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An atomic array coupled to a photonic crystal waveguide forms a strongly coupled quantum
interface, exhibiting various intriguing collective features of quantum dynamics. Here we consider
a homogeneous atomic array and theoretically investigate its steady-state distribution when the
incident fields drive the atoms from both sides at asymmetric angles. This effectively creates an
interface shared by two zones of atoms under different driving angles. This setup introduces a
competition between photon-mediated dipole-dipole interactions and the directionality of coupling,
while differences of the travelling phases from the incident angles further influence the overall steady-
state behavior. Under this asymmetric driving scheme, the presence of strongly confined localization
can be identified, where localization can occur either at the interface or at one of edges. Additionally,
we examine the size effect on the atomic localization, deriving an empirical formula to predict
parameter regimes that favor interfaced localization. We also consider a defect-driving scheme,
where a third zone is created by undriven atoms under symmetric travelling phases. This results
in strongly confined single-site excitation localization, which can be explained through analytical
solutions under the reciprocal coupling. Finally, we propose several methods for precise control of
multiple single-site localizations under the defect-driving scheme. Our results provide insights into
driven-dissipative quantum systems with nonreciprocal couplings and pave the way for quantum
simulation of exotic many-body states relevant to quantum information applications.

I. INTRODUCTION

Chiral-coupled atomic systems constitute a compelling
platform in atom-waveguide quantum electrodynamics
[1–8], enabling engineering over the directionality of light
propagation. This breaks the time-reversal symmetry in
light-matter couplings and establishes effective nonrecip-
rocal decay channels. For instance, unidirectional cou-
pling can be achieved through spin-momentum locking
[9], while these decay channels can be tuned by applying
external magnetic fields [2, 7, 10–12], thereby allowing
control of light transmission based on the quantum emit-
ter’s internal state. Such controlled and highly efficient
nonreciprocal coupling between atoms has been demon-
strated in strongly coupled systems, including artificial
quantum emitters [13–18], atom-nanofiber [10, 19–21],
atom-photonic crystal waveguide [22, 23], and diamond
nanophotonic platforms [24, 25].

Under external laser driving, these platforms form dis-
tinctive driven-dissipative open quantum systems [19,
26–33]. The interplay between dissipation and interac-
tion strengths facilitates the emergence of novel quan-
tum many-body states and a wealth of dynamical phe-
nomena. Examples include nontrivial collective radia-
tion [34–43], population localization and delocalization
[44–47], and enhanced quantum correlations [48–52] in-
duced by photon-mediated long-range dipole-dipole in-
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teractions [20], which generate strongly correlated steady
states with potential applications in quantum informa-
tion processing. This leads to diverse applications, such
as photon routing and interference [53], essential for inte-
grated quantum networks and scalable quantum compu-
tation [22, 23]. The extra degree of freedom in controlling
coupling directionality [10] provides fresh insights into
quantum dynamics at these interfaces and paves the way
for innovative applications in quantum simulation and
quantum computation within next-generation nanopho-
tonic devices.

Recent studies have theoretically employed laser fields
incident at Bragg angles to drive the atom-nanofiber
system [54], with a focus on pronounced resonance of
light scattering through a chiral waveguide. The other
work has configured a one-dimensional (1D) atomic ar-
ray in an anti-Bragg periodic layout under strong coher-
ent driving [55]. This setting reveals strong subradiant
eigenstates featuring long-lived quantum correlations be-
tween qubits. In addition, a wide range of intriguing
delocalization and localization behaviors has been ob-
served through integrating arrays with a clean and a
disordered zone [44, 47] or with disparate interparticle
spacings [45, 46]. Motivated by the aforementioned stud-
ies, here we propose an even straightforward setting in
creating a dissimilar driven-dissipative atomic arrays by
driving the equidistant atomic array with different in-
cident angles, as shown in Fig. 1. We anticipate that
the phase differences play a vital role in generating in-
terference effects, potentially leading to various intrigu-
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FIG. 1. A schematic diagram of a weakly-driven chiral-coupled atomic array. The system consists of a homogeneous one-
dimensional array of N two-level quantum emitters with interparticle distance d, coupled to a photonic crystal waveguide. The
effective nonreciprocal decay rates γL ̸= γR are realized through the guided modes in the waveguide and can be controlled by
external magnetic fields, while the non-guided decay γng determines the coupling efficiency. (a) Generalized model: Each atom
is weakly driven and excited laterally by laser fields with varying Rabi frequencies {Ωj | j = 1, 2, · · · , N}, where δ represents
the detuning from the side excitation. (b) Defect-driving scheme: The driving on one of the atoms is removed, and the left and
right chains, centered around this atom, are driven at incident angles θ1 and π − θ2, respectively.

ing steady states. In certain cases, we observe behav-
iors reminiscent of those found in a dissimilar array [45],
along with precisely controllable and strong population
localization. Notably, such localization effects have also
been observed in Rydberg atom systems [56]. We investi-
gate various parameters and measures to study strongly
confined atomic localization under different excitation
schemes, supported by analytical solutions under the re-
ciprocal coupling regime. Our results provide deeper in-
sights into interaction-driven atomic excitations within
driven-dissipative systems and open new pathways for
the realization of exotic quantum states relevant to quan-
tum information processing.

The structure of this paper is organized as follows:
Sec. II outlines the theoretical framework for a driven-
dissipative atomic array with chiral couplings. In Sec. III,
we present the steady-state distribution of atomic exci-
tations under asymmetric incident angles and investigate
strong interfaced localization arising from different an-
gle combinations. In Sec. IV, we propose a new scheme
with defect driving aimed at enhancing atomic popula-
tion control and concentration. Finally, Sec. V discusses
the implications of our findings and concludes the study.

II. THEORETICAL MODEL

This study investigates a chiral coupling interface
formed by a driven one-dimensional atomic array and
a photonic crystal waveguide in Fig. 1(a). The atomic
array comprises N identical two-level atoms (or, more
generally, two-level quantum emitters, such as supercon-

ducting qubits or quantum dots [1]) arranged with a uni-
form interparticle spacing d. The photonic crystal waveg-
uide acts as a one-dimensional reservoir [12, 48], trans-
mitting photons in guided modes to mediate the coupling
between the atoms through evanescent waves [9]. Laser
fields drive the atoms individually from the side, prop-
agating in a horizontal plane at the same height as the
array, which is parallel and close to the x̂-ŷ plane.

The dynamical evolution of the system’s state ρ is gov-
erned by the effective chiral Lindblad master equation
[12, 57] in the interaction picture and under the Born-
Markov approximation [58],

dρ

dt
= − i

ℏ
[HS+HL+HR, ρ]+LL[ρ]+LR[ρ]+Lng[ρ], (1)

with Hamiltonians HS the light-matter interaction from
a laser field, HL(R) the chiral couplings, and Lindblad
forms of L[ρ] indicating the dissipations. The term HS is

HS = ℏ
N∑
j=1

[
Ωje

ikxj cos θj
(
σj + σ†

j

)
− δjσ

†
jσj

]
, (2)

which drives N two-level quantum emitters (each char-
acterized by the ground state |g⟩j and excited state |e⟩j),
with Ωj = Ω̃je

iϕj , where Ω̃j = Re[Ωj ] and ϕj is the cor-
responding phase for the j-th atom. The emitters are
subject to spatially dependent detunings δj . The dipole
operator is defined as σ†

j ≡ |e⟩j ⟨g| with σj = (σ†
j )

†. The
wave number denotes as k = 2π/λ with the wavelength
λ, while the incident angle at j-th atom denoted as θj
characterizes the propagation phases of the laser field.
Notably, under normal incidence, where cos θj = 0, HS
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contains no position-dependent phase terms. With iden-
tical ϕj , the corresponding phases can be factored out
as a global phase, leaving the observable outcomes unaf-
fected. In contrast, under oblique incidence, the position-
dependent phase kxj cos θj plays a significant role in both
the system’s evolution and its steady-state behaviors. Al-
though different choices of the coordinate origin seem to
induce distinct system behaviors, these effects can, in
principle, be neutralized by appropriately adjusting {ϕj}.
This flexibility in phase tuning enhances the versatility of
the platform, enriching the possibilities for system con-
trol and application.

The coherent terms HL and HR are

HL(R) = −iℏ
γL(R)

2

N∑
j<(>)ℓ

(
eik|xj−xℓ|σ†

jσℓ − h.c.
)
, (3)

which represents the collective energy shifts due to the
infinite-range photon-mediated dipole-dipole interactions
[20, 59], and we label the positions of spins such that
xj > xℓ when j > ℓ. The remaining Lindblad terms read

Lα[ρ] =

N∑
j,ℓ

γαjℓ

[
σℓρσ

†
j −

1

2
{σ†

jσℓ, ρ}
]
, (4)

where LL(R)[ρ] represents the collective decay in guided
modes with decay rates γL(R)

jℓ ≡ γL(R)e
+(−)ik(xj−xℓ), us-

ing the subscripts L (R) to label the decay channels that
propagate to the left (right). While Lng[ρ] corresponds
to the non-guided decay experienced by the atoms, with
decay rate γng

jℓ ≡ γngδjℓ, which is intrinsic and is consid-
ered to be the same for all identical atoms. For instance,
in an atom-nanofiber system, approximately 99% of light
is typically scattered due to free-space decay [1]. In con-
trast, in systems where quantum dots or superconduct-
ing qubits are coupled to a photonic crystal waveguide,
free-space scattering can be reduced to around 0.5% on
average [1, 14, 22], yielding significantly enhanced cou-
pling efficiency. To quantify the tendency of chiral cou-
pling arising from the competition between γR and γL,
the directionality of the couplings D ≡ (γR − γL)/γ [10]
is introduced. Here, the total guided decay rate can be
written as γ ≡ γR + γL ≡ 2|dq(ω)/dω|ω=ωegg

2
kL [48],

where |dq(ω)/dω|ω=ωeg represents the inverse of group
velocity at resonance, with the atom-waveguide coupling
strength gk and the quantization length L.

We initialize the system in the ground state |g⟩⊗N ,
and consider the system dynamics under weak excita-
tion, namely Ωj ≪ γαjℓ [54]. This assumption confines
dynamical evolution to a self-consistent Hilbert subspace
{|g⟩⊗N

, |ψj⟩ = |e⟩µ |g⟩
⊗(N−1)} for j ∈ [1, N ], restricted

to the ground state and the manifold of singly excited
states. Thus, the total state can be written as

|Ψ(t)⟩ = 1√
1 +

∑N
j=1 |pj(t)|2

|g⟩⊗N
+

N∑
j=1

pj(t) |ψj⟩

 ,
(5)

where pj(t) represents the probability amplitude and∑N
j=1 |pj(t)|2 ≪ 1 to satisfy the weak-excitation assump-

tion. Thus Eq. (1) can be reduced to the coupled equa-
tions for pj(t) [60] as

ṗj = −iΩje
ikϕjeikxj cos θj +

N∑
j=1

[M]jℓpj , (6)

where the matrix elements of the coupling matrix M are:

[M]jℓ =


−γLe

ik|xj−xℓ| , j < ℓ

iδj − γL+γR+γng
2 , j = ℓ

−γRe
ik|xj−xℓ| , j > ℓ

. (7)

We then define the dimensionless interparticle distance
ξ ≡ k(xj − xj−1). Consequently, the steady-state proba-
bility amplitudes, satisfying ṗj = 0, are given by

p̃j ≡ pj(t→ ∞) = i

N∑
ℓ=1

[M−1]jℓΩℓe
iϕℓeikxℓ cos θ. (8)

From Eqs. (6), (7), and (8), we can identify interaction-
driven quantum behaviors of atomic excitations, primar-
ily governed by the directionality D, photon-mediated
dipole-dipole interactions quantified by ξ, and the inci-
dent angular configurations {θj}. In the following sec-
tions, we proceed to characterize the localized steady
states that emerge within a homogeneous atomic array
under different driving schemes, and we further investi-
gate the strongly confined atomic localization achievable
within specific parameter regimes.

III. ASYMMETRIC DRIVING SCHEME

A. Steady-State Distribution

In this section, we obtained the steady-state distribu-
tion for a 1D homogeneous array consisting of N atoms
under the asymmetric driving scheme at resonance, i.e.,
δj = 0. We denote the incident angles as

θj =

{
θ1 , j ∈ [1,m]

θ2 , j ∈ [m+ 1, N ]
, (9)

where m = ⌈N/2⌉. Additionally, we consider the Rabi
frequencies of the laser fields from both sides to be
Ω̃1 = Ω̃2 and set ϕ1(2) = −k0x1 cos θ1(2). This setup
uses the first atom’s position as the coordinate reference
point. Under these conditions, we performed numerical
calculations for the normalized steady-state population
distribution P̃j defined as

P̃j ≡
|p̃j |2∑N
j=1 |p̃j |2

. (10)
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Concerning the simplest case of a homogeneous array
subjected to uniform normal incidence θ1 = θ2 = π/2, we
obtained the steady-state phase diagram in the parame-
ter space (D, ξ) [60] using the inverse participation ratio
(IPR) [61], defined as

IPR ≡

∑N
j=1

(
∆P̃j

)2

(∑N
j=1 ∆P̃j

)2 , (11)

where ∆P̃j = |P̃j − N−1|Θ(P̃j − N−1) with the Heav-
iside step function Θ. It indicates that one of the
∆P̃j dominates as IPR → 1, signifying strong localiza-
tion. Conversely, delocalized behaviors are recognized as
IPR → N−1. We classified five distinguishable steady-
state phases through the phase diagram [60], which are

(1) uniformly extended distributions (ETD) when ξ ≈ 0;
(2) the crystalline ordered (CO) phase possessing an fi-

nite structure factor, mostly for a finite D;
(3) the bi-edge (BE) excitations;
(4) the bi-hole excitations (BH) with hole excitations at

the edges mostly for low D; and
(5) the chiral-flow dichotomy (CFD) when ξ = π, which

depends on the parity of N : a linear slope for an even
N and a concave curve for an odd N .

Among these, the ETD, CO, and BH phases exhibit
delocalized characteristics, while the BE phase demon-
strates localized properties. Furthermore, two criti-
cal parameters of reciprocal coupling (D = 0) with
ξ = {0 (2π), π} can be identified and excluded from the
steady-state phases. This exclusion is due to construc-
tive interference in state populations — a characteris-
tic of decoherence-free space [62] being predominantly
populated. This leads to a breakdown of the weak-
excitation assumption. In the case of dissimilar arrays
formed by two segments with different interparticle spac-
ings [45, 46], the steady-state population distribution is
mostly determined by a combination of the five afore-
mentioned steady states, as expected. However, a few
combinations exhibit new localized patterns such as half-
depletion (HD) phases due to the presence of the inter-
face atom. This highlights the complexity and the ef-
fect of interfaces within interacting quantum systems.

In Fig. 2, we demonstrate the steady-state popula-
tion distribution {P̃j} for N = 50 in terms of param-
eter space (ξ,D, θ1, θ2), where some of the cross-section
plots are illustrated in Fig. 3. In Figs. 2(e) and (f), we
observe a clear boundary in the steady-state population
between the m-th and (m + 1)-th atoms, leading to a
steady-state distribution resembling that in a dissimilar
array [45]. This phenomenon is more clearly illustrated
in cross-sections of Fig. 2(e), as desplayed in Fig. 3(c).
Under asymmetric driving, unexpected steady-state dis-
tributions emerge, such as CO-CO configurations and
even a HD-like combination of a soliton-like and a de-
pleted state. These distributions showcase that most

FIG. 2. The steady-state population distributions P̃ j for N =
50 atoms, subject to the asymmetric driving scheme. The
distributions are presented as a function of ξ, with varying
angular configurations (θ1, θ2) and directionality D. Panels
(a), (c), and (e) correspond to (θ1 = π/2, θ2 = π/4), while (b),
(d), and (f) represent (θ1 = π/4, θ2 = π/6). The directionality
D is set to 0, 0.5, and 1 for [(a), (b)], [(c), (d)], and [(e), (f)],
respectively, as comparisons.

of the atomic populations tend to distribute in one of
the segments under unidirectional coupling. By contrast,
Figs. 2(a), 2(b), 2(d) showcase a widespread range of in-
terfaced localization, particularly in the lower values of D
and ξ. Specifically, the green bar shown in Fig. 3(a), cor-
responding to Fig. 2(a) at ξ = 0.05π, indicates that the
population is strongly confined at them-th and (m+1)-th
atoms. Essentially, the two-site localization can be fur-
ther manipulated to shift to different locations by simply
adjusting the interface position via external laser driv-
ings, allowing for precise control over the localization.
As a comparison, the system reaches a steady state of bi-
edge excitation (with P̃1,N ≈ 0.314 and P̃j ̸=1,N ≈ 0.0078)
when driven by a uniform normal incidence under the
same parameters {D, ξ} of green bars in Fig. 3(a). In-
terestingly, the localized population can be shifted from
the edges and concentrated on the two interface atoms
simply by applying external fields at asymmetric angles.
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FIG. 3. Some examples of steady-state population distributions P̃µ. Panels (a), (b), and (c) correspond to specific cross-
sections from Fig. 2(a), (c), and (e), respectively. In panel (a), for some certain values of ξ (e.g., 0.05π and 0.1π), strongly
confined localization at the interface atoms can be observed. Other confined localizations, though not as extreme as in (a), can
also be observed in panels (b) and (c). These soliton-like distributions appear at the center or in the other half of the array.

B. Strongly Confined Localization

Next, we seek to delineate the parameter regions where
localization emerges. This can be achieved using the
IPR defined in Eq. (11), with the corresponding simula-
tion results presented in Figs. 4(a) and 4(b). Within the
arched region, several highly intense elongated zones, as
well as a triangular area in the lower-left corner, are ev-
ident. Nevertheless, these high-intensity regions merely
signify the existence of strongly confined localization and
do not exclusively indicate the interfaced localization. In
fact, strong localization in this system is not restricted
to the atoms around the interface. A closer examination
of Fig. 2 reveals that, in certain scenarios, the popula-
tion becomes localized at one of the terminal atoms of
the array, resulting in a single-edge excitation. For ex-
ample, such behavior can be observed in the cross-section
at ξ ≈ 0.6π in Fig. 2(b). To rigorously distinguish inter-
faced localization from single-edge excitation, we define
the following measure called the interfaced IPR (IIPR):

IIPR ≡
∑

j′∈interface(∆Pj′)
2(∑N

j=1 ∆Pj

)2 , (12)

where the interface atoms are located at j′ ∈ {m,m+1}
under the asymmetric driving scheme. If the IPR attains
a maximum for certain parameters and coincides with the
IIPR, this signifies interfaced localization. Conversely, if
the two measures do not overlap and the IIPR reaches a
minimum, it indicates the presence of single-edge excita-
tion.

In Figs. 4(c) and 4(d), we present corresponding IIPR
distributions of the parameters from Figs. 4(a) and 4(b),
respectively. The results indicate that bright elongated
regions in the IPR distribution disappear in the IIPR
map, while the remaining bright areas primarily are con-
centrated in the triangular region at the lower left cor-
ner, which exactly corresponds to where interfaced lo-
calization occurs. This result further suggests that in-
terfaced localization is most likely observed when the
value of D is small, which aligned with the phenomenon

FIG. 4. In the asymmetry-driven scheme, the inverse par-
ticipation ratio (IPR) and interface inverse participation ra-
tio (IIPR) distributions are presented for N = 100 atoms.
Panels (a) and (c) show the IPR and IIPR respectively at
(θ1 = π/4, θ2 = π/6), while (b) and (d) correspond to
(θ1 = π/6, θ2 = π/12). Cross-sections at D = 0 from [(a),
(c)] and [(b), (d)] are depicted in (e) and (f), respectively,
comparing the differences between the IPR (blue solid line)
and IIPR (orange dashed line).

we observed in Fig. 2. One can distinguish between
these two types of excitation localization more clearly
by comparing the cross-sections of the IPR and IIPR at
D = 0, illustrated in Figs. 4(e) and 4(f), respectively.
For instance, in Fig. 4(e), interfaced localization mani-
fests in the range ξ ∈ (0, 0.15π], while one-edge excitation
emerges at ξ = 0.25π. Likewise, in Fig. 4(f), the inter-
faced localization can be revealed in two distinct inter-
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vals: ξ ∈ (0, 0.2π] and ξ ∈ [0.9π, π). In contrast, single-
edge excitation appears around ξ = 0.4π. It should be
noted that our analysis excludes scenarios involving ex-
tremely small interparticle separations, where near-field
effects become significant [63, 64]. Thus, for an inter-
atomic separation value of around ξ ≥ 0.1π, these results
could still remain valid. Overall, our defined IIPR and
IPR calculations can faithfully identify the parameter re-
gions that can distinguish the interfaced localization from
the single-edge excitation localization.

C. Size Effect on Interfaced Localization

Here, we examine the excitation localizations under
varying (θ1, θ2) with fixed (D, ξ). To further distinguish
between interfaced localization and edge excitation, we
introduce the ratio of interface-edge localization (RIEL),
defined as

RIEL =
P̃interface − P̃edge∑N

j=1 P̃j

, (13)

where P̃interface = P̃m + P̃m+1 and P̃edge = P̃1 + P̃N . As
RIEL → 1 (−1), the population distribution approaches
and resembles interfaced localization (edge excitation).
Here, we focus on the RIEL distribution under recip-
rocal coupling conditions (D = 0), where interfaced lo-
calization is most likely to manifest in low-D regimes,
as shown in Fig. 5. Figures 5(a) and 5(b) reveal that
RIEL exhibits a mirror-symmetric structure with respect
to the diagonal (cos θ1 = − cos θ2) in the (cos θ1, cos θ2)
space, forming banded structures. The triangle area in
the lower right corner and other prominent bands sug-
gest a higher propensity for interfaced localization when
driven by the combination with a large θ1 and a small θ2.
For instance, in Fig. 5(a), when (θ1, θ2) = (0.9π, 0.1π),
P̃interface ≈ 0.998 is observed and similarly for (θ1, θ2) =

(0.75π, 0.25π), we find P̃interface ≈ 0.968

Moreover, these layered band structures exhibit angu-
lar periodicity associated with ξ. For a fixed system size
N , five prominent bands appear within the lower trian-
gular region of the heatmap when ξ = 0.1π in Fig. 5(a).
As ξ doubles, this region manifests ten bands in Fig. 5(b).
With further increases in ξ, these bands gradually com-
press and merge, converging toward zero values, indicat-
ing delocalized distributions. Meanwhile, the lower-right
triangle region retains its high intensity, despite steady
reduction in size. Interfaced localization can only be sus-
tained under asymmetrical driving of a larger θ1 paired
with a smaller θ2. Such configurations effectively coun-
teract the system’s natural delocalization tendency in-
duced by greater atomic separation.

Furthermore, by analyzing cross-sections along the di-
agonal (where cos θ1 = − cos θ2) of this distribution, we
establish an empirical formula that captures the local

FIG. 5. In the asymmetry-driving scheme, the RIEL is pre-
sented with respect to (cos θ1, cos θ2). Panel (a) shows the
RIEL distribution for ξ = 0.1π, while (b)corresponds to the
case of ξ = 0.2π, both for N = 100. A cross-section along the
diagonal of (a) is illustrated in (c), showcasing the distribution
of RIEL’s local minima. The left subplot in panel (d) shows
the RIEL distribution for N = 50 and ξ = 0.4π. The right
subplot displays the double-site atomic localization at the in-
terface corresponding to the gray dot parameters θ1 = 2π/3
and θ2 = π/3 in the RIEL distribution.

minima of RIEL, which is

cos θ1 − cos θ2 =
2nπ

mξ
, n ∈ Z , ξ ∈ (0, π), (14)

where n ∈ [1 − (mξ/π), (mξ/π) − 1], and m = ⌈N/2⌉
related to the system size N . For example, in Figs. 5(a)
and 5(c), where mξ = 5π, each local minimum along
the diagonal is observed at cos θ1 = − cos θ2 = n/5,
where n ∈ [−4, 4]. Therefore, Eq. (14) facilitates the
prediction of RIEL distributions under D = 0 for dif-
ferent (N, ξ). Notably, as mξ → π, the RIEL displays
a single trench of local minima along the anti-diagonal
(where cos θ1 = cos θ2), with high-intensity regions pre-
dominating elsewhere. The results presented in Fig. 5(d)
show excellent agreement with the prediction by Eq. (14).
This indicates that the majority of angular combinations
are inclined toward interfaced localization, apart from
cases where θ1 = θ2. Conversely, when mξ ≫ π, con-
centrating atomic populations at the interface becomes
progressively difficult, as more minimums emerge based
on Eq. (14). These patterns collectively underscore the
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substantial influence of system size on the formation of
interfaced localization.

IV. DEFECT-DRIVING SCHEME

In the previously mentioned scheme, the phase distri-
bution of the driving fields experienced by each atom is
asymmetric. To explore more intriguing excitation lo-
calization in the steady states, we introduce the defect-
driving scheme, where the driving field can be removed
from one or multiple atoms, as illustrated in Fig. 1(b).
In this scheme, it is assumed that the interatomic spac-
ing is sufficiently large such that the fields Ω1 and Ω2 do
not unintentionally excite the m-th atom. The incident
angles for the remaining atoms are defined as

θj =

{
θ1 , j ∈ [1,m− 1]

π − θ2 , j ∈ [m+ 1, N ]
. (15)

The undriven m-th atom distinguishes the array into a
left- and a right chain, for which the phase reference point
is set at the (m − 1)-th and the (m + 1)-th atom, re-
spectively. This symmetry in phase distribution can be
achieved by defining the Rabi frequencies with phases
ϕ1 = −k0xm−1 cos θ1 and ϕ2 = −k0xm+1 cos θ2. Thus,
the phase profile of the system attains symmetry with
respect to the undriven atom. In this section, we focus
on the defect-driving scheme under D = 0, as we believe
and will demonstrate that, akin to asymmetrical driv-
ing schemes, this setup will yield pronounced interfaced
localizations under reciprocal coupling.

A. Saturated Population in Interfaced Localization

We first calculated the RIEL distribution for this driv-
ing scheme, where P̃interface = P̃m−1 + P̃m + P̃m+1, with
results shown in Figs. 6(a), 6(c), and 6(e). Notably, in
most parameter regimes, RIEL remains non-negative, in-
dicating the absence of strongly edged excitations. How-
ever, strong interfaced localizations are still observable.
We can therefore identify the parameter ranges where
strongly confined atomic localization occurs by examin-
ing only the population at the interface atoms.

Next, we analyze the distribution of P̃m, the popula-
tion at the undriven atom across various anglular com-
binations (θ1, θ2) for specific values of ξ, as shown in
Figs. 6(b), 6(d), and 6(f). For ξ < 0.5π, the maxi-
mum values of P̃m appear concentrated in a highlighted
region in the upper right corner. As ξ approaches π,
high-intensity regions emerge in all four corners of the
heatmap, creating a perfectly symmetric distribution.
Subsequently, we examine cross-sections along the anti-
diagonal (where θ1 = θ2 = θ) to compare the maximum
values of P̃m across three distinct ξ values, as depicted in
Fig. 7(a). These results suggest that a considerable pop-
ulation proportion on the undriven atom can most likely

FIG. 6. Within the defect-driven scheme, the distributions of
the RIEL (panels (a), (c), and (e)) and the population of the
non-driven atom P̃m (panels (b), (d), and (f)) are presented
in the space (θ1, θ2). Panels [(a), (b)], [(c), (d)], and [(e), (f)]
correspond to ξ = 0.1π, ξ = 0.4π, and ξ = 0.95π, respectively,
showcasing the variation in distributions as the interatomic
spacing increases. Other parameters are chosen at N = 100
and D = 0.

be observed under a small value of ξ, e.g., the profile for
ξ = 0.1π mostly surpasses those of the other cases signif-
icantly, reaching a peak of P̃m ≈ 0.67 at θ = 0.86π.
The corresponding driving configuration and resulting
steady-state population distribution for this scenario are
demonstrated in Fig. 7(b), revealing the strongest single-
site excitation observed at the interface in this study so
far, along with two accompanying tiny side lobes at the
(m− 1)-th and the (m+ 1)-th atoms. In fact, this local-
ization demonstrates robustness against the non-guided
decay up to γng ≈ 0.5γ.

To further investigate the effect of ξ on P̃m, we per-
formed a scan over the range ξ ∈ (0, π), with the findings
displayed in Fig. 7(d). The regions, where the strong in-
terfaced localization is most likely to occur, are primar-
ily located along the right edge and bottom of the plot,
covering a combined region of the entire θ range at low ξ
values and the full ξ range at high θ values. Additionally,
one can observe dark regions shaped like cave entrances
where P̃m approaches 0, forming a hole excitation at the
undriven atom. This dark region expands as the sys-
tem size N increases, effectively compressing the param-
eter area for generating interfaced localization. To fur-
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FIG. 7. The saturation of the non-driven atom population P̃m. (a) presents cross-sections along the anti-diagonal from Figs.
6(b), 6(d), and 6(f), depicting the variation of Pm with θ1 = θ2 = θ for D = 0 and specific interatomic distances: ξ = 0.1π
(blue solid line), ξ = 0.4π (orange dashed line), and ξ = 0.95π (green dotted line). (b) showcases the corresponding maximum
of the blue solid line (D = 0, ξ = 0.1π) from (a), showing that under antisymmetric driving at θ1 = θ2 ≈ 0.86π, P̃m reaches a
maximum value of approximately 0.67. (c) demonstrates how P̃m varies with interparticle distance ξ under normal incidence
for different atom numbers N = 10 (blue solid line), N = 50 (orange dashed line), N = 100 (green dash-dot line), N = 500

(purple dotted line), and N = 1000 (brown dash-dot line). The results reveal that as ξ → 0 (i.e., 2π), P̃m saturates to exactly
2/3, regardless of N . (d) compares the P̃m distribution for N = 10 and N = 100 in the left and right subplots, respectively,
where the gray solid-, dashed-, and dash-dotted line correspond to the curves with the same styles in (a).

ther corroborate this phenomena, we examine the vertical
cross-section of these colormaps under θ1 = θ2 = π/2 for
various system sizes, with N ranging from 10 to 1000,
as shown in Fig. 7(c). It is clear that as the system size
grows, the maximally attainable P̃m converges to a nu-
merical value of approximately 0.667, which we refer to
as the “saturated population." Concurrently, the inter-
particle distance ξ, where saturation occurs, approaches
0 (or 2π). Such behaviors can be explained through the
analytical solution presented below in Eq. (16).

B. Analytical Solutions

Here, we present the analytical solutions for the con-
figuration depicted in Fig. 7(c), where θ1 = θ2 = π/2 and
D = 0. The steady-state probability amplitudes {p̃j} can

be derived analytically through Eq. (8) and are given by

p̃j = −Ω


i+ tan (ξ/2) , j = 1, N

2 csc ξ , j = m

−2 cot ξ + csc ξ , j = m− 1,m+ 1

2 tan (ξ/2) , other

, (16)

where N ≥ 5. From this, one can derive the population
P̃m of the undriven atom, yielding the expression

2 csc2 ξ

1− 4 cot ξ tan
(

ξ
2

)
+ 3 csc2 ξ + (2N − 9) tan2

(
ξ
2

) .
(17)

In the limiting case, we obtain a saturation value
limξ→0 (2π) P̃m = 2/3 regardless of N , which aligns ex-
cellently with the numerical output. Similarly, we have
limξ→0 (2π) P̃m±1 = 1/6. In fact, these results hold true
for any θ ∈ (0, π), revealing the robustness of saturated
population against varying incident angles. In other
words, the population distribution becomes fully con-
centrated at the interface atoms, predominantly at the
undriven atom as ξ → 0 (or 2π), leading to pronounced
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single-site localization. In addition, we provide the inter-
atomic distances, denoted as ξmax, at which P̃m reaches
its maximum for various system sizes N . The result can
be expressed as

ξmax = 2kπ + 2 tan−1

(
1√

4N − 13

)
, (18)

where k ∈ Z. This ξmax clearly approaches 0 (or 2kπ) as
N increases, a trend that perfectly matches the observa-
tions in Fig. 7(c).

In summary, as N increases, the maximum achievable
population at the undriven atom gradually decreases and
converges to the saturation value of 2/3. Correspond-
ingly, the optimal interatomic distance also approaches
2kπ. This phenomenon can be attributed to the com-
petition between the number of atoms and the spin-
exchange interactions. As the system size expands, the
driven atoms with increasing number carve the popula-
tion of the undriven atom up and redistributes it into
other atomic sites, diminishing the interfaced localiza-
tion. However, under the influence of strong RDDI (when
ξ → 0 or 2π), the population of the undriven atom re-
mains saturated. In contrast, in smaller systems, the
population at the interface atoms can slightly exceed the
saturation threshold. For example, with N = 5, we
observe max(P̃m) ≈ 0.723 > 2/3, with corresponding
P̃1,N ≈ 0.092, and P̃others ≈ 0.044. This observation
reflects the subtle competition between system size and
RDDI strength within chirally coupled atomic-waveguide
systems.

C. Precise Localization Control

By selectively excluding the excitation of a single atom,
we induce a robust single-site localization, with the flex-
ibility to reposition this localized excitation by designat-
ing different undriven atoms, which offers a framework
for precise localization control. This leads to a natural
question: what if multiple atoms are left undriven under
the same angular configuration? The results, depicted in
Fig. 8, explore this scenario. Specifically, in Fig. 8(a), we
analyze a one-dimensional array of 20 atoms, driven un-
der the same parameters in Fig. 7(b). Intriguingly, when
the excitation field is removed from two adjacent atoms
(the 10th and 11th atoms in this instance), the popula-
tion distributes evenly across these two undriven atoms
and their neighboring driven atoms, as illustrated by the
red bars in Fig. 8(a). This configuration effectively trun-
cates population, isolating it to these four atoms. Upon
extending the removal to three or even four neighboring
atoms, we observe a progressive separation of the dis-
tribution, with localization occurring solely at the end-
points of the undriven cluster and their adjacent driven
atoms, establishing a controllable approach to excitation
localization. Finally, in Fig. 8(b), we demonstrate an
alternative approach for structuring localization distri-
butions. By removing the excitation from non-adjacent

atoms in a one-dimensional array, the precise multiple-
site localization can be achieved, potentially offering a
practical route toward quantum memory implementa-
tion.

FIG. 8. Precise control of localization under the defect-driven
scheme. (a) shows the case of N = 20 atoms under the same
parameters in Fig. 7(b), where removing the driving field from
(1) a single atom, (2) two atoms, (3) three atoms, and (4) nine
atoms inside (with non-driven atoms shown in green) results
in accumulated populations at the two atoms at the ends of
the non-driven array and their neighboring sites. (b) demon-
strates a method of removing the driving field from several
non-adjacent atoms. For N = 30 atoms, two-site localization
depicted in the blue bars is achieved by removing the driving
from (m − 6)-th and (m + 10)-th atoms, while the red bars
illustrate four-site localization resulting from excluding the
driving from four non-adjacent atoms (m− 10, m− 3, m+3,
and m+ 10), with m = 15.

V. CONCLUSION

In conclusion, a one-dimensional open system of atomic
arrays coupled to a waveguide under weak driving forms
a distinctive driven-dissipative quantum system capable
of exhibiting rich non-equilibrium dynamics and steady-
state phases. This arises from the intricate interplay
among the competition between long-range dipole-dipole
interactions and coupling directionality. By adjusting the
incident angles of laser fields, traveling phase differences
are introduced, effectively modulating the system’s be-
haviors. We divided the homogeneous array into two
subchains, each driven asymmetrically at different an-
gles. This approach, combined with tailored Rabi fre-
quency phase settings, produced strongly localized pop-
ulation distributions. Notably, under the reciprocal cou-
pling regime, adjusting the system sizeN and atomic sep-
aration ξ to satisfy Nξ → 2π enables strongly localized
two-site interfaced atomic states with maximal observa-
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tion probability across various angle combinations. Ad-
ditionally, precise control over the spatial positioning of
this two-site localization can be realized by only shifting
the position of the interface between the two subchains,
which creates a mechanism to excite population to spe-
cific atomic sites. We further redesigned this scheme by
removing the laser field on one interfaced atom, desig-
nating it as the boundary between the two subchains
as a defect-driving scheme. By adjusting the phase of
the Rabi frequency, we achieved a more symmetric ef-
fective traveling phase. Under these conditions and at
a interpartical spacing close to a period of 2π, the satu-
rated population can be observed at the undriven atom,
yielding the strongest single-site localization in this study
with notable robustness against non-guided decay. This
outcome is well-supported by analytical solutions under

reciprocal coupling conditions. Our results sheds light
on driven-dissipative quantum systems with nonrecipro-
cal coupling, paving the way for quantum simulations of
exotic many-body states—a development with significant
implications for quantum information applications.
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