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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 novel optical phenomena. We find
topology-enhanced photon absorption from the waveguide for large Purcell factor, i.e., Γ/Γ0 � 1,
where Γ and Γ0 are the atomic decays to waveguide and environment, respectively. To understand
this unconventional photon absorption, we propose a multi-channel 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 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. Due to 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., Γ0/Γ �
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.

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, Refs. [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]. Due to the large bandgap
separating chiral edge states and bulk states, such
transport is immune to imperfections, randomness and
disorder, and 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
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single atom [32–44] or an atom array [45–51]. In
the subwavelength regime, the interference of photons
emitted from atoms at different positions [52–55]
gives rise to the collective enhancement of photon
transport [56–58] and directional photon emission [59–
61]. In waveguide quantum electrodynamics (QED)
systems, e.g., atoms trapped around nanofibers [62–
64], 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 [65–67], lattice gauge
theories [68, 69], and topological matter [70–72].

In this Letter, 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 Su-Schrieffer-Heeger (SSH) model [73] 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 Γ0/Γ �
1, where Γ and Γ0 denote decays to waveguide and
parasitic modes in the environment, respectively, as
shown in Fig. 1(a). We employ the so-called “multi-
channel scattering” approach to study the light-matter
interaction in the scattering process. By means of this
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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∓cosϕ).
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 Γ and Γ0. 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 5 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), d = λ0/2 (green-dot-dashed) and d = 3λ0/4 (red-solid). Dips around δω = ±2J0 indicate bulk states. In (d)
and (e), we consider J0/Γ = 8, ϕ = 0.3π,Γ0/Γ = 0.05, and atom number N = 11.

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 non-trivial
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 multi-channel scattering
method in terms of effective modes of the waveguide-
interfaced 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 dispersion. The Hamiltonian of the waveguide is
(~ ≡ 1)

Hwg =
∑
α=r,l

∫
dx â†α(x)

(
ω0 − isαc

∂

∂x

)
âα(x), (1)

where â†l (â†r) 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 is described by the free
energy H0 =

∑
i ω0σ

+
i σ
−
i and the SSH Hamiltonian [73]

Hssh =

(
J−

∑
i=odd

σ+
i σ
−
i+1 + J+

∑
i=even

σ+
i σ
−
i+1

)
+ H.c.,

(2)
where σ+

i = |ei〉〈gi| depicts the transition from the
ground state |gi〉 to the excited state |ei〉 of the ith atom,
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and the nearest neighbor flip-flop interactions change
alternatively along the chain as J∓ = J0(1∓cosϕ). Here,
J0 and ϕ are parameters that control the bandgap and
localization of edge states. In Fig. 1(b), energy spectrum
of the topological array with 5 atoms is shown. For arrays
with larger numbers 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 even number of
sites [74], 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
atoms and waveguide can be written as

Hint = g
∑
i,α=r,l

â†α(xi)σ
−
i e
−isαk0xi + H.c., (3)

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, (4)

where Hen represents the Hamiltonian of the environ-
ment.

B. Multi-channel photon scattering

Let us now study the photon scattering by the
topological atom array. In the interaction picture, the
Hamiltonian Eq. (4) can be written as

H(t) = Hssh +Hint(t) +Hen, (5)

with Hint(t) = eiHwgtHinte
−iHwgt. For single-photon

scattering, the input and output states for waveguide are,
respectively, |ψin〉w = exp(isαckti)|1kα〉 and |ψout〉w =
exp(isβcktf )|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

A(T ) = 〈G|〈bout|U(T )|bin〉|G〉, (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. The time

evolution operator is U(T ) = T exp[−i
∫ ti+T
ti

dtH(t)]

with T = tf−ti, and T being the time-ordering operator.
In terms of the representation of unnormalized coherent
states |Jkα〉 =

∑
nk
Jnkkα |nkα〉/

√
nkα!, the single-photon

states of the waveguide can be rewritten as [53]

|1kα〉 = lim
Jkα→0

δ

δJkα
|{Jkα}〉, (7)

|1kβ〉 = lim
Jkβ→0

δ

δJkβ
|{Jkβ}〉. (8)

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

A(T ) = lim
Jkα(β)→0

(
δ

δJkβ

)∗
δ

δJkα
AJ(T ), (9)

where

AJ(T ) =MJ(T )〈G|b〈{0kβ}|UJ(T )|{0kα}〉b|G〉, (10)

withMJ(T ) = exp(|Jkα|2e−isαckT + |Jkβ |2e−isβckT ) and
the vacuum states of the environment and waveguide
|{0kα/kβ}〉b = |∅〉en|{0kα/kβ}〉. Comparing with
U(T ), the displaced time evolution operator UJ(T ) =

T exp−i
∫ ti+T
ti

dt [H(t) +Hd(t)] contains an effective

driving term

Hd(t) =
∑
k

J∗k,βσ
−
k,sβ

e−isβck(tf−t)+Jk,ασ
+
k,sα

e−isαck(t−ti)

(11)

with σ−k,± = (1/
√
N)
∑
i gσ

−
i exp[−i(k ± k0)xi]. After

tracing out degrees of freedom of environment and
waveguide, we obtain

AJ(T ) =MJ(T )〈G|T e−i
∫ ti+T
ti

dt[Heff+Hd(t)]|G〉, (12)

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

t = 1− iΓ
∑
i,j

Gij exp[isαk0(−xi + xj)], (13)

r = −iΓ
∑
i,j

Gij exp[isαk0(xi + xj)], (14)

where Γ = g2/c denotes the spontaneous emission rate to
the waveguide and Gij are matrix elements of the 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 +H ′en +H ′wg, (16)
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under the Markovian approximation. Specifically,

H ′en = −iΓ0

∑
i

σ+
i σ
−
i , (17)

with Γ0 being the decay rate to environment, and

H ′wg = −iΓ
∑
i,j

eik0|xi−xj |σ+
i σ
−
j . (18)

The Hamiltonian H ′wg represents the long-range inter-
action from the light-atom coupling in Eq. (3) [52, 75].
It is clear that Heff is non-Hermitian. The interplay of
the coherent dynamics governed by the SSH Hamiltonian
Hssh and the incoherent interaction H ′wg 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 respectively

t(δω) = 1− iΓ
∑
j

V †|ψRj 〉〈ψLj |V
δω −∆j + iΓj

, (19)

r(δω) = −iΓ
∑
j

V T |ψRj 〉〈ψLj |V
δω −∆j + iΓj

, (20)

where V = (e±ik0x1 , e±ik0x2 , · · · )T for the left- and right-
incident photons, respectively; and the right and left
eigenvectors |ψRj 〉 and |ψLj 〉 of Heff in Eq. (16) form the

biorthogonal basis, i.e., 〈ψLj |ψRj′〉 = δjj′ [76]. The real

and imaginary parts of E, i.e., ∆j and Γj = −Im(Ej),
denote the energy shift and the effective decay of the jth
mode in Heff , respectively. And Γj = Γ0 + Γ̃j , where Γ̃j
denotes the collective decay induced by the dissipative
interaction H ′w. 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, |ψRj 〉 and 〈ψLj |, 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 ∝ NΓ at mirror configurations [77]. This
superradiant state gives rise to large Bragg reflection
via collective enhancement [77–80]. Besides, there are
many subradiant states, which can be employed for
photon storage [81]. In the structured atom arrays with

direct interactions, the many-body 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 � Γ. The edge and bulk
states in the topological atom array provide distinctive
scattering channels. The multi-channel 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 � Γ. The spectrum has the periodicity
λ0 = 2π/k0 in d. As atomic spacing d varies from
0 to λ0, the spectrum of bulk states is significantly
changed due to the long-range interaction mediated by
waveguide photons [64]. 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 the
rotational symmetry by π 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 left edge state is

|αj0〉 =
1√
N

∑
i=odd

(−1)
i−1
2

(
tan

ϕ

2

)i−1

|i〉, (21)

where j0 denotes the edge state and N is the
normalization factor. Here, |i〉 = σ+

i |G〉, with |G〉 being
the ground state of the atom array. Therefore, the
average of effective Hamiltonian for the edge state is

〈αj0 |Heff |αj0〉 = 〈αj0 |H ′wg|αj0〉 − iΓ0. (22)

At d = λ0/4 and d = 3λ0/4, the coherent part of H ′wg

only contains the coupling between odd- and even-site
atoms. Because of the odd-site polarization of the edge
state, we can have

Re[〈αj0 |H ′wg|αj0〉] = 0. (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 H ′wg 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
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FIG. 2. (a) Multi-channel 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 purple and grey shapes denote the linewidths
of the corresponding eigenmodes. (b) Anisotropic optical
response via the channel of the topological edge state.

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 [71] with nontrivial
edge and bulk states. Such nonlinearity is important
for probing and manipulating edge states [70–72, 74].
Here we find that the bandgap is crucial for controlling
the photon transport in the waveguide. The multi-
channel 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 which is coupled
to a waveguide [81, 82]. 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 vs topological
superatom

To understand and utilize the multi-channel 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]

t1(δω) = 1− iΓ 1

δω + i(Γ + Γ0)
, (24)

r1(δω) = −iΓ 1

δω + i(Γ + Γ0)
, (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 large Purcell factor Γ/Γ0.
The single-qubit controlled photon transport is useful
for quantum control and information processing [83–86].
A single qubit can also be used as a photon detector.
However, detection efficiency η1 = 1 − |t1|2 − |r1|2 of a
single-qubit detector has an upper limit 50%. In order to
improve the detection efficiency, various approaches have
been suggested, e.g., using a three-level atom [87, 88],
which has been realized in experiments [89, 90] with the
detection efficiency 60% ∼ 70%. To achieve 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 a new strategy
for quantum detection. For the single-qubit scattering,
transmission and reflection processes are the same. In
the multi-channel 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 [74]. 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. For the reason that
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.,
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FIG. 3. (a) Transmission and reflection of a single photon through a topological atom array. Red-dashed (black-dot-dashed)
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 Γ0/Γ = 0.05 in (a,b), J0/Γ = 8 in (a,c), d = 3λ0/4 in (a), ϕ = 0.3π, atom number N = 11 in (a,b,c).

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 left- and
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)|, (26)

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 (∝ 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,
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 Γ0/Γ. The environment-induced
decay Γ0 alters the nonreciprocity at these two spacings.
Large nonreciprocity can be realized with a tiny Γ0/Γ
for d = 3λ0/4. At d = λ0/4, the nonreciprocity is
small for tiny Γ0/Γ. But, it can be increased when
Γ0/Γ grows. By considering different values of Γ0/Γ, the
largest nonreciprocity is realized at d = 3λ0/4.

C. Reflection nonreciprocity versus broken
time-reversal and inversion symmetries

The time-reversal symmetry of the system (topological
atom array+waveguide) is broken by Γ0. As shown by
the transmission and reflection versus Γ0 in Fig. 4(a), the
reciprocity of the reflection for Γ0 = 0 results from time-
reversal symmetry. When Γ0 increases, in contrast to the
almost unchanged reflection of the left-incident photon,
the reflection of the right-incident photon exhibits non-
monotonic behavior, which reaches its minimum at Γ0m.
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 Γ0/Γ.
In addition, the transmissions of left- and right-incident
photons are reciprocal and slightly changed as Γ0 varies.

The enhanced nonreciprocity is produced by the
broken inversion symmetry. In Fig. 4(b), Γ0m 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,
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FIG. 4. (a) Effect of broken time-reversal symmetry.
Reflections and transmissions for left- and right-incident
photons change with Γ0. The reflection Rr (blue-solid) for
right-incident photon is sensitive to Γ0 and reduces to zero
when Γ0/Γ ' 0.0246. The transmissions for left- and right-
incident photons, denoted respectively by green-solid and
black-dotted curves, are the same. (b) Broken inversion
symmetry (0 < ϕ < π/2). Parameter Γ0m, defined by Rr(Γ =
Γ0m) = 0, versus ϕ. The inset shows the nonreciprocity versus
ϕ for Γ0/Γ = 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/Γ = 8, d = 3λ0/4 in (a,b).

the inversion symmetry is restored. As ϕ approaches π/2,
Γ0m 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, Γ0m is reduced to very small
values. This means that at these values, a large reflection
nonreciprocity can be obtained (we assume Γ0/Γ 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
Γ0m. As a consequence, a tiny environment-induced
decay is able to yield a huge nonreciprocity.

IV. TOPOLOGICAL MATTER-LIGHT
INTERACTION

To understand the topology-enhanced reflection non-
reciprocity found above, we need to study topological

matter-light interactions in the scattering processes. By
means of the multi-channel scattering formulas, in the
following we elucidate the distinctive roles played by edge
state and bulk states in the exotic optical response.

A. Interaction spectra

The multi-channel 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

Ξj = V T |ψRj 〉〈ψLj |V , (27)

Ξ̃j = V †|ψRj 〉〈ψLj |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.,
J0 = 0, Ξj (Ξ̃j) are the same for the left- and right-
incident photons. At ϕ 6= 0.5π, nonzero J0 makes Ξj
different for left- and right-incident photons. When J0

is much larger than Γ, the edge state is separated from
the bulk states. We can employ perturbation theory to
obtain effective edge state. Therefore, the effective edge
state can be approximately written as

|ψRj0〉 ≈ |αj0〉+
∑
j 6=j0

〈αj |H ′|αj0〉
εj0 − εj

|αj〉, (29)

and

〈ψLj0 | ≈ 〈αj0 |+
∑
j 6=j0

〈αj0 |H ′|αj〉
εj0 − εj

〈αj |, (30)

where H ′ = H ′en + H ′wg, and 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

Ξj0 ≈ Xj0j0 −
∑
j 6=j0

(ajXjj0 + bjXj0j), (31)

where Xlk = 〈αl|V V T |αk〉, aj = 〈αj0 |H ′|αj〉/εj and
bj = 〈αj |H ′|αj0〉/εj . Similarly, for the transmission
process,

Ξ̃j0 ≈ Yj0j0 −
∑
j 6=j0

(ajYjj0 + bjYj0j), (32)
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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 = |Ξl
j0/Ξ

r
j0 | and ζ̃j0 = |Ξ̃l

j0/Ξ̃
r
j0 |. The blue-solid and blue-dashed curves respectively represent ζj0 and ζ̃j0 . The scattering

process of transmission is found to be reciprocal. However, the reflection process is nonreciprocal. For given parameters, ζj0
has a minimum at d = 3λ0/4. (b) and (c) show |ξj | (j = 1, 2, · · · , N) for photons coming from the left and right, respectively.
The vertical axis labels the eigenmodes of Heff . (d) Absolute values of ξe = ξj0 (blue-dashed) and ξb =

∑
j 6=j0

ξj (red-solid),

which correspond to the edge mode and bulk modes, for the right-incident photon. (e) The scaling behaviors between ln Γ̃j0

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 Γ0 = Γ0m. We consider J0/Γ = 8, d = 3λ0/4 for (a,...,f), ϕ = 0.3π for (a,d), N = 21 for (a,b,c,d,f), Γ0/Γ = 0.05 for
(a,b,c).

with Ylk = 〈αl|V V †|αk〉. The reflection interaction
spectrum for the photon with different incident direction
of Eq. (31) is Ξ′j0 = X ∗j0j0 −

∑
j 6=j0(ajX ∗jj0 + bjX ∗j0j).

Because H ′ is non-Hermitian,

|Ξ′j0 | 6= |Ξj0 |. (33)

For the transmission, because H ′ is a symmetric matrix,
it can be shown that Ξ̃′j0 = Ξ̃j0 , where Ξ̃′j0 denotes
the transmission interaction spectrum for the photon
with different direction compared to Ξ̃j0 . The isotropic
transmission 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 =
|Ξlj0 |
|Ξrj0 |

, (34)

(blue-solid curve) as a function of d at J0/Γ = 8, where
l (r) represents the left- (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

ζ̃j0 =
|Ξ̃lj0 |
|Ξ̃rj0 |

. (35)

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 one.
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

ξj =
ΞjΓ

−∆j + i(Γ0 + Γ̃j)
. (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 right-incident photons, respectively. With
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a large bandgap, the effective edge state differentially
scatters photons coming from different directions. .
Moreover, there are pairs of bulk states which 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 and bulk-state
channels show the importance of topology in controlling
photon transport.

The anisotropic interaction spectra for the reflection
Ξj are prerequisite for nonreciprocal reflection. Another
essential condition is the environment-induced decay
Γ0. If Γ0 is zero, the reflection is reciprocal, due to
the conservation of the photon number. When Γ0 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 Γ0 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 Γ0 in changing the ξj of resonant and
nonresonant scattering channels. If the resonant channel
is subradiant, large nonreciprocity can be realized by
small Γ0/Γ.

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 6=j0

ξj , (37)

are shown for the right-incident photon at ϕ = 0.3π.
For a closed system without Γ0, 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 Γ0 is turned on,
the reflection ξb ∼ −eiφ0 from bulk states is hardly
affected by the small Γ0, since |∆j 6=j0 | or Γ̃j 6=j0 are much
larger than Γ0. However, because the edge mode has zero
energy and a tiny decay rate Γ̃j0 at the special atomic
spacing d = 3λ0/4, the small Γ0 drastically reduces the
reflection ξe = eiφ0 from the edge mode by half when
Γ0 = Γ̃j0 , which induces a vanishing reflection

ξe + ξb ∼ 0, (38)

and the 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,

Γ̃j0 ∼ exp(−νN), (39)

as shown in Fig. 5(e). Due to this scaling behavior,

Γ0m ∼ Γ̃j0 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 effective edge state may have a high decay
rate for a large atom array. Therefore, a large Γ0

is required to cancel the reflection. In this scenario,
the transmission is increased [see Fig. 4(a)], leading to
reduced nonreciprocity.

C. Topology-enhanced absorption of photon

Quantum scattering by edge and bulk modes yields
an anomalous photon transport. We now use the beta
factor [91, 92]

β =
Γ̃j0

Γ̃j0 + Γ0

, (40)

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 [93, 94]. 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

topological atom array
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nontopological atom array

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 Γ0/Γ � 1.
We consider N = 21, d = 3λ0/4 for the atom array and
topological atom array, J0/Γ = 8, ϕ = 0.3π for the topological
atom array.
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in Fig. 5(f). Here, the photon absorption from the
waveguide is represented by

η = 1− Tr −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 topological atom array. The single atom has its
largest photon absorption η = 0.5 at Γ0/Γ = 1. The
absorption can be enhanced by increasing the number of
atoms in the array [88]. The complete absorption can
be realized when Γ0 is much larger than Γ. However,
the topological atom array enhances photon absorption
for Γ0/Γ� 1. The enhancement at this regime is useful
photon detection in superconducting quantum circuits.

V. IMPLEMENTATION AND APPLICATION

A. Scheme for superconducting quantum circuits

Superconducting quantum circuits provide versatile
interfaces for light-matter interactions [95–97], and

output

resonator/waveguide

...

input
waveguide

0.4

0
2000 time

(a)

(b)
(c)

LJ LJ

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/Γ = 8, ϕ = 0.3π,N =
21,Γ0/Γ = 0.0246.

have advanced controllability in atom-atom interaction
and light-atom coupling [98–101]. Topological atom
arrays [70, 72] and waveguide-interfaced multi-atom
systems [102–107] have been realized. Moreover, the
topology-enhanced photon absorption at Γ0/Γ � 1 is
observable in superconducting quantum circuits, because
of the strong coupling between superconducting artificial
atoms and microwave waveguides. In particular, an
extremely small Γ0/Γ has been demonstrated, e.g.,
Γ0/Γ ≈ 0.005 in Ref. [103]. These experimental achieve-
ments 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 [108–110].

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/πe−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/Γ = 0.01. The topology-
enhanced absorption of light enables the detection of a
weak signal.

In superconducting quantum circuits, the
environment-induced 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 Γ0

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.

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 + εi between the ith and
(i + 1)th atoms. Here, εi are randomly distributed εi ∈
[−Γ,Γ]. Figure 8(a) shows how the disorder in atomic
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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) and finite
(blue-solid) disorder in atomic positions. Note the peak in
(a,b) when d = 3λ0/4. (c) Photon absorption η versus Γ0/Γ,
where Γ0 and Γ denote atomic decays to 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/Γ = 8 in (a,b,c),
N = 11,Γ0/Γ = 0.05 in (a,b), N = 21 in (c).

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 ith atom xi = (i − 1)d + τλ0 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
εi ∈ [−Γ,Γ]. The disorder affects the photon absorption,
but not in a very negative manner. Note that a high
photon absorption can be obtained for low values of
the environment-induced decay Γ0. Therefore, topology-
enhanced photon absorption can still be obtained in
systems with weak or moderate disorder.

VI. DISCUSSIONS AND CONCLUSIONS

The superradiant and subradiant states are of great
interest for novel optical phenomena and practical
applications [111, 112]. Here, we pinpoint the interplay
between 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. Due to 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 multi-channel 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
multi-qubit 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 light-matter
interaction in the waveguide. A small environment-
induced decay Γ0 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 [113, 114]. The
topological matter-light interaction is not only useful for
photon detection as we study here, but also promising
for topological quantum nondemolition measurement
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of Majorana qubits [115]. Because of diverse types
of topological matter, the topological matter-light
interaction might be studied in other systems, e.g., with
multi-atom interactions [116]. Recently, the interfaces
between topological waveguides and atoms have been
investigated [117–119], enabling the study of topological
light-matter interaction.

In conclusion, in this work, we study topology-
protected light-matter interaction and show the potential
of 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 ∝ exp(−νN). A topology-enhanced photon
absorption from the waveguide takes place for Γ/Γ0 �
1, where Γ and Γ0 are the decays to 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 new light on
topology-protected quantum photonics.
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