. This nonreciprocal
single-photon dispersion occurs because the chiral QE-light
coupling breaks the time-reversal symmetry of the system.

A finite 1D-CROW chain with a large number of unit cells
can approximately exhibit the property of an infinite chain
[44]. Next, we discuss a finite chiral 1D CROW containing
N unit cells (N ≥ 1) and evaluate the single-photon transmis-
sion. Two optical waveguides are side-coupled to the terminal
resonators as input and output channels. We utilize the trans-
fer matrix method to investigate the transmission properties
of the system [46, 64]. We consider the forward case. The
notations for the field components {a} and {b} are shown in
Fig. 1(a). By successively multiplying the transfer matrices of
all the coupling relations, we obtain the transport relation(

aN+1
bN+1

)
= M

(
a0
b0

)
≡

(
M11 M12
M21 M22

) (
a0
b0

)
, (3)

M = MoutMp,BMc,1Mp,A(Mc,2Mp,BMc,1Mp,A)N−1Min, where

Mp,A =

(
αe−iθ 0

0 αei(θ+ϕ)

)
, Mp,B =

(
αe−iθ 0

0 αeiθ

)
,

Mc,1 =
1
κ1

(
1 −t1
t∗1 −1

)
, Mc, 2 =

1
κ2

(
1 −t2
t∗2 −1

)
,

Min =
1
κin

(
−tin 1
−1 t∗in

)
, Mout =

1
κout

(
1 −tout

t∗out −1

)
.

(4)
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FIG. 2. Single-photon band structures of the chiral QE-CROW sys-
tem in the case of J1 < J2. (a) Band structure when the CCWA−CWB

supermode is excited in the absence of the QEs, i.e., g/Ω = 0. (b)
Band structure when the CWA − CCWB supermode, coupling to the
QEs with g/Ω = 10−4, is driven. (c) Band structures versus the cou-
pling strength g when the CWA −CCWB supermode is driven. Other
parameters: J1/Ω = 3 × 10−4, J2 = 2J1.

We define {tin, t1, t2, tout} and {κin, κ1, κ2, κout} as the transmis-
sion and coupling coefficients of the intrasite and intersite res-
onators, where ti (i = in, 1, 2, out) is a real number, κi is an
imaginary number, and |ti|2 + |κi|

2 = 1 [46]. θ indicates the
phase change. α is the loss coefficient of propagating single
photons and is calculated as α ≈ 1− 2γin/F from the intrinsic
loss rate γin of the resonator [70], where F is the free spec-
tral range of the resonator considered here. The ratio κin/F is
negligible for our high-quality resonators, yielding α ≈ 1.

For simplicity, we assume κin = κout (tin = tout). The exter-
nal losses of the edge resonators A1 and BN are γex = γex,1 =

γex,N = −ln (|tin|) × F . Considering a single-photon enter-
ing port 1 (aN+1 = 0), we obtain the transmission matrix el-
ements between the input and output ports: T12 = |b0/a0|

2 =

|M11/M12|
2 and T14 = |bN+1/a0|

2 = |M21 − M11M22/M12|
2,

where Tmn is the transmission from port m to port n, with
m, n = 1, 2, 3, 4. Because the input to port 3 excites the
CWA − CCWB supermode circulating along the same di-
rection, we have T12 = T34 and T14 = T32. When the
CCWA−CWB supermode is excited in the backward case, the
QEs decouple from the resonators and we have ϕ = 0. There-
fore, we have Tmn , Tnm for m , n, indicating the occurrence
of optical nonreciprocity in our chiral QE-CROW system.

Below, we consider an ideal scenario in which we neglect
the QE dissipation by setting the rate γ = 0.

Nonreciprocal single-photon flat band and edge states.—
We first discuss the case J1 < J2. As seen from the dispersion
relations in Fig. 2, the QE-CROW system exhibits a nonre-
ciprocal single-photon band structure. Typically, two disper-
sive bands of the SSH model appear in the backward case, as
shown in Fig. 2(a) [71] for J1/Ω = 3×10−4 and J2 = 2J1. The
curves with opposite slopes imply two opposite directions of
single-photon propagation, corresponding to the input to port
2 or 4 in Fig. 1, respectively. In the forward case, the QEs in-
teract with the RA resonator. A flat band appears at ω = Ω due
to the coupling to the QEs, dividing the original band gap into
two parts, see Fig. 2(b). Thus, our QE-CROW system allows
slow light and delay of single-photon pulses [72–74]. As the
QE-resonator coupling strength increases, the two band gaps
become wider, see Fig. 2(c).

According to the SSH model, there are left and right SPESs
in two opposite-input cases. Unlike the backward case, due to
the QE-resonator coupling in the forward case, the left SPES

FIG. 3. Nonreciprocal energy spectra (a, b) and probability distri-
bution (c-e). (a) and (c) for the CCWA − CWB supermode without
coupling to the QEs, g = 0. (b), (d), and (e) for the CWA − CCWB

supermode with coupling to the QEs, g/Ω = 10−4. Other parameters
are J1/Ω = 3 × 10−4, J2 = 2J1.

becomes doublet, forming two superstates of the RA set and
the QEs with an energy splitting proportional to the coupling
strength g [64], see the dashed black curves in Fig. 2(c).

We evaluate the Zak phase for the 1D topological invari-
ant, defined as Zp = i

∫ π

−π
dk〈ζk,p|∂k |ζk,p〉, for the p-th band

(p = 1, 2, 3 for the lower, middle, and upper bands). For a
small g, a well-defined topological invariant is available. Tak-
ing J2 = 2J1, we have quantized Zak phases, being Z1/π =

Z3/π = 1 and Z2/π = 0 [64]. As the QE-resonator coupling
increases, the effect of g on the bulk bands emerges (in partic-
ular, band gaps occur at J2 = J1). The QE-resonator coupling
breaks the inversion symmetry of the SSH model. Thus, the
topological invariant is not well-defined and the Zak phase is
not quantized [75–78] (see the Supplemental Material [64]).

We also study the effect of Gaussian-distributed on-site dis-
order. When the standard deviation reaches about σmax/Ω =

0.4 × 10−4 at g/Ω = 10−4, the SPESs and the flat band are
indistinguishable [64]. This means that our system maintains
its nonreciprocal SPESs as long as σmax < 0.4g, indicating a
strong robustness against on-site disorder.

Figure 3 shows energy spectra of a finite unit cell with
N = 20 and the probability distribution corresponding to the
SPESs in the two oppositely circulating supermodes of the
system. As for the CCWA−CWB supermode without coupling
to the QEs, there are 2N eigenvalues and two degenerate zero-
energy SPESs falling in the band gap [see the purple asterisks
in Fig. 3(a)]. The wave functions of two edge states localize
at the left or right boundary and exponentially decay from the
boundaries [see Fig. 3(c)].

In stark contrast, when the system is excited in the CWA −

CCWB supermode, the coupling to the QEs results in N more
eigenvalues. The energy spectrum with N = 20 and g/Ω =

10−4 is shown in Fig. 3(c). The left SPESs have eigenener-
gies at ω − Ω = ±g [see the blue asterisks]. In Fig. 3(d), the
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FIG. 4. Single-photon band structure (a, b) and transmission (c, d)
with N = 10 for J1 = J2. In (a, c) the CCWA − CWB supermode is
excited, and g = 0. In (b, d) the CWA − CCWB supermode is driven,
and g/Ω = 3× 10−4. Other parameters are J1/Ω = 3× 10−4, J2 = J1,
and κin = κout = 0.25i.

probability of the A sublattice includes the contribution of the
QE. Unlike the SPESs of the CCWA − CWB supermode, the
wave functions of these SPESs only localize on the left edge
of the system with an exponentially decaying probability dis-
tribution at the sites of both the A-sublattice resonator and the
QE. The right zero-energy SPES still exists, see the red as-
terisk in Fig. 3(b), because the RB resonators decouple from
the QE. The wave function of this right SPES localizes at the
right boundary, see Fig. 3(e). The nonreciprocal SPESs is the
unique property of our chiral QE-CROW system. Therefore,
for small N, we can realize a single-photon circulator via di-
rectional tunneling between the left and right SPESs [64].

Nonreciprocal single-photon band gap.—The case J1 > J2
opens a band gap but exhibits trivial physical properties. Be-
low we focus on the of interest case J1 = J2. Figures 4(a)
and (b) show a nonreciprocal single-photon band gap for op-
positely propagating photons. For the backward input, the two
bands are closed and thus form continuous conduction bands.
In comparison, as in the case of J1 < J2, the CWA − CCWB
supermode also exhibits two band gaps, separated by a flat
band due to the interaction with QEs, see the yellow region in
Fig. 4(b). The band gap increases with the QE-resonator cou-
pling strength, permitting a wider nonreciprocal bandwidth.
This nonreciprocal single-photon band gap allows to conduct
single-photon circulators. The same results can be derived by
using the transfer matrix method [64].

The band structures characterize the transmission of sin-
gle photons. When we consider the 1D CROW with finite
unit cells, the conduction band region turns into transmission
peaks. We calculate the transmission spectrum of our QE-
CROW system with N = 10 in the two opposite-propagation
cases. For single photons input to port 2, see Fig. 4(c), the
excited CCWA − CWB supermode decouples from the QEs,

equivalent to the conventional CROW without QEs. There
are 2N peaks in the transmission T23 and dips in T21. In
contrast, when the single-photon wave packet inputs to port
1, the transmission T14 is zero, because the photon trans-
port is forbidden in the band gap, and thus T12 = 1, see
Fig. 4(d). Clearly, we obtain strong nonreciprocity in the
transmission at the frequencies corresponding to the peaks
of T23, where T23 ≈ 1, or the dips of T21, where T21 ≈ 0.
For g/Ω = 3 × 10−4, we have eight nonreciprocal frequency
windows at (ω −Ω) /Ω ≈ {±30,±22,±13,±4.5} × 10−5, see
blue circles. Due to the symmetry of the CROW, we obtain
T12 = T34 and T23 = T41. Thus, we can choose any one of
eight frequencies in the band-gap region to achieve T23 = 1
(T21 = 0). In this case, we can attain a frequency-multiplexed
single-photon circulator with a circling photon transport di-
rection 1 → 2 → 3 → 4 → 1 at frequencies marked by
circles in Fig. 4(d).

Note that this single-photon circulator is robust against
backscattering (see the Supplemental Material [64]). The chi-
ral coupling between the QE and the vacuum field of RA
eigenmodes induces an extra phase shift Re[ϕ] for the CW
mode, shifting its resonance frequency and leading to non-
degenerate with the CCW mode. Thus, the opposite CW
mode excited by a backscattering of a propagating CCW mode
is forbidden in the nonreciprocal band gap, see Figs. 4 (a,
b). Our chiral QE-CROW system promises a new type of
backscattering-immune optical device.

Implementation.—The required 1D CROW can be made
with silicon oxynitride [79], silicon on insulator [80, 81] or
lithium niobium oxynitride [82]. We consider a QE-CROW
system consisting of N = 10 resonators with a radius of
r = 40 µm and neff = 2, yielding F /2π = 0.6 THz. The exter-
nal dissipations of resonators can be calculated as γex/2π =

19.4 GHz [setting γin = 0.02γex, thus γtol/2π = (γex +

γin)/2π = 19.8 GHz] [70]. We take Ω/2π = 195 THz, and the
coupling strength between resonators J1/γtol = J2/γtol = 3.
Regarding QEs, we choose λ = 1.538 µm [83–85] so that
ωq = Ω and a dipole moment of |d| = 20 Debye [86], yield-
ing γ = 2π × 5.48 MHz, and g/γtol = 0.77 for a resonator
mode volume of Vm = 2.0 µm3 [36, 87]. The chiral QE-
light interaction can be optically induced as aforementioned.
The fidelity and the average photon survival probability of
the circulator are calculated as {0.99, 0.98} at two optimal fre-
quency windows (ω − Ω)/Ω ≈ ±4.5 × 10−5 [15, 30]. More-
over, we achieve a nonreciprocal transmission bandwidth of
∼ 2π × 2.4 GHz and an average insertion loss of 1.12 dB for
a circulator fidelity larger than 0.95. Our first-principle sim-
ulation using the finite-difference time-domain method gives
the transmissions in good agreement with the results of the
transfer matrix method [64].

Discussion and conclusion.—We note that quantum non-
reciprocity has been previously realized in a chiral quantum
optical system using a single resonator or an optical waveg-
uide [29–31, 33, 34, 36]. Nevertheless, this achievement so far
requires the strong coupling regime and/or only demonstrates
a single nonreciprocal window. We have shown that nonre-
ciprocal single-photon band structures can be achieved in our
chiral QE-CROW system. In contrast, our single-photon cir-
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culator works in the weak coupling regime, greatly relaxing
its experimental challenge. It is backscattering-immune and
allows multi-frequency nonreciprocal channels at the same
time. Our work extends photonic band structures of periodic
photonic structures to exhibit remarkable magnetic-free quan-
tum nonreciprocity, likely beyond condensed matter.
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ity and magnetic-free isolation based on optomechanical inter-
actions, Nat. Commun. 7, 13662 (2016).

[23] S. Maayani, R. Dahan, Y. Kligerman, E. Moses, A. U. Hassan,
H. Jing, F. Nori, D. N. Christodoulides, and T. Carmon, Flying
couplers above spinning resonators generate irreversible refrac-
tion, Nature (London) 558, 569 (2018).

[24] R. Huang, A. Miranowicz, J.-Q. Liao, F. Nori, and H. Jing,
Nonreciprocal Photon Blockade, Phys. Rev. Lett. 121, 153601
(2018).

[25] D.-W. Wang, H.-T. Zhou, M.-J. Guo, J.-X. Zhang, J. Evers, and
S.-Y. Zhu, Optical Diode Made from a Moving Photonic Crys-
tal, Phys. Rev. Lett. 110, 093901 (2013).

https://doi.org/10.1038/s41566-017-0048-5
https://doi.org/10.1103/RevModPhys.91.015006
https://doi.org/10.1103/RevModPhys.91.015006
https://doi.org/10.1126/sciadv.aaw0297
https://doi.org/10.1126/sciadv.abe1398
https://doi.org/10.1126/sciadv.abe1398
https://doi.org/10.1038/nature07127
https://doi.org/10.1038/nature07127
https://doi.org/10.1103/PhysRevLett.123.127202
https://doi.org/10.1103/PhysRevLett.123.127202
https://doi.org/10.1103/PhysRevLett.127.266101
https://doi.org/10.1103/PhysRevLett.127.266101
https://doi.org/10.1103/PhysRevA.105.013711
https://doi.org/10.1103/PhysRevA.105.013711
https://doi.org/10.1038/s41563-019-0304-9
https://doi.org/10.1038/s41563-019-0304-9
https://doi.org/10.1038/nphoton.2013.185
https://doi.org/10.1103/PhysRevApplied.10.064037
https://doi.org/10.1038/nphys2927
https://doi.org/10.1038/nphys2927
https://doi.org/10.1103/PhysRevLett.118.033901
https://doi.org/10.1103/PhysRevLett.118.033901
https://doi.org/10.1038/s41566-018-0269-2
https://doi.org/10.1103/PhysRevLett.121.203602
https://doi.org/10.1103/PhysRevLett.121.203602
https://doi.org/10.1103/PhysRevLett.123.233604
https://doi.org/10.1103/PhysRevLett.123.233604
https://doi.org/10.1103/PhysRevResearch.2.033517
https://doi.org/10.1103/PhysRevResearch.2.033517
https://doi.org/10.1364/PRJ.413286
https://arxiv.org/abs/2110.05016
https://doi.org/10.1364/OE.20.007672
https://doi.org/10.1364/OE.20.007672
https://doi.org/10.1038/nphoton.2016.161
https://doi.org/10.1038/nphoton.2016.161
https://doi.org/10.1038/ncomms13662
https://doi.org/10.1038/s41586-018-0245-5
https://doi.org/10.1103/PhysRevLett.121.153601
https://doi.org/10.1103/PhysRevLett.121.153601
https://doi.org/10.1103/PhysRevLett.110.093901


6

[26] S. A. R. Horsley, J.-H. Wu, M. Artoni, and G. C. La Rocca,
Optical Nonreciprocity of Cold Atom Bragg Mirrors in Motion,
Phys. Rev. Lett. 110, 223602 (2013).
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