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Topological matter and topological optics have been studied in many systems, with promising applications in materials science and photonics technology. These advances motivate the study of the interaction
between topological matter and light, as well as topological protection in light-matter interactions. In this
work, we study a waveguide-interfaced topological atom array. The light-matter interaction is nontrivially modiﬁed by topology, yielding optical phenomena. We ﬁnd topology-enhanced photon absorption
from the waveguide for a large Purcell factor, i.e., / 0  1, where  and 0 are the atomic decays to
the waveguide and environment, respectively. To understand this unconventional photon absorption, we
propose a multichannel scattering approach and study the interaction spectra for edge- and bulk-state channels. We ﬁnd that, by breaking inversion and time-reversal symmetries, optical anisotropy is enabled for
the reﬂection process, but the transmission is isotropic. Through a perturbation analysis of the edge-state
channel, we show that the anisotropy in the reﬂection process originates from the waveguide-mediated
non-Hermitian interaction. However, the inversion symmetry in the non-Hermitian interaction makes the
transmission isotropic. At a topology-protected atomic spacing, the subradiant edge state exhibits huge
anisotropy. Because of the interplay between edge- and bulk-state channels, a large topological bandgap
enhances nonreciprocal reﬂection of photons in the waveguide for weakly broken time-reversal symmetry,
i.e., 0 /   1, producing complete photon absorption. We show that our proposal can be implemented
in superconducting quantum circuits. The topology-enhanced photon absorption is useful for quantum
detection. This work shows the potential to manipulate light with topological quantum matter.
DOI: 10.1103/PhysRevApplied.15.044041

I. INTRODUCTION
Symmetry-protected topological phases of matter is a
growing a ﬁeld in materials science [1–5], and might ﬁnd
applications in quantum computation [6] and quantum
technologies [7–9]. In 2008, Haldane and Raghu [10,11]
proposed to manipulate photon transport using topology,
which paved the way for topological photonics [12–16].
In two- or higher-dimensional topological materials, photons can be guided via channels supported by edge states
and surface states [17–21]. Because of the large bandgap
separating chiral edge states and bulk states, such transport
is immune to imperfections, randomness, and disorder, and
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has been realized in diﬀerent incarnations of optical systems [22–27]. The topological protection of photon transport usually takes advantage of the edge states. However,
the role of bulk states has not been suﬃciently explored.
Light-matter interaction is a fundamental mechanism in
quantum physics [28]. One-dimensional (1D) waveguides
are essential light-matter interfaces and have fundamental applications in quantum devices and quantum networks
[29–31]. The photon transport in a waveguide can be controlled by coupling to a single atom [32–44] or an atom
array [45–51]. In the subwavelength regime, the interference of photons emitted from atoms at diﬀerent positions
[52–56] gives rise to the collective enhancement of photon transport [57–59] and directional photon emission
[60–62]. In waveguide quantum electrodynamics (QED)
systems, e.g., atoms trapped around nanoﬁbers [63–65],
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the direct atom-atom interaction is in general negligible.
However, the direct interaction between atoms is essential in superconducting quantum circuits. By engineering
this interaction, one can simulate many models in condensed matter physics and high-energy physics, including
spin models [66–68], lattice gauge theories [69,70], and
topological matter [71–73].
In this paper, by virtue of the interaction between
light and a topological atom array via a waveguide, we
show topology-enhanced nonreciprocal scattering. Arrays
with an odd number of equally spaced atoms in the SuSchrieﬀer-Heeger (SSH) model [74] display broken inversion symmetry. The topological bandgap and edge state
yield anomalous photon transport, i.e., complete absorption of light from the waveguide. Distinctive to nontopological atom arrays, the topological atom array enables
complete photon absorption for 0 /   1, where  and
0 denote decays to waveguide and parasitic modes in
the environment, respectively, as shown in Fig. 1(a). We
employ the so-called “multichannel scattering” approach
to study the light-matter interaction in the scattering process. By means of this method, we can pinpoint roles of
distinctive many-body states in the optical response. We
ﬁnd that, for a speciﬁc atomic spacing d, the edge-state
channel is protected and has huge reﬂection anisotropy.
The nonreciprocal reﬂection is attributed to the interplay

between the inversion symmetry breaking induced by the
nontrivial topology and the time-reversal symmetry breaking due to dissipation. More precisely, the destructive
quantum interference of electromagnetic waves reﬂected
by the dissipative edge- and bulk-state channels gives rise
to the large nonreciprocity. The topology-protected optical
nonreciprocity is beneﬁcial for photon detection with long
coherence atoms.
II. MODEL
The photon scattering by independent atoms can be
solved by, e.g., transfer matrix [45,48] and input-output
methods [46,52]. For the atom array with strong internal interactions studied here, collective modes with unique
spectrum structure are pivotal to understand the photon
scattering. Hence, we present a multichannel scattering
method in terms of eﬀective modes of the waveguideinterfaced topological atom array. In particular, this
approach allows us to study the topological matter-light
interaction in the scattering processes.
A. Interfacing light and topological quantum matter
via a waveguide
As shown in Fig. 1(a), we study a topological atom array
coupled to photonic modes in a 1D waveguide with linear
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FIG. 1. (a) Schematic of a 1D waveguide coupled to a topological atom array. The dimerized interactions are J∓ = J0 (1 ∓ cos ϕ).
Here we consider an array with an odd number of atoms and 0 ≤ ϕ < π/2. Thus, an edge state is localized at the left edge of the atom
array. A homogenous spacing d is assumed for neighboring atoms along the waveguide. All the atoms have decays to the waveguide
and environment, denoted by  and 0 . Here, Tl (Tr ) and Rl (Rr ) represent the transmission and reﬂection for the left- (right-) incident
photon, respectively. (b) Energy spectrum of the SSH array with ﬁve atoms. Here, ω± = ω0 ± 2J0 . (c) Wave functions of eigenmodes of
the SSH atom array in (b) with ϕ = 0.3π . (d) Real energy spectrum  = Re(E) of the eﬀective Hamiltonian Heﬀ in Eq. (16). The edge
state is protected from bulk states by the bandgap. The two vertical dashed lines indicate atomic spacings d = λ0 /4 and d = 3λ0 /4,
respectively. (e) Transmission spectra T = |t(δω)|2 for d = λ0 /4 (blue dashed curve), d = λ0 /2 (green dash-dot curve), and d = 3λ0 /4
(red solid curve). Dips around δω = ±2J0 indicate bulk states. In (d) and (e) we consider J0 /  = 8, ϕ = 0.3π , 0 /  = 0.05, and atom
number N = 11.
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dispersion. The Hamiltonian of the waveguide is ( ≡ 1)
HWG =




dxâ†α (x)

α=r,l
†


∂
ω0 − isα c
âα (x),
∂x

†

HSSH = J−



−
σi+ σi+1
+J+



−
σi+ σi+1

H (t) = HSSH + Hint (t) + Hen


+ H.c., (2)

where σi+ = |ei gi | depicts the transition from the ground
state |gi  to the excited state |ei  of the ith atom, and the
nearest-neighbor ﬂip-ﬂop interactions change alternatively
along the chain as J∓ = J0 (1 ∓ cos ϕ). Here, J0 and ϕ are
parameters that control the bandgap and localization of
edge states. In Fig. 1(b), the energy spectrum of the topological array with ﬁve atoms is shown. For arrays with a
large number of atoms, bulk states form upper and lower
bands with a gap. The bandgap provides a large nonlinearity for the edge state. Diﬀerent from the two edge modes in
the SSH lattice with an even number of sites [75], only a
single edge state exists at either the left (0 ≤ ϕ < π/2) or
the right (π/2 < ϕ ≤ π ) boundary of the topological array
with an odd number of sites. Without loss of generality,
we focus on the atom array with a left-localized edge state,
i.e., 0 ≤ ϕ < π/2. The wave functions of eigenmodes in
the topological atom array are shown in Fig. 1(c). Bulk
states are extensive in all the atoms. However, the edge
state populates odd sites due to topological protection. As
the array becomes large, the edge state localizes to the left
boundary.
In the Markovian approximation, the coupling between
the atoms and waveguide can be written as


â†α (xi )σi− e−isα k0 xi + H.c.,

which is determined by the coupling strength g, the wave
vector k0 = ω0 /c, and the positions of atoms xi . Therefore,
the whole Hamiltonian becomes
H = HWG + H0 + HSSH + Hint + Hen ,

A(T) = G|bout |U(T)|bin |G,

(4)

where Hen represents the Hamiltonian of the environment.

(6)

where the input (output) state for the environment and
the waveguide is |bin(out)  = |∅en |ψin(out) w , with |∅en
being the vacuum state of the environment.
 t +T The time
evolution operator is U(T) = T exp[−i tii dtH (t)] with
T = tf − ti and T being the time-ordering operator. In
terms of
the representation
√ of unnormalized coherent states
n
|Jkα  = nk Jkαk |nkα / nkα !, the single-photon states of
the waveguide can be rewritten as [53]
δ
|{Jkα },
Jkα →0 δJkα
δ
|1kβ  = lim
|{Jkβ }.
Jkβ →0 δJkβ
|1kα  = lim

(7)
(8)

Expressing coherent states in terms of displaced vacuum
states, we obtain the transition amplitude (6),


A(T) =

lim

Jkα(β) →0

δ
δJkβ

∗

δ
AJ (T),
δJkα

(9)

where

AJ (T) = MJ (T)G|b {0kβ }|UJ (T)|{0kα }b |G

(3)

i,α=r,l

(5)

with Hint (t) = eiHWG t Hint e−iHWG t . For single-photon scattering, the input and output states for the waveguide
are respectively |ψin w = exp(isα ckti )|1kα  and |ψout w =
exp(isβ cktf )|1kβ , where k is the momentum of the photon;
α, β = l, r label the propagation directions of the input and
output photons; ti and tf are the initial and ﬁnal times of
the scattering process. The atom array is assumed to be in
the ground state |G. Therefore, the scattering process can
be formulated as the transition between input and output
states

i=even

i=odd

Hint = g

can be written as

(1)

where âl (âr ) and âl (âr ) are respectively the creation and
annihilation operators for the left (right) propagating photons; sr = +1, sl = −1 represent the right- and left-moving
photons; c is the photon velocity in the waveguide. The
topological
 atom array is described by the free energy
H0 = i ω0 σi+ σi− and the SSH Hamiltonian [74]
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(10)

with MJ (T) = exp(|Jkα |2 e−isα ckT + |Jkβ |2 e−isβ ckT ) and the
vacuum states of the environment and waveguide
|{0kα/kβ }b = |∅en |{0kα/kβ }. Comparing with U(T), the
 t +T
displaced time evolution operator UJ (T) = T exp −i tii
dt[H (t) + Hd (t)] contains an eﬀective driving term
Hd (t) =



− −isβ ck(tf −t)
+ −isα ck(t−ti )
∗
Jk,β
σk,s
e
+ Jk,α σk,s
e
α
β

k

(11)
B. Multichannel photon scattering
Let us now study the photon scattering by the topological atom array. In the interaction picture, Hamiltonian (4)

√ 
−
= (1/ N ) i gσi− exp[−i(k ± k0 )xi ]. After
with σk,±
tracing out degrees of freedom of the environment and
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waveguide, we obtain

respectively

 
AJ (T) = MJ (T)G|T exp −i

ti +T

dt[Heﬀ + Hd (t)] |G,

t(δω) = 1 − i

ti

j

(12)

where Heﬀ is the eﬀective Hamiltonian. By taking the
functional derivatives of Eq. (12), we apply the quantum
regression theorem to obtain the single-photon transmission and reﬂection amplitudes [53]
t = 1 − i



Gij exp[isα k0 (−xi + xj )],

(13)

i,j

r = −i



Gij exp[isα k0 (xi + xj )],

(14)

i,j

where  = g 2 /c denotes the spontaneous emission rate to
the waveguide and the Gij are matrix elements of Green’s
function
G=

1
.
δω − Heﬀ

(15)

Here, δω = ck is the frequency diﬀerence between the
incident photon and atoms, and the eﬀective Hamiltonian
becomes
Heﬀ = HSSH + Hen + HWG

(16)

under the Markovian approximation. Speciﬁcally,
Hen = −i0



σi+ σi−

(17)

i

with 0 being the decay rate to the environment, and
HWG = −i



eik0 |xi −xj | σi+ σj− .

(18)

i,j

The Hamiltonian HWG represents the long-range interaction from the light-atom coupling in Eq. (3) [52,76]. It is
clear that Heﬀ is non-Hermitian. The interplay of the coherent dynamics governed by the SSH Hamiltonian HSSH
and the incoherent interaction HWG determines the photon
transport.
Compared with the optical responses [52,53] of the
nontopological atom array without direct interaction, i.e.,
J0 = 0, the topological atom array has a profound inﬂuence on the photon transport. In terms of eigenmodes
of the waveguide-interfaced topological atom array, the
amplitudes for the photon transmission and reﬂection are

 V† |ψjR ψjL |V

r(δω) = −i

δω − j + ij

 V |ψjR ψjL |V
j

δω − j + ij

,

,

(19)

(20)

where V = (eisα k0 x1 , eisα k0 x2 , . . .) with sl = −1 and sr =
+1 for the left- and right-propagating photons, respectively; and the right and left eigenvectors |ψjR  and |ψjL 
of Heﬀ in Eq. (16) form the biorthogonal basis, i.e.,
ψjL |ψjR  = δjj [77]. The real and imaginary parts of E,
i.e., j and j = −Im(Ej ), denote the energy shift and
the eﬀective decay of the j th mode in Heﬀ , respectively.
Furthermore, j = 0 + ˜ j , where ˜ j denotes the collective decay induced by the dissipative interaction Hw . The
numerators in Eqs. (19) and (20) characterize the changes
of photonic states produced by the eigenmodes in the transmission and reﬂection processes. In our system, the edge
state is regarded as a topological invariant and aﬀects photon transport via the numerators of Eqs. (19) and (20). For
this purpose, we are interested in the scattering properties
of photons which are resonant with the edge state. The
topological features of the array are imprinted in the spatial
proﬁle of the eigenvectors, |ψjR  and ψjL |, and the structure of the spectrum, all of which eventually determine the
photon transport.
Collective many-body states are essential for photon
transport. In the unstructured atom arrays, i.e., without
direct interaction between atoms, photon scattering is dominated by a superradiant state with decay rate proportional
to N  at mirror conﬁgurations [78]. This superradiant state
gives rise to large Bragg reﬂection via collective enhancement [78–81]. Besides, there are many subradiant states,
which can be employed for photon storage [82]. In the
structured atom arrays with direct interactions, the manybody states become more complex due to the interplay
between the waveguide-mediated interaction and the interaction in the many-body system. To explore the advantage
of topology in manipulating photon transport, we consider
the strong topological regime, i.e., J0  . The edge and
bulk states in the topological atom array provide distinctive
scattering channels. The multichannel scattering approach
provides a convenient way for studying light-matter interaction in the photon transport process.
C. Topologically protected edge-state channel
In the strong topological regime, one can expect that
the localized edge state survives. In Fig. 1(d), we show
the real part  = Re(E) of the energy spectrum E of Heﬀ
for J0  . The spectrum has the periodicity λ0 = 2π/k0
in d. As the atomic spacing d varies from 0 to λ0 , the
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spectrum of bulk states is signiﬁcantly changed due to
the long-range interaction mediated by waveguide photons [65]. However, since the edge state is topologically
protected from the bulk modes by the bandgap, it is only
slightly shifted. In particular, both the left and right halves
of the spectrum have π rotational symmetry with respect
to (d, ) = (λ0 /4, 0) and (3λ0 /4, 0), respectively. In other
words, at d = λ0 /4 and d = 3λ0 /4, the edge state has no
energy shift from the coupling to waveguide. This protection comes from the chiral symmetry in the SSH atom
array, which leads to polarization of the edge state. The
wave function of the left edge state is


1 
ϕ i−1
(i−1)/2
|αj0  = √
(−1)
tan
|i,
2
N i=odd

αj0 |Heﬀ |αj0  = αj0 |HWG |αj0  − i0 .

Superradiant bulk states
Bandgap

...

...
ω

(b)

Topological edge state
FIG. 2. (a) Multichannel scattering for the topological atom
array. In the waveguide-interfaced topological atom array, there
are a few bulk states with huge decay rates. These superradiant bulk states are also important for the photon scattering. The
pink and gray shapes denote the linewidths of the corresponding
eigenmodes. (b) Anisotropic optical response via the channel of
the topological edge state.

(22)

At d = λ0 /4 and d = 3λ0 /4, the coherent part of HWG contains only the coupling between odd- and even-site atoms.
Because of the odd-site polarization of the edge state, we
can have
Re[αj0 |HWG |αj0 ] = 0.

(a)

(21)

where j0 denotes the edge state and N is the normalization factor. Here, |i = σi+ |G with |G the ground state
of the atom array. Therefore, the average of the eﬀective
Hamiltonian for the edge state is
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(23)

Namely, the edge state is topologically protected at d =
λ0 /4 and d = 3λ0 /4. At d = 0, λ0 /2, and λ0 , the coherent part in HWG is vanishing, giving rise to zero shift.
In other spacings, the edge state is not protected from
the waveguide-mediated interaction and has energy shift.
In Fig. 1(e), we show the transmission spectra for d =
λ0 /4, λ0 /2, and 3λ0 /4. The diﬀerent linewidths of the
transmission at ω = 0 are determined by the decay rate
of the edge mode. Dips appear in the transmission spectra
when the incident photon is resonant with the bulk states
of frequency around ±2J0 .
The bandgap in the topological atom array induces a
large nonlinearity for the edge state, as shown in Fig. 2(a).
As a consequence, the topological atom array can be modeled as a superatom [72] with nontrivial edge and bulk
states. Such nonlinearity is important for probing and
manipulating edge states [71–73,75]. Here we ﬁnd that
the bandgap is crucial for controlling the photon transport
in the waveguide. The multichannel formulas for photon
transport in a waveguide, Eqs. (19) and (20), show that
a photon can be scattered by bulk states even though it
is resonant with the edge state. It has been shown that
there are subradiant many-body states in the 1D atom array
that is coupled to a waveguide [82,83]. The subradiance

means weak couplings to photonic modes in the waveguide. Therefore, the bandgap can get rid of the inﬂuence
of these subradiant states in scattering processes if the frequency of the incident photon is in the bandgap, as shown
in Fig. 2(a). However, the superradiant bulk states are
involved in the scattering when the bandgap is not large
enough. Therefore, the bandgap provides a way to tune the
photon scattering by balancing the waves scattered from
edge and bulk states.
D. Photon detector: qubit versus topological
superatom
To understand and utilize the multichannel scattering
theory, we go back to the scattering problem of a single
particle. For a single qubit, the amplitudes of transmission
and reﬂection are described by [32–34]
1
,
δω + i( + 0 )
1
,
r1 (δω) = −i
δω + i( + 0 )
t1 (δω) = 1 − i

(24)
(25)

with r1 = t1 − 1. In single-qubit photon scattering, the
detuning and decay rates determine the scattering processes. For example, at resonant driving δω = 0, the photon is almost reﬂected for a large Purcell factor / 0 . The
single-qubit controlled photon transport is useful for quantum control and information processing [84–87]. A single
qubit can also be used as a photon detector. However, the
detection eﬃciency η1 = 1 − |t1 |2 − |r1 |2 of a single-qubit
detector has an upper limit of 50%. In order to improve
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the detection eﬃciency, various approaches have been
suggested, e.g., using a three-level atom [88,89], which
has been realized in experiments [90,91] with a detection eﬃciency of 60% ∼ 70%. To achieve a reliable signal
measurement for quantum computation, high-eﬃciency
detection is required.
The topological atom array, or topological superatom
formed by the edge and bulk states, shows an alternative
strategy for quantum detection. For the single-qubit scattering, transmission and reﬂection processes are the same.
In the multichannel scenario, transmission and reﬂection
processes are diﬀerent because of the eﬀective couplings
between output photons and many-body states. In the topological atom array, edge and bulk states provide separated
scattering channels because of their distinctive properties
in light-matter interaction [75]. In particular, the edge state
plays an important role due to its topological features. In
the following, we present the mechanism for single-photon
detection via topology-enhanced optical nonreciprocity.
III. NONRECIPROCAL PHOTON TRANSPORT
Photon scattering is related to intrinsic properties of
a quantum many-body system. In this section, we show
how topological degrees of freedom of the atom array
nontrivially aﬀect photon transport in the waveguide.
A. Topological edge state and anisotropy in the optical
response
The topological edge state is localized at the boundary of
the system. This localization is a distinction between edge
and bulk states. Depending on the degree of localization,
the edge state may have diﬀerent couplings to the waveguide, and decay rates. As we consider a single edge state in
the system, the edge-state channel does not have inversion
symmetry. The inversion symmetry breaking introduces

anisotropy in the optical response, as schematically shown
in Fig. 2(b). The anisotropy is found in the photon reﬂection, i.e., nonreciprocal reﬂection. In Fig. 3(a), we show
the transmission and reﬂection spectra for the left- and
right-incident photons, where the transmission is reciprocal. Here, Rα (δω) = |rα (δω)|2 and Tα (δω) = |tα (δω)|2 ,
where α = r, l represents the right- or left-incident direction of the input photon. However, reﬂections for the leftand right-incident photons are diﬀerent, when the incident
photon is resonant with the edge state.
In Fig. 3(a), we can also ﬁnd nonreciprocal reﬂection
when the incident photon is resonant with bulk states.
Indeed, the nonreciprocal reﬂection can be observed in
atom arrays with broken inversion symmetry, as we study
below. However, it should be noted that topology plays a
unique role in enhancing the nonreciprocity.
B. Special spacing
We now study the optical response of the topological
atom array. To characterize the anisotropic feature, we
deﬁne the reﬂection nonreciprocity
R = |Rl (0) − Rr (0)|,

where the incident photon is assumed to resonate with
the edge state. In the waveguide-interfaced topological
atom array, the edge state at spacings d = λ0 /4 and d =
3λ0 /4 is not shifted, i.e.,  = 0, as shown in Fig. 1(d).
This means that at these two spacings the edge state
is exactly protected. By increasing the topological nonlinearity (by enlarging the bandgap), the nonreciprocity
behaves diﬀerently at these two spacings. In our model,
the bandgap (proportional to J0 ) controls the nonlinearity
[see Fig. 1(b)].
Figure 3(b) shows R versus the spacing d and the
interaction parameter J0 . As expected, for vanishing J0 ,
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FIG. 3. (a) Transmission and reﬂection of a single photon through a topological atom array. Red dashed (black dash-dot) and blue
dotted (green solid) curves denote the reﬂection (transmission) for left- and right-incident photons, respectively. Reﬂections from the
left and right are diﬀerent at resonance. (b) Nonreciprocity changes with atomic spacing d and coupling parameter J0 . When J0 is zero,
there is no nonreciprocity. When J0 is large, the nonreciprocity has a maximum at d = 3λ0 /4. (c) Reﬂection for left- and right-incident
photons, represented by Rl and Rr , at atomic spacings d = λ0 /4 and d = 3λ0 /4. We consider 0 /  = 0.05 in (a),(b), J0 /  = 8 in
(a),(c), d = 3λ0 /4 in (a), ϕ = 0.3π , atom number N = 11 in (a)–(c).
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C. Reﬂection nonreciprocity versus broken
time-reversal and inversion symmetries

0

The time-reversal symmetry of the system (topological
atom array + waveguide) is broken by 0 . As shown by
the transmission and reﬂection versus 0 in Fig. 4(a), the
reciprocity of the reﬂection for 0 = 0 results from timereversal symmetry. When 0 increases, in contrast to the
almost unchanged reﬂection of the left-incident photon,
the reﬂection of the right-incident photon exhibits nonmonotonic behavior, which reaches its minimum at 0m .
For the right-incident photon, the decrease of reﬂection is
much faster than the increase of transmission. The nonconserved photon number suggests that the photon is lost
to the environment. A surprising fact is that the photon loss
is quite large even with small 0 / . In addition, the transmissions of left- and right-incident photons are reciprocal
and slightly changed as 0 varies.
The enhanced nonreciprocity is produced by the broken inversion symmetry. In Fig. 4(b), 0m versus ϕ is
plotted for N = 11 and 21. For 0 ≤ ϕ < π/2, the edge
mode appears on the left boundary. Therefore, the inversion symmetry is broken. When ϕ is equal to π/2, the
inversion symmetry is restored. As ϕ approaches π/2, 0m
increases very fast. We can infer from Fig. 4(a) that the
reﬂection nonreciprocity disappears for ϕ → π/2. When
ϕ is away from π/2, 0m is reduced to very small values. This means that at these values, a large reﬂection
nonreciprocity can be obtained (we assume 0 /  to be
small). The nonreciprocity versus ϕ is shown in the inset of
Fig. 4(b). The red dashed and blue solid curves correspond
to N = 11 and N = 21, respectively. As expected, the nonreciprocity reduces to zero as ϕ is increased to π/2. The
increase of N can further reduce 0m . As a consequence,
a tiny environment-induced decay is able to yield a huge
nonreciprocity.

1.2

(a)
Transmission

the reﬂection is reciprocal. As J0 increases, the position of
the spacing d at which the maximal nonreciprocity appears
changes accordingly. For relatively large J0 , the maximal
nonreciprocity appears at d = 3λ0 /4, which we refer as a
“special spacing.” The nonreciprocity induced by large J0
at d = 3λ0 /4 uncovers the nontrivial role of topology in
altering the optical response. However, the nonreciprocity at another topology-protected spacing d = λ0 /4 is very
small and is hardly changed by J0 . In Fig. 3(c), we compare the reﬂections for d = λ0 /4 and d = 3λ0 /4 versus
0 / . The environment-induced decay 0 alters the nonreciprocity at these two spacings. Large nonreciprocity can
be realized with a tiny 0 /  for d = 3λ0 /4. At d = λ0 /4,
the nonreciprocity is small for tiny 0 / . But, it can
be increased when 0 /  grows. By considering diﬀerent
values of 0 / , the largest nonreciprocity is realized at
d = 3λ0 /4.
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0

ϕ

FIG. 4. (a) Eﬀect of broken time-reversal symmetry. Reﬂections and transmissions for left- and right-incident photons
change with 0 . The reﬂection Rr (blue solid curve) for the
right-incident photon is sensitive to 0 and reduces to zero when
0 /   0.0246. The transmissions for left- and right-incident
photons, respectively denoted by green solid and black dotted
curves, are the same. (b) Broken inversion symmetry (0 < ϕ <
π/2). Parameter 0m , deﬁned by Rr ( = 0m ) = 0, versus ϕ.
The inset shows the nonreciprocity versus ϕ for 0 /  = 0.05.
The red dashed and blue solid curves correspond to N = 11 and
N = 21, respectively. We consider ϕ = 0.3π , N = 21 in (a), and
J0 /  = 8, d = 3λ0 /4 in (a),(b).

IV. TOPOLOGICAL MATTER-LIGHT
INTERACTION
To understand the topology-enhanced reﬂection nonreciprocity found above, we need to study topological
matter-light interactions in the scattering processes. By
means of the multichannel scattering formulas, in the following we elucidate the distinctive roles played by the
edge state and bulk states in the exotic optical response.
A. Interaction spectra
The multichannel scattering formulas, Eqs. (19)
and (20), show that photon propagation is inﬂuenced by
the many-body states of the waveguide-interfaced atom
array. To study the light-matter interaction in the photon
scattering, we deﬁne the interaction spectra
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˜ j = V† |ψjR ψjL |V,


(28)

i.e., the numerators in Eqs. (19) and (20), which show the
transformations of the photon states k → −k and k → k
in the reﬂection and transmission processes. The interaction spectra can be understood as overlaps of propagating
photon modes and eigenmodes of the eﬀective Hamiltonian in the scattering processes. The symmetry-protected
interaction in the topological atom array introduces nontrivial many-body states, including the topological edge
state, with real wave functions. However, by considering
the waveguide-mediated non-Hermitian Hamiltonian, the
eﬀective modes have complex amplitudes in their wave
functions.
It turns out that, for vanishing direct interactions, i.e.,
˜ j ) are the same for the left- and rightJ0 = 0, the j (
incident photons. At ϕ = 0.5π , nonzero J0 makes j
diﬀerent for left- and right-incident photons. When J0 is
much larger than , the edge state is separated from the
bulk states. We can employ perturbation theory to obtain
an eﬀective edge state. Therefore, the eﬀective edge state
can be approximately written as
|ψjR0  ≈ |αj0  +

 αj |H |αj 
0
|αj 
ε
−
ε
j
j
0
j =j

transmission interaction spectrum for the photon with a
˜ j . The isotropic transdiﬀerent direction compared to 
0
mission and anisotropic reﬂection can also be found for
bulk-state channels by considering high-order perturbations. Namely, the interaction spectra for reﬂection and
transmission are anisotropic and isotropic, respectively.
In Fig. 5(a), we show the ratio between interaction
spectra of reﬂection for photons coming from diﬀerent
directions
ζj0 =

|lj0 |

(34)

|rj0 |

(blue solid curve) as a function of d at J0 /  = 8, where l
(r) represents the left-incident (right-incident) photon. It is
clear that ζj0 has a minimum at d = 3λ0 /4, which implies a
small overlap of the left-propagating photon and the edge
state at d = 3λ0 /4 during the reﬂection process. In other
words, the left-incident photon barely couples to the eﬀective edge state; however, the right-incident photon strongly
couples to it. The blue dashed line represents the ratio
between interaction spectra of transmission for left- and
right-incident photons

(29)

˜ lj |
|
ζ̃j0 = r0 .
˜j |
|

0

and

(35)

0

ψjL0 | ≈ αj0 | +

 αj |H |αj 
0
αj |,
ε
j0 − εj
j =j

(30)

0

where H = Hen + HWG and the εj are energies of HSSH
with eigenvectors |αj . As a consequence, the interaction
spectrum of the edge-state channel in the reﬂection process
can be written as

j0 ≈ Xj0 j0 −
(aj Xjj0 + bj Xj0 j ),
(31)
j =j0

where Xlk = αl |VV |αk , aj = αj0 |H |αj /εj , and bj =
αj |H |αj0 /εj . Similarly, for the transmission process,
˜ j ≈ Yj j −

0
0 0



(aj Yjj0 + bj Yj0 j ),

ξj =

(32)

j =j0

with Ylk = αl |VV† |αk . The reﬂection interaction spectrum for the photon with
a diﬀerent incident direction to
Eq. (31) is j0 = Xj∗0 j0 − j =j0 (aj Xjj∗0 + bj Xj∗0 j ). Because
H is non-Hermitian,
|j0 | = |j0 |.

Distinctive to the nonreciprocity in the reﬂection process,
a reciprocal behavior is found for the transmitted photon.
The inset of Fig. 5(a) shows ζj0 at d = 3λ0 /4 as J0 is
changed. When J0 is large enough, ζj0 approaches 1. This
means that the scattering channel of the edge state loses the
reﬂection nonreciprocity when bulk states are negligible in
the system. Therefore, the bandgap controls the eﬀective
edge state and alters the nonreciprocal behavior of the
edge-state scattering channel.
By taking account of detunings and decay rates, the
contributions from eigenmodes to reﬂection can be characterized via

(33)

For the transmission, because H is a symmetric matrix,
˜j =
˜ j , where 
˜ j denotes the
it can be shown that 
0
0
0

j 
−j + i(0 + ˜ j )

.

(36)

Because we assume that the edge state is resonantly driven,
j0 = 0. In Figs. 5(b) and 5(c), the absolute values of different components ξj explicitly show the tiny and large
contributions from the edge mode for the left- and rightincident photons, respectively. With a large bandgap, the
eﬀective edge state diﬀerentially scatters photons coming
from diﬀerent directions. Moreover, there are pairs of bulk
states that have large scattering amplitudes and change
with ϕ. Comparing with the eﬀective edge state, these
scattering channels of superradiant bulk states are less
anisotropic. The distinctive optical properties of edge-state
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1.00

(f)
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0.1

–30
11

61

N

0.41
0

ϕ
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FIG. 5. (a) Relative strength for edge state reﬂecting photons coming from the left and right directions. Here, we deﬁne ζj0 =
˜ lj /
˜ rj |. The blue solid and blue dashed curves respectively represent ζj and ζ̃j . The scattering process of
|lj0 /rj0 | and ζ̃j0 = |
0
0
0
0
transmission is found to be reciprocal. However, the reﬂection process is nonreciprocal. For given parameters, ζj0 has a minimum
at d = 3λ0 /4. Panels (b) and (c) show |ξj | (j = 1, 2, . . . , N ) for photons coming from the left andright, respectively. The vertical
axis labels the eigenmodes of Heﬀ . (d) Absolute values of ξe = ξj0 (blue dashed curve) and ξb = j =j0 ξj (red solid curve), which
correspond to the edge mode and bulk modes, for the right-incident photon. (e) The scaling behaviors between ln ˜ j0 and N at diﬀerent
ϕ. (f) The β factor of the edge state (blue square) and photon absorption η (red star) for the right-incident photon at 0 = 0m . We
consider J0 /  = 8, d = 3λ0 /4 for (a)–(f), ϕ = 0.3π for (a),(d), N = 21 for (a)–(d),(f), 0 /  = 0.05 for (a)–(c).

and bulk-state channels show the importance of topology
in controlling photon transport.
The anisotropic interaction spectra for the reﬂection
j are prerequisite for nonreciprocal reﬂection. Another
essential condition is the environment-induced decay 0 . If
0 is zero, the reﬂection is reciprocal, due to the conservation of the photon number. When 0 is tiny, ξj0 can be signiﬁcantly changed because of the subradiance of the edge
state. But those ξj for bulk states are hardly changed by a
small 0 because of the bandgap. As a result, the nonreciprocal reﬂection of the photon is produced by considering
all scattering channels. In other words, the nonreciprocity
is produced by diﬀerent roles of 0 in changing the ξj of
resonant and nonresonant scattering channels. If the resonant channel is subradiant, large nonreciprocity can be
realized by small 0 / .
B. Quenched reﬂection via destructive interference
between waves reﬂected by edge and bulk modes
For the right-incident photon, due to the ﬁnite coupling
to the edge mode, the interference of waves reﬂected by
the edge mode and bulk modes gives rise to the left outgoing wave. In Fig. 5(d), absolute values of the contributions
from the edge and bulk modes, i.e.,
ξe = ξj0 ,

ξb =


j =j0

ξj ,

(37)

are shown for the right-incident photon at ϕ = 0.3π . For
a closed system without 0 , the contributions from the
edge mode and bulk modes are ξe = 2eiφ0 and ξb = −eiφ0 ,
respectively, with φ0 = π/2. Note that there is a π phase
shift for the reﬂected waves from the edge and bulk modes.
As a consequence, the photon is completely reﬂected.
When the environment-induced decay 0 is turned on,
the reﬂection ξb ∼ −eiφ0 from bulk states is hardly aﬀected
by the small 0 , since |j =j0 | or ˜ j =j0 are much larger
than 0 . However, because the edge mode has zero energy
and a tiny decay rate ˜ j0 at the special atomic spacing
d = 3λ0 /4, the small 0 drastically reduces the reﬂection ξe = eiφ0 from the edge mode by half when 0 = ˜ j0 ,
which induces a vanishing reﬂection
ξe + ξb ∼ 0

(38)

and maximal nonreciprocity. Here, the tiny decay rate of
the edge state is signiﬁcant to achieve an enhanced nonreciprocity. We ﬁnd that, for some values of ϕ, the collective
decay rate for the eﬀective edge state at d = 3λ0 /4 exhibits
a scaling,
˜ j0 ∼ exp(−νN ),

(39)

as shown in Fig. 5(e). Because of this scaling behavior,
0m ∼ ˜ j0 decreases as the size of the array increases, in
good agreement with Fig. 4(b). However, when ϕ is close
to π/2, such scaling behavior in Eq. (39) breaks down. The
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eﬀective edge state may have a high decay rate for a large
atom array. Therefore, a large 0 is required to cancel the
reﬂection. In this scenario, the transmission is increased
[see Fig. 4(a)], leading to reduced nonreciprocity.

when 0 is much larger than . However, the topological
atom array enhances photon absorption for 0 /   1.
The enhancement at this regime is useful photon detection
in superconducting quantum circuits.

C. Topology-enhanced absorption of photon

V. IMPLEMENTATION AND APPLICATION

Quantum scattering by edge and bulk modes yields an
anomalous photon transport. We now use the beta factor
[92,93]

A. Scheme for superconducting quantum circuits

β=

˜ j0

(40)

˜ j0 + 0

to characterize the photon decay from the edge mode
to the waveguide. When a single atom is coupled with
the waveguide, a higher beta factor corresponds to larger
photon emission to the waveguide [94,95]. However, our
study shows that, due to the interference between reﬂective
waves from edge and bulk modes, the photon in the waveguide totally emits to the environment even with a high beta
factor, e.g., β ∼ 1/2, as presented in Fig. 5(f). Here, the
photon absorption from the waveguide is represented by
η = 1 − T r − Rr

(41)

for a right-incident photon. As the beta factor becomes one
half, the absorption eﬃciency is highest.
In Fig. 6, we show the photon absorption for a single
atom, an atom array without direction interaction, and also
for a topological atom array. The single atom has its largest
photon absorption η = 0.5 at 0 /  = 1. The absorption
can be enhanced by increasing the number of atoms in
the array [89]. The complete absorption can be realized

Photon absorption η

Topology-enhanced absorption
Nontopological atom array
1

0

Topological atom array

Single atom
0

1

2

3

4

5

FIG. 6. Photon absorption from the waveguide. Blue solid, red
dashed, and green dotted curves correspond to the topological
atom array, single atom, and nontopological atom array without direct interaction, respectively. The topological atom array
enhances photon absorption for 0 /   1. We consider N =
21, d = 3λ0 /4 for the atom array and topological atom array,
J0 /  = 8, ϕ = 0.3π for the topological atom array.

Superconducting quantum circuits provide versatile
interfaces for light-matter interactions [96–98], and have
advanced controllability in atom-atom interaction and
light-atom coupling [99–102]. Topological atom arrays
[71,73] and waveguide-interfaced multiatom systems
[103–108] have been realized. Moreover, the topologyenhanced photon absorption at 0 /   1 is observable in
superconducting quantum circuits, because of the strong
coupling between superconducting artiﬁcial atoms and
microwave waveguides. In particular, an extremely small
0 /  has been demonstrated, e.g., 0 /  ≈ 0.005 in
Ref. [104]. These experimental achievements in superconducting quantum circuits make it promising to realize the
waveguide-interfaced topological atom array, as shown in
Fig. 7(a). The interaction between superconducting artiﬁcial atoms can be realized via capacitors, as shown in
Fig. 7(b). In addition to superconducting quantum circuits, our model is feasible for other systems where the
direct interaction can be realized, e.g., via dipole coupling
[109–111].
The scattering method studies the optical response of
the system in the asymptotic limit, i.e., T → ∞. However,
during the scattering process, atoms in the array have a
population dynamics [53]. Therefore, by coupling atoms
with resonators, the photon absorption can be directly
observed via measuring excitations of the atoms. Moreover, due to topological protection, the edge atom is mostly
excited. Therefore, the detection of the edge atom simpliﬁes the experimental measurement of the absorption of
the incident photon. For√a left-propagating single-photon
wave package f (k) = γ /π e−ikxN /(k − iγ ) with width
1/γ , the dynamics of the edge atom is shown in Fig. 7(c).
As the incident photon interacts with the topological atom
array, the population of the edge atom is increased and
exhibits nontrivial dynamics. The population dynamics of
the edge atom is related to the width γ of the single photon.
In Fig. 7(c), we consider γ /  = 0.01. The topologyenhanced absorption of light enables the detection of a
weak signal.
In superconducting quantum circuits, the environmentinduced decay can be made very small. In this case, one
can replace the resonators with waveguides, and assume a
weak coupling between atoms and additional waveguides.
Therefore, the decay rate 0 is mainly produced by the
additional waveguide. As a consequence, the photon in
the primary waveguide can be transferred to the additional
waveguide coupled to the edge atom.
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FIG. 7. (a) Waveguide QED with a topological atom array in
superconducting quantum circuits. (b) Interaction between two
superconducting artiﬁcial atoms. (c) Population dynamics of the
ﬁrst atom at the left boundary. The parameters used here are d =
3λ0 /4, J0 /  = 8, ϕ = 0.3π , N = 21, 0 /  = 0.0246.
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B. Eﬀect of imperfections
We have studied optical properties of the topological
atom array. Let us now consider imperfections in the system. In Fig. 8(a), we show the reﬂectional nonreciprocity
of the topological atom array with disordered interactions Ji,i+1 + i between the ith and (i + 1)th atoms. Here,
the i are randomly distributed i ∈ [−, ]. Figure 8(a)
shows how the disorder in atomic interactions aﬀects the
nonreciprocity. Note that around the special atomic spacing d = 3λ0 /4, the nonreciprocity is more sensitive to
the disorder, and far less sensitive elsewhere. Figure 8(b)
shows how the nonreciprocity is changed by disorder in
the atomic positions. For superconducting artiﬁcial atoms
with frequency ω0 = 2π × 6 GHz, the wavelength of photons is λ0 = 0.05 m. The scale of superconducting artiﬁcial
atoms is around 100 μm. Therefore, we consider the position of the ith atom xi = (i − 1)d + τ λ0 with disorder
strength τ ∈ [−0.002, 0.002]. We ﬁnd that, near the special
atomic spacing d = 3λ0 /4, the reﬂectional nonreciprocity R is robust to disorder in the position. Figure 8(c)
shows the photon absorption for the disorder in atomic
interactions i ∈ [−, ]. The disorder aﬀects the photon absorption, but not in a very negative manner. Note

FIG. 8. (a) Reﬂectional nonreciprocity R versus atomic
spacing. The red dashed and blue solid curves correspond to zero
and ﬁnite disorder in atomic interactions. (b) Reﬂectional nonreciprocity for zero (red dashed curve) and ﬁnite (blue solid curve)
disorder in atomic positions. Note the peak in (a),(b) when d =
3λ0 /4. (c) Photon absorption η versus 0 / , where 0 and 
denote atomic decays to the environment and waveguide, respectively. The red dashed and blue solid curves correspond to zero
and ﬁnite disorder in atomic interactions, respectively. Here, we
consider ϕ = 0.3π , J0 /  = 8 in (a)–(c), N = 11, 0 /  = 0.05
in (a),(b), N = 21 in (c).

that a high photon absorption can be obtained for low
values of the environment-induced decay 0 . Therefore,
topology-enhanced photon absorption can still be obtained
in systems with weak or moderate disorder.

VI. DISCUSSION AND CONCLUSIONS
The superradiant and subradiant states are of great
interest for optical phenomena and practical applications
[112,113]. Here, we pinpoint the interplay between
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superradiant and subradiant states in the photon scattering process with topological protection. Our results show
the importance of the topological bandgap in manipulating photon transport. Because of the bandgap, subradiant
bulk states are irrelevant in the optical response when the
incident photon is resonant with the edge state. Therefore, photon transport through the topological atom array
is controlled by the subradiant edge state and superradiant bulk states. Waves scattered by the edge and bulk
states have destructive quantum interference, giving rise
to zero reﬂection. Our study is based on the multichannel
scattering theory, in which the interaction spectra characterize light-matter interaction in the transport process and
help us to understand the relation between the unconventional complete photon absorption and topology-protected
many-body states.
Waveguide QED has a wide range of applications,
including quantum computation, quantum network, and
quantum devices [29–31]. Photon detection plays a fundamental role in the waveguide QED. For a single-qubit
photon detector, the detection eﬃciency has an upper limit
of 50%. By increasing the number of qubits, the detection eﬃciency can be increased for low-coherence qubits,
i.e., with large environment-induced decay. In superconducting quantum circuits, which are promising for quantum computation, this multiqubit scheme is not eﬃcient
because of the long coherence times of superconducting
qubits. We here show that the topological array is able to
realize high-eﬃciency photon detection with long coherence qubits. We employ the topological protection of lightmatter interaction in the waveguide. A small environmentinduced decay 0 can yield large nonreciprocal reﬂection
due to the subradiant edge state with topological protection. Hence, the photon can be perfectly absorbed and
detected. Our work presents an alternative way to realize complete photon absorption [114,115]. The topological
matter-light interaction is not only useful for photon detection as we study here, but also promising for topological
quantum nondemolition measurement of Majorana qubits
[116]. Because of diverse types of topological matter,
the topological matter-light interaction might be studied
in other systems, e.g., with multiatom interactions [117].
Recently, the interfaces between topological waveguides
and atoms have been investigated [118–120], enabling the
study of the topological light-matter interaction.
In conclusion, in this work, we study topology-protected
light-matter interaction and show the potential of a topological atom array for enhancing quantum detection of
single photons. We ﬁnd that the photon reﬂection by
the topological atom array is nonreciprocal, due to broken time-reversal and inversion symmetries. We explicitly
show the advantage provided by topology: the realization
of large nonreciprocity only requires the weak breaking of
time-reversal symmetry. We show that, for the topological atom array with large bandgap, the nonreciprocity is

maximal at an atomic spacing d = 3λ0 /4, in which the
edge state shows the subradiance with scaling proportional
to exp(−νN ). A topology-enhanced photon absorption
from the waveguide takes place for / 0  1, where
 and 0 are the decays to the waveguide and environment, respectively. This topology-protected single-photon
detection can be beneﬁcial for quantum computation in
superconducting quantum circuits. Our work demonstrates
the importance of topology in light-matter interacting phenomena, and sheds light on topology-protected quantum
photonics.
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S. Mahmoodian, M. Čepulkovskis, S. Das, P. Lodahl,
K. Hammerer, and A. S. Sørensen, Strongly Correlated
Photon Transport in Waveguide Quantum Electrodynamics with Weakly Coupled Emitters, Phys. Rev. Lett. 121,
143601 (2018).
T. Caneva, M. T. Manzoni, T. Shi, J. S. Douglas, J. I. Cirac,
and D. E. Chang, Quantum dynamics of propagating photons with strong interactions: A generalized input–output
formalism, New J. Phys. 17, 113001 (2015).
T. Shi, D. E. Chang, and J. I. Cirac, Multiphoton-scattering
theory and generalized master equations, Phys. Rev. A 92,
053834 (2015).
J. Ruostekoski and J. Javanainen, Emergence of Correlated
Optics in One-Dimensional Waveguides for Classical and
Quantum Atomic Gases, Phys. Rev. Lett. 117, 143602
(2016).
A. F. Kockum, G. Johansson, and F. Nori, DecoherenceFree Interaction between Giant Atoms in Waveguide
Quantum Electrodynamics, Phys. Rev. Lett. 120, 140404
(2018).
M. Huo and Y. Li, Absorption and delayed reemission in
an array of atoms strongly coupled to a waveguide, Phys.
Rev. A 102, 033728 (2020).
Z. Liao, X. Zeng, S.-Y. Zhu, and M. S. Zubairy, Singlephoton transport through an atomic chain coupled to a
one-dimensional nanophotonic waveguide, Phys. Rev. A
92, 023806 (2015).
R. J. Bettles, S. A. Gardiner, and C. S. Adams, Cooperative eigenmodes and scattering in one-dimensional atomic
arrays, Phys. Rev. A 94, 043844 (2016).
Y. Ke, A. V. Poshakinskiy, C. Lee, Y. S. Kivshar, and
A. N. Poddubny, Inelastic Scattering of Photon Pairs in
Qubit Arrays with Subradiant States, Phys. Rev. Lett. 123,
253601 (2019).
R. Mitsch, C. Sayrin, B. Albrecht, P. Schneeweiss, and
A. Rauschenbeutel, Quantum state-controlled directional

[61]

[62]
[63]

[64]

[65]

[66]
[67]
[68]

[69]

[70]

[71]

[72]

[73]

[74]
[75]

[76]

[77]

044041-14

spontaneous emission of photons into a nanophotonic
waveguide, Nat. Commun. 5, 1 (2014).
R. Jones, G. Buonaiuto, B. Lang, I. Lesanovsky, and B.
Olmos, Collectively Enhanced Chiral Photon Emission
from an Atomic Array near a Nanoﬁber, Phys. Rev. Lett.
124, 093601 (2020).
N. Gheeraert, S. Kono, and Y. Nakamura, arXiv:2004.
01924 (2020).
S. Okaba, T. Takano, F. Benabid, T. Bradley, L. Vincetti,
Z. Maizelis, V. Yampol’skii, F. Nori, and H. Katori, Lambdicke spectroscopy of atoms in a hollow-core photonic
crystal ﬁbre, Nat. Commun. 5, 1 (2014).
A. Goban, C.-L. Hung, J. D. Hood, S.-P. Yu, J. A. Muniz,
O. Painter, and H. J. Kimble, Superradiance for Atoms
Trapped along a Photonic Crystal Waveguide, Phys. Rev.
Lett. 115, 063601 (2015).
P. Solano, P. Barberis-Blostein, F. K. Fatemi, L. A.
Orozco, and S. L. Rolston, Super-radiance reveals inﬁniterange dipole interactions through a nanoﬁber, Nat. Commun. 8, 1 (2017).
M. W. Johnson, et al., Quantum annealing with manufactured spins, Nature 473, 194 (2011).
R. Barends, et al., Digitized adiabatic quantum computing
with a superconducting circuit, Nature 534, 222 (2016).
D.-W. Wang, C. Song, W. Feng, H. Cai, D. Xu, H. Deng,
H. Li, D. Zheng, X. Zhu, H. Wang, S.-Y. Zhu, and M. O.
Scully, Synthesis of antisymmetric spin exchange interaction and chiral spin clusters in superconducting circuits,
Nat. Phys. 15, 382 (2019).
D. Marcos, P. Widmer, E. Rico, M. Hafezi, P. Rabl,
U.-J. Wiese, and P. Zoller, Two-dimensional lattice gauge
theories with superconducting quantum circuits, Ann.
Phys. 351, 634 (2014).
A. Mezzacapo, E. Rico, C. Sabín, I. L. Egusquiza, L.
Lamata, and E. Solano, Non-Abelian SU(2) Lattice Gauge
Theories in Superconducting Circuits, Phys. Rev. Lett.
115, 240502 (2015).
W. Cai, J. Han, F. Mei, Y. Xu, Y. Ma, X. Li, H. Wang,
Y. P. Song, Z.-Y. Xue, Z.-q. Yin, S. Jia, and L. Sun,
Observation of Topological Magnon Insulator States in
a Superconducting Circuit, Phys. Rev. Lett. 123, 080501
(2019).
W. Nie, Z. H. Peng, F. Nori, and Y.-X. Liu, Topologically
Protected Quantum Coherence in a Superatom, Phys. Rev.
Lett. 124, 023603 (2020).
I. S. Besedin, M. A. Gorlach, N. N. Abramov, I. Tsitsilin, I. N. Moskalenko, A. A. Dobronosova, D. O.
Moskalev, A. R. Matanin, N. S. Smirnov, I. A. Rodionov,
A. N. Poddubny, and A. V. Ustinov, arXiv:2006.12794
(2020).
W. P. Su, J. R. Schrieﬀer, and A. J. Heeger, Solitons in
Polyacetylene, Phys. Rev. Lett. 42, 1698 (1979).
W. Nie and Y.-X. Liu, Bandgap-assisted quantum control
of topological edge states in a cavity, Phys. Rev. Res. 2,
012076 (2020).
A. Gonzalez-Tudela, D. Martin-Cano, E. Moreno, L.
Martin-Moreno, C. Tejedor, and F. J. Garcia-Vidal, Entanglement of Two Qubits Mediated by One-Dimensional
Plasmonic Waveguides, Phys. Rev. Lett. 106, 020501
(2011).
D. C. Brody, Biorthogonal quantum mechanics, J. Phys. A
47, 035305 (2013).

TOPOLOGY-ENHANCED NONRECIPROCAL SCATTERING...
[78] D. E. Chang, L. Jiang, A. Gorshkov, and H. Kimble,
Cavity QED with atomic mirrors, New J. Phys. 14, 063003
(2012).
[79] Y. Chang, Z. R. Gong, and C. P. Sun, Multiatomic mirror
for perfect reﬂection of single photons in a wide band of
frequency, Phys. Rev. A 83, 013825 (2011).
[80] N. V. Corzo, B. Gouraud, A. Chandra, A. Goban, A. S.
Sheremet, D. V. Kupriyanov, and J. Laurat, Large Bragg
Reﬂection from One-Dimensional Chains of Trapped
Atoms Near a Nanoscale Waveguide, Phys. Rev. Lett. 117,
133603 (2016).
[81] H. L. Sørensen, J.-B. Béguin, K. W. Kluge, I. Iakoupov, A. S. Sørensen, J. H. Müller, E. S. Polzik,
and J. Appel, Coherent Backscattering of Light Oﬀ
One-Dimensional Atomic Strings, Phys. Rev. Lett. 117,
133604
(2016).
[82] A. Asenjo-Garcia, M. Moreno-Cardoner, A. Albrecht,
H. J. Kimble, and D. E. Chang, Exponential Improvement in Photon Storage Fidelities Using Subradiance and
“Selective Radiance” in Atomic Arrays, Phys. Rev. X 7,
031024 (2017).
[83] Y.-X. Zhang and K. Mølmer, Theory of Subradiant States
of a One-Dimensional Two-Level Atom Chain, Phys. Rev.
Lett. 122, 203605 (2019).
[84] L. Zhou, S. Yang, Y.-X. Liu, C. P. Sun, and F. Nori, Quantum Zeno switch for single-photon coherent transport,
Phys. Rev. A 80, 062109 (2009).
[85] C.-H. Yan, L.-F. Wei, W.-Z. Jia, and J.-T. Shen, Controlling resonant photonic transport along optical waveguides
by two-level atoms, Phys. Rev. A 84, 045801 (2011).
[86] B. Peropadre, J. Lindkvist, I.-C. Hoi, C. M. Wilson,
J. J. Garcia-Ripoll, P. Delsing, and G. Johansson, Scattering of coherent states on a single artiﬁcial atom, New J.
Phys. 15, 035009 (2013).
[87] A. P. Foster, D. Hallett, I. V. Iorsh, S. J. Sheldon,
M. R. Godsland, B. Royall, E. Clarke, I. A. Shelykh,
A. M. Fox, M. S. Skolnick, I. E. Itskevich, and L. R. Wilson, Tunable Photon Statistics Exploiting the Fano Eﬀect
in a Waveguide, Phys. Rev. Lett. 122, 173603 (2019).
[88] D. Pinotsi and A. Imamoglu, Single Photon Absorption by
a Single Quantum Emitter, Phys. Rev. Lett. 100, 093603
(2008).
[89] G. Romero, J. J. García-Ripoll, and E. Solano, Microwave
Photon Detector in Circuit QED, Phys. Rev. Lett. 102,
173602 (2009).
[90] Y.-F. Chen, D. Hover, S. Sendelbach, L. Maurer, S. T.
Merkel, E. J. Pritchett, F. K. Wilhelm, and R. McDermott, Microwave Photon Counter Based on Josephson
Junctions, Phys. Rev. Lett. 107, 217401 (2011).
[91] K. Inomata, Z. Lin, K. Koshino, W. D. Oliver, J.-S.
Tsai, T. Yamamoto, and Y. Nakamura, Single microwavephoton detector using an artiﬁcial -type three-level
system, Nat. Commun. 7, 1 (2016).
[92] V. S. C. Manga Rao and S. Hughes, Single quantumdot Purcell factor and β factor in a photonic crystal
waveguide, Phys. Rev. B 75, 205437 (2007).
[93] G. Lecamp, P. Lalanne, and J. P. Hugonin, Very Large
Spontaneous-Emission β Factors in Photonic-Crystal
Waveguides, Phys. Rev. Lett. 99, 023902 (2007).

PHYS. REV. APPLIED 15, 044041 (2021)

[94] M. Arcari, I. Söllner, A. Javadi, S. Lindskov Hansen,
S. Mahmoodian, J. Liu, H. Thyrrestrup, E. H. Lee, J.
D. Song, S. Stobbe, and P. Lodahl, Near-Unity Coupling
Eﬃciency of a Quantum Emitter to a Photonic Crystal
Waveguide, Phys. Rev. Lett. 113, 093603 (2014).
[95] A. B. Young, A. C. T. Thijssen, D. M. Beggs, P. Androvitsaneas, L. Kuipers, J. G. Rarity, S. Hughes, and R. Oulton,
Polarization Engineering in Photonic Crystal Waveguides
for Spin-Photon Entanglers, Phys. Rev. Lett. 115, 153901
(2015).
[96] J. Q. You and F. Nori, Atomic physics and quantum
optics using superconducting circuits, Nature 474, 589
(2011).
[97] X. Gu, A. F. Kockum, A. Miranowicz, Y.-X. Liu, and
F. Nori, Microwave photonics with superconducting quantum circuits, Phys. Rep. 718–719, 1 (2017).
[98] I. Carusotto, A. A. Houck, A. J. Kollár, P. Roushan,
D. I. Schuster, and J. Simon, Photonic materials in
circuit quantum electrodynamics, Nat. Phys. 16, 268
(2020).
[99] O. Astaﬁev, A. M. Zagoskin, A. A. Abdumalikov, Y. A.
Pashkin, T. Yamamoto, K. Inomata, Y. Nakamura, and J.
S. Tsai, Resonance ﬂuorescence of a single artiﬁcial atom,
Science 327, 840 (2010).
[100] I.-C. Hoi, T. Palomaki, J. Lindkvist, G. Johansson, P.
Delsing, and C. M. Wilson, Generation of Nonclassical
Microwave States Using an Artiﬁcial Atom in 1D Open
Space, Phys. Rev. Lett. 108, 263601 (2012).
[101] Z. H. Peng, S. E. de Graaf, J. S. Tsai, and O. V.
Astaﬁev, Tuneable on-demand single-photon source in the
microwave range, Nat. Commun. 7, 1 (2016).
[102] P. Forn-Díaz, J. J. García-Ripoll, B. Peropadre, J.-L.
Orgiazzi, M. A. Yurtalan, R. Belyansky, C. M. Wilson, and A. Lupascu, Ultrastrong coupling of a single
artiﬁcial atom to an electromagnetic continuum in the
nonperturbative regime, Nat. Phys. 13, 39 (2017).
[103] A. F. Van Loo, A. Fedorov, K. Lalumiere, B. C. Sanders,
A. Blais, and A. Wallraﬀ, Photon-mediated interactions between distant artiﬁcial atoms, Science 342, 1494
(2013).
[104] M. Mirhosseini, E. Kim, X. Zhang, A. Sipahigil, P. B.
Dieterle, A. J. Keller, A. Asenjo-Garcia, D. E. Chang,
and O. Painter, Cavity quantum electrodynamics with
atom-like mirrors, Nature 569, 692 (2019).
[105] B. Kannan, M. Ruckriegel, D. Campbell, A. F. Kockum,
J. Braumüller, D. Kim, M. Kjaergaard, P. Krantz,
A. Melville, B. M. Niedzielski, A. Vepsäläinen, R. Winik,
J. Yoder, F. Nori, T. P. Orlando, S. Gustavsson, and
W. D. Oliver, Waveguide quantum electrodynamics with
superconducting artiﬁcial giant atoms, Nature 583, 775
(2020).
[106] B. Kannan, D. Campbell, F. Vasconcelos, R. Winik,
D. Kim, M. Kjaergaard, P. Krantz, A. Melville, B. M.
Niedzielski, J. Yoder, T. P. Orlando, S. Gustavsson, and
W. D. Oliver, arXiv:2003.07300 (2020).
[107] A. M. Vadiraj, A. Ask, T. G. McConkey, I. Nsanzineza,
C. W. Chang, A. F. Kockum, and C. M. Wilson,
arXiv:2003.14167 (2020).
[108] J. D. Brehm, A. N. Poddubny, A. Stehli, T. Wolz, H.
Rotzinger, and A. V. Ustinov, arXiv:2006.03330 (2020).

044041-15

NIE, SHI, NORI, and LIU

PHYS. REV. APPLIED 15, 044041 (2021)

[109] M.-T. Cheng, J. Xu, and G. S. Agarwal, Waveguide transport mediated by strong coupling with atoms, Phys. Rev.
A 95, 053807 (2017).
[110] C. A. Downing, T. J. Sturges, G. Weick, M. Stobińska, and
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