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Abstract: Simultaneously realizing nonreciprocity and signal amplification in the same physical
system cannot only greatly enhance the efficiency of nonreciprocal photonic devices but also
facilitate their integration. We propose a scheme to achieve gain-assisted nonreciprocal or even
unidirectional reflection amplification by exploring spontaneously generated coherence (SGC)
activated by a weak incoherent pump in a defective atomic lattice. The numerical results show
that the monochromatic to two-color nonreciprocal reflection amplification (the maximum of
reflectivities Rl ≃ 104 and Rr ≃ 102), and even unidirectional reflection amplification (Rl ≃ 102 and
Rr ≃ 10−4) can be modulated freely by adjusting the relative phase ϕ, the dipole moment angle
θ and the parameters of defective atomic lattice, e.g., the number and period of vacant lattice
cells, the period of filled lattice cells, and so on. This indicates that nonreciprocal reflection
amplification can be enhanced and modulated via the SGC effect and multiple reflections within
the atomic lattice. Such efficient nonreciprocal amplification can be effectively applied to
integrated chips, thereby advancing the development of quantum information technology.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Optical nonreciprocity refers to the phenomenon where the transmission path’s response is no
longer symmetric when the source and observation points are swapped during the light propagation.
This characteristic is crucial in designing nonreciprocal optical devices, such as optical isolators,
circulators, and phase shifters [1–6]. These devices have boosted the development of optical
signal processing, optical communication, and quantum networks [7–9]. However, optical signals
may weaken or even disappear due to the interaction with the environment during propagation.
The amplified nonreciprocal transmission can more efficiently protect coherent information
processing against noise and backscattering benefiting from the advantages of signal amplification
and optical nonreciprocity [10–13], which have attracted a great deal of research interest and
demonstrated in various systems [14–16]. The physical essence is mainly based on the magneto-
optical Faraday effect, optical nonlinearity, and time-reversal symmetry breaking, chiral materials,
and topological photonics systems [17–23]. For instance, nonreciprocal amplification has been
achieved in silicon waveguides through Brillouin scattering [24–26], active optomechanics
systems [27–31], atomic systems [32–36], and parity-time (PT) symmetry systems [37,38]. It
is believed that the above systems are powerful tools for the development of nonreciprocal
optical amplification. However, each system has its own advantages and limitations, e.g., Faraday
effect in magneto-optical medium is incompatible with integrated circuit technology, optical
nonlinearity requires high power that is typically suitable for pulse systems, PT-symmetry system
often requires complex external driving fields and so on. Therefore, more effective nonreciprocal
optical amplification schemes need to be studied.
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Recently, we propose a scheme for engineering a unidirectional photonic reflector using a
one-dimensional (1D) atomic lattice with defective cells that have been specifically designed to be
vacant [39]. We further designed a coherent active atomic model with the help of microwave field
to realize the amplified unidirectional broadband reflection in this 1D defective atomic lattice [40].
In our system, the defective atomic lattice has two functions: i) To break the spatial symmetry of
probe susceptibility and achieve nonreciprocity; ii) The optical signal can be reflected multiple
times in atomic lattices, resulting in better amplification at the gain window. It is an effective
system to achieve nonreciprocal optical amplification that the combination of defective atomic
lattice and active atomic model, and the different active atomic model will make the modulation
of nonreciprocal optical amplification more diverse and flexible. In addition to the active atomic
model of closed loop transition assisted by microwave field, the nonlinear effect caused by
four-wave mixing (FWM) can amplify the probe light locating in the electromagnetically induced
transparency (EIT) window [41–44], FWM process needs to satisfy momentum conservation
and energy conservation, making it difficult to consider phase modulation. Another method of
generating probe gain is spontaneously generated coherence (SGC) effect [45–49], which can
be used for laser cooling, squeezing in resonance fluorescence, and so on [50,51], due to the
destructive quantum interference between the two or more different quantum pathways [52,53].
However, it is difficult to observe experimentally. Initially, the SGC effect was observed by
effectively using two sufficiently close energy levels, such as dressed-state energy levels [54–56].
Fortunately, SGC has been proved by the vacuum-induced quantum beats, that observed by the
latest experiment in atomic ensembles recently [57–60]. Especially, combining the FWM and the
SGC effects together can enhance the probe gain [61], and the combination of SGC and pump
field can also improve the probe amplification [62,63].

In this paper, we design a scheme to check the modulation of nonreciprocal reflection
amplification by the SGC effect. By using a one-dimensional defective atomic lattice to
break the symmetry between left and right reflections and to provide a distributed feedback
mechanism, and by combining the SGC with the pump field, we can enhance nonreciprocal
reflection amplification. In this regime, for most parameters, the reflections on both sides are
simultaneously either amplified or suppressed, for example, the left reflectivity can reach to
104 while the right reflectivity is almost 102. However, after optimizing the parameters, an
amplified unidirectional reflection can be obtained with one-side reflectivity is enhanced to 102

and another side reflectivity is suppressed to 10−4. It is worth emphasizing that the photonic
properties of a cold-atom sample trapped in a 1D optical lattice have been studied experimentally
[64,65]. Furthermore, experiments have also observed that when cold atoms are trapped in a
one-dimensional optical lattice, the distributed feedback lasing effect [66] is realized through the
parametric gain achieved by combining the feedback mechanism provided by the atomic lattice
with the four-wave mixing effect induced by auxiliary beams. In our 1D defective atomic lattice
system, vacant lattice cells are created via an experimental approach where all atoms within an
optical potential well are driven out using a laser. Therefore, our scheme is feasible and has
greater potential in practical applications.

2. Theoretical model and equations

As shown in Fig. 1(a), the cold 87Rb atoms are driven into a three-level Lambda-type system, by
a weak probe field, an incoherent pump field and a strong coupling field. The Rabi frequency
(detuning) of the probe field Ωp = Ep · d13/2ℏ

(︁
∆p = ω31 − ωp

)︁
and the Rabi frequency

(detuning) of the strong coupling field Ωc = Ec · d23/2ℏ (∆c = ω32 − ωc) drive the dipole
allowed transitions |1⟩ ↔ |3⟩ and |2⟩ ↔ |3⟩ respectively. Λ represent the incoherent pump field
that drives the transition |1⟩ ↔ |3⟩. The matrix element dij = ⟨i| d |j⟩ is used to denote the dipole
moment of transition |i⟩ to |j⟩. Specifically, the energy levels |1⟩, |2⟩, and |3⟩ refer to states|︁|︁5S1/2, F = 2, mF = −2

⟩︁
,
|︁|︁5S1/2, F = 2, mF = 0

⟩︁
, and

|︁|︁5P1/2, F = 1, mF = −1
⟩︁

of the D1 line of
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the cold 87Rb atoms broken by static magnetic fields, respectively. In Fig. 1(b), we make each
coherent field act on only one atomic transition. This means that the amplitudes Ep and Ec of the
coherent field are perpendicular to the electric dipole moments d13 and d23, respectively. Where
θ represents the angle between the two dipole moments d23 and d13. Next, we theoretically
designed the defective atomic lattice and divided it into two periodic structural parts: part I with
p1 periods, each period consisting of af filled lattice cells (trapping atoms) and av vacant lattice
cells (not trapping atoms), and part II with p2 periods of filled lattice cells [see Fig. 1(c)]. The
optical lattice is formed by a red-detuned standing-wave field of wavelength λLat = 2λ0, with
λ0 being the lattice period. Thus, the total length of 1D defective atomic lattice L = Sλ0, for
S = (af + av)p1 + p2 . Figure 1(d) shows the scheme of the experimental setup, which is further
discussed in the Experimental feasibility section.

Fig. 1. (a) Energy level diagram of a three-level atomic system driven by a weak probe
field, a strong coupling field, and an incoherent pump field, respectively. (b) The angular
dependence between the electric field and the electric dipole moment. (c) Theoretical scheme
of the 1D defective atomic lattice with the width λ0 for each period, which comprises Part I
and Part II. The probe field Ep is incident from either the left side (denoted by Ei

pl) or the
right side (denoted by Ei

pr ) with a small incident angle α relative to x-axis. The relevant
reflected fields are denoted by Er

pl and Er
pr. (d) The scheme of the experimental setup.

With the electric-dipole and rotating-wave approximations, the interaction Hamiltonian of
atom-field can be written as follows:

ĤI = −ℏ

⎡⎢⎢⎢⎢⎢⎢⎢⎣
0 0 Ω∗

p

0 ∆c − ∆p Ω∗
c

Ωp Ωc −∆p

⎤⎥⎥⎥⎥⎥⎥⎥⎦
. (1)
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The density-matrix operator ρ̂ of the atomic system is described by the Lindblad master
equation in the Born-Markov approximation as follows:

∂t ρ̂ = − i
[︁
ĤI , ρ̂

]︁
+ Γ32L (σ̂23) ρ̂ + Γ31L (σ̂13) ρ̂ + ΛL (σ̂31) ρ̂

+ γSGC

[︃
σ̂13 ρ̂σ̂

†

23 −
1
2

(︂
σ̂†

23σ̂13 ρ̂ + ρ̂σ̂
†

23σ̂13

)︂
+ σ̂23 ρ̂σ̂

†

13 −
1
2

(︂
σ̂†

13σ̂23 ρ̂ + ρ̂σ̂
†

13σ̂23

)︂]︃
,

(2)
the above Lindblad superoperator describes the dissipative coupling to the environment and is
given by the form L (σ̂) ρ̂ = σ̂ ρ̂σ̂†−

(︁
σ̂†σ̂ ρ̂ + ρ̂σ̂†σ̂

)︁
/2. Here, γSGC =

√
Γ31Γ32 cos θ represents

the quantum interference effect resulting from spontaneous emission from |3⟩ → |1⟩ and |3⟩ →
|2⟩. The population decay rates are Γi = ΣnΓin and Γj = ΣnΓjn for n = 1, 2 and 3, describing
inevitable dissipation. Furthermore, we make the standard transformation of the equations as
follows: first, setting the initial phase of the probe, strong coupling be ϕp, ϕc respectively; then,
the corresponding Rabi frequencies are defined as Ωp = Gpeiφp and Ωc = Gceiφc , where Gp, Gc
are all real numbers; according to the definition, the density matrix element ρij is the product of
the probability amplitude of the population between states |i⟩ and |j⟩, and it indicates the state of
coherence. Based on the discussion above, we derive the relationships: ϱii = ρii, ϱ13 = ρ13eiφp ,
ϱ23 = ρ23eiφc , and ϱ12 = ρ12eiφ(where ϕ = ϕp − ϕc represents the relative phase of the two
fields). Therefore, the density matrix equations [34,62] can be summarized as follows:

∂tϱ11 = Γ31ϱ33 − Λϱ11 + iGpϱ31 − iGpϱ13,
∂tϱ22 = Γ32ϱ33 + iGcϱ32 − iGcϱ23,
∂tϱ21 = −(i∆p − i∆c + γ21)ϱ21 − iGpϱ23 + iGcϱ31 + γSGCe−iφ ϱ33,
∂tϱ31 = −(i∆p + γ31)ϱ31 + iGp(ϱ11 − ϱ33) + iGcϱ21,
∂tϱ32 = −(i∆c + γ32)ϱ32 − iGc(ϱ33 − ϱ22) + iGpϱ12,

(3)

with the conjugate relation ϱij = ϱ∗ji, ϱ33 + ϱ22 + ϱ11 = 1, and ϱ̇ij = 0 in the steady state. And In
Eq. (3), γij =

(︁
Γi + Γj

)︁
/2 represents the coherent relaxation rate between states |i⟩ and |j⟩. For

this atomic model system, we have γ32 = γ23 = (Γ31 + Γ32)/2, γ31 = γ13 = (Γ31 + Γ32 + Λ)/2,
and γ21 = γ12 = Λ/2. The analytical solution of ϱ31 in the steady state can be obtained by
solving the density matrix equation (∂tϱij = 0) under the weak-field approximation, as follows:

ϱ31 =
iΩ3

ceiφΛγSGC (Γ31 + Γ32) + iΩ2
c [−ΛΓ32ξ32 + ξ21(Λ − Γ31) (Γ31 + Γ32)]Ωp(︁

ξ21ξ31 +Ω
2
c
)︁ [︁

−ΛΓ32ξ23ξ32 + (2Λ + Γ31) (Γ31 + Γ32)Ω
2
c
]︁ , (4)

with ξ21 = −i
(︁
∆p − ∆c

)︁
−Λ/2, ξ23 = i∆c − (Γ31 + Γ32) /2, ξ31 = −i∆p − (Γ31 + Γ32 + Λ) /2, and

ξ32 = −i∆c − (Γ31 + Γ32) /2. The steady state probe susceptibility χp (x) of each filled lattice cell
can be obtained as follows:

χp(x) = Re
[︁
χp(x)

]︁
+ Im

[︁
χp(x)

]︁
=

Nx |d13 |
2 ϱ31

ε0ℏGp
. (5)

Here, Re
[︁
χp(x)

]︁
and Im

[︁
χp(x)

]︁
represent the real and imaginary parts of the susceptibility,

corresponding to dispersion and absorption lines of the probe field, ε0 is the dielectric constant
in vacuum, and the spatial atomic density Nx, which can be considered as a Gaussian distribution
in each filled lattice cell, is given by

Nx =
N0λ0

δx
√

2π
· e[−(x−x0)

2/2δ2
x ], (6)

where N0 is the average atomic density, x0 is the trap center, δx = λLat/(2π
√
η) is the half-width

with η = 2U0/(κBT) related to the capture depth U0 and temperature T . λ0 = λLat/2 is the width
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of each cell, with λLat being the wavelength of a red-detuned retroreflected laser beam forming
the optical lattice. For the Bragg condition, the incident angle is given by α = arccos(λp/λLat0),
where λp is the wavelength of the probe field and λLat0 = λLat − ∆λLat with the geometric Bragg
shift ∆λLat. It is worth emphasizing that the condition for trapping atoms is λLat >λ31 with
λ31 being the wavelength of the transition |3⟩ ↔ |1⟩. Here, we use the average susceptibility
χp = (N0 |d13 |

2 ϱ31)/(ε0ℏGp) to describe the propagation characteristics of the probe field.
The reflection and transmission properties of the defective lattice can be characterized by

a 2 × 2 unimodular transfer matrix [67–69]. For filled lattice cells, we divide each cell into
enough thin layers that can be regarded as a homogeneous medium. In general, the reflection
coefficient depends in a complex way on the layer thickness for layers of finite size. However,
the method of transfer matrix is valid in 1D atomic lattice for the transfer matrix of vacuum
layer is unit. With the transfer matrix m(xj) of a single layer, we can obtain reflection coefficient
rl(xj) = −m(2, 1)/m(2, 2)[rr(xj) = m(1, 2)/m(2, 2)] on the left (right) side of this layer, depending
on the Fresnel coefficients which are determined by the refractive index nf (x) =

√︁
1 + χp(x). For

the homogeneous and thin layer rl(xj) = rr(xj) = r(xj). Then m(xj) can be written as follows:

m(xj) =
1

t(xj)

⎡⎢⎢⎢⎢⎣
t(xj)

2 − r(xj)
2 r(xj)

−r(xj) 1

⎤⎥⎥⎥⎥⎦ . (7)

Here, t(xj) and r(xj) are the transmission and reflection coefficients of jth layer in each lattice
cell with j ∈ [1, 100]. The transfer matrix of one filled cell can be expressed as follows:

Mf = Π
100
j=1 m(xj). (8)

It is evident that this lattice exhibits the same reflectivities on both sides. The refractive index
nv = 1 for vacant lattice cells. Thus, the transfer matrix of a vacant cell can be written as follows:

Mv =
1

t(x)

⎡⎢⎢⎢⎢⎣
t(x)2 0

0 1

⎤⎥⎥⎥⎥⎦ =
⎡⎢⎢⎢⎢⎣

eikpλ0 0

0 e−ikpλ0

⎤⎥⎥⎥⎥⎦ , (9)

with kp = 2π cosα/λp. Then, the total transfer matrix is represented as follows:

M =
(︁
Mf

)︁p2 ·
[︁
(Mv)

av ·
(︁
Mf

)︁af
]︁p1 . (10)

In further, we can calculate the reflection coefficient rl(rr) on the left (right) of the lattice,
which are given by

rl = −
M(2, 1)
M(2, 2)

, rr =
M(1, 2)
M(2, 2)

. (11)

Here, M(i, j) (where i, j = 1, 2) denotes an element of the total transfer matrix M. The
reflectivities on both sides of the one-dimensional defective atomic lattice can be obtained as
follows:

Rl = |rl |
2 =

|︁|︁|︁|︁−M(2, 1)
M(2, 2)

|︁|︁|︁|︁2 , (12)

Rr = |rr |
2 =

|︁|︁|︁|︁M(1, 2)
M(2, 2)

|︁|︁|︁|︁2 . (13)

Thus, with the reflectivities of Eqs. (12) and (13), we can get the high reflection band in the
Bragg condition:

ωp

c

[︂
p1 (af λ0nf (x) + avλ0nv) + p2λ0nf (x)

]︂
= kπ, (14)

where c is the speed of light in vacuum, k is an arbitrary positive integer, and nf (x) is the average
refractive index of a filled cell. The non-reciprocity between left and right reflectivities can be
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quantified by the contrast factor as follows:

C =
|︁|︁|︁|︁Rl − Rr

Rl + Rr

|︁|︁|︁|︁ . (15)

An important figure of merit to check the nonreciprocity. Obviously, the reasonable value of
contrast satisfies the relation 0 ≤ C ≤ 1 in an optical response system. If and only if C = 0, the
left-side and right-side reflection are reciprocal, otherwise, they are nonreciprocal. And when
C → 1, almost perfect nonreciprocal reflection (unidirectional reflection) can be achieved.

3. Numerical results and discussions

In this section, we mainly discuss and optimize the process for nonreciprocal reflection ampli-
fication to unidirectional reflection amplification. At first, aiming to analyze the influence of
SGC, the modulation of left and right reflections by the relative phases of laser fields ϕ and the
angle between the two dipole moments θ should be checked, for ϕ and θ are all caused by the
SGC effect, with the chosen parameters of defective atomic lattice af = 1, av = 440, p1 = 15,
and p2 = 12. As shown in Figs. 2(a) − 2(d), there are significantly amplified nonreciprocal
reflection peaks within the SGC (θ = π/3), when ϕ is an even multiple of π/2 corresponding to
double nonreciprocal reflection peaks, otherwise corresponding to single nonreciprocal reflection
peak. It is worth noting that the reflectivity on the left side has almost reached 15, 000, while
the reflectivity on the right side is almost 150. It seems that the intensity of the left and right
reflections are modulated simultaneously by the relative phase, which hinges on the gain of the
probe field. Therefore, we further analyze the modulation of average probe susceptibility by the
relative phase of one period. Figure 2(e) clearly shows that there appear two gain peaks around
ϕ = 0, π, and 2π, although the gain amplitude is relatively weak for ϕ = 0 and 2π. However, a
single strong gain peak appears around ϕ = (1, 3)π/2. It should be noted that the reflections are
only amplified when the gain amplitude over 0.01 (

|︁|︁Imχp
|︁|︁>1.0× 10−2). Thus, we can manipulate

the intensity and position of nonreciprocal reflection bands freely by modulating the relative
phase.

In further, under different electric dipole moment angles θ, we plot the imaginary part of the
average susceptibility Imχp varying with the detuning ∆p to examine and discuss the influence
of SGC on probe gain as in Figs. 3(a) and 3(b). It is easy to see that although the probe light
can be amplified by an incoherent pump without SGC, i.e., θ = π/2, the quantum interference
channel induced by spontaneous emission is suppressed in this case, resulting in a lower gain
amplitude (lower than 0.01). This gain is insufficient to amplify the reflections [see Fig. 3(a)],
since significant amplification requires |Imχp |>1.0 × 10−2. When the two dipole moments are
non-orthogonal, the gain amplitude will be greatly increased and varies with θ [see Fig. 3(b)]. In
particular, a wide single gain peak [θ ∈ (−π/2, π/2)] can split into two narrow ones [θ ∈ (π/2,
3π/2)] by modulating θ, and the gain amplitude lower than 0.01 around θ = π/2 [see Fig. 3(c)],
which is in good agreement with Figs. 2. The phenomenon where the gain is weakest at θ = π/2
can also be explained from the the expression of ϱ31 in the Eq. (4). To simply and clearly illustrate
the regulation of probe gain by θ, we set ∆c = 0, ϕ = π, and Γ31 = Γ32 = γ, the imaginary part of
the density matrix element Im [ϱ31] at resonance (∆p = 0) can be obtained as:

Im [ϱ31] = −
4ΛΩ2

c
[︁
2Ωcγ cos θ + ΛΩp

]︁[︁
Λ (2γ + Λ) + 4Ω2

c
]︁ [︁
γ2Λ + 2 (γ + 2Λ)Ω2

c
]︁ (16)

From the above equation, it can be seen that the absorption (gain) spectrum is highly sensitive
to θ, with the gain being proportional to cos θ. When θ ∈ (π/2, 3π/2), the probe field exhibits
strong absorption at resonance, while for θ ∈ (−π/2, π/2), the probe field shows significant gain
at resonance. However, the merging and splitting of the gain peaks can be understood from
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Fig. 2. (a), (b), (c), and (d) in different relative phases, the reflectivities Rl,r vs detuning ∆p.
(e) The imaginary part of the average susceptibility Imχp vs detuning ∆p and relative phase
ϕ. The parameters: θ = π/3, af = 1, av = 440, p1 = 15, p2 = 12, Gc = 20 MHz, Gp = 0.3
MHz, Λ = 5MHz, ∆c = 0, ε0 = 8.8541878 × 10−12F·m-1, η = 5.0, N0 = 4 × 1011

cm−3, d13 = 1.7944 × 10−29 C·m, Γ31 = Γ32 = 5.75MHz, λLat = 796.8 nm, ∆λLat = 0.9
nm, and λ31 = 794.978 nm.

dressed-state theory. The strong coupling field splits the |2⟩–|3⟩ subsystem into two dressed
states, producing two resonance branches in the probe response. The θ-dependent SGC mainly
modifies the gain spectrum by redistributing the spectral weights and effective linewidths of these
two branches. When θ ≈ π/2, the SGC is weak, so the distinction between the two branches is
unclear and the peaks tend to be suppressed or merged. As θ moves away from π/2, the stronger
SGC makes the double-peak structure more evident. This implies that the SGC effect not only
increases the gain by two orders of magnitude but also enables accurate and flexible modulation
of the amplified unidirectional reflection by adjusting the angle between the two dipole moments.

In the following, we will optimize the parameters of the defective atomic lattice to explore
unidirectional reflection amplification. Although the peaks of the left and right reflections
increase and decrease simultaneously. Notably, within the high-gain frequency region ∆p ∈ (−6
MHz, 6 MHz) [see inset in Fig. 2(c)], the left reflectivity exceeds 200, while the right reflectivity
approaches zero. Focus on this frequency range, we set ∆p = 0.3 MHz with ϕ = π to examine the
reflections and the contrast factor C vs the number of vacant lattice cells av in Fig. 4. With the
increased av, the left and right reflectivities exhibit periodic oscillations that increase or decrease
simultaneously [see Fig. 4(a)]. This can be explained by Eq. (14), the Bragg condition will be
satisfied periodically with the variation of av. The noteworthy feature is that the left reflectivity
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Fig. 3. (a), (b) The imaginary part of the average susceptibility Imχp vs detuning ∆p
at different angles θ of electric dipole moments. (c) The imaginary part of the average
susceptibility Imχp vs detuning ∆p and angle θ. Where ϕ = π, other parameters are the
same as in Fig 2.

is always more than 1, the right reflectivity can be reduced to 10−4 corresponding to the rather
high contrast C ≃ 1 (0.9999995) [see Fig. 4(b)] for av = 440.

In Fig. 5, at the point ∆p = −0.3 MHz, we plot the left and right reflectivities, and the
corresponding contrast factor C with the variation of filled lattice cells af , the number of periods
of part I p1 and part II p2, respectively. Figures 5(a) and 5(b) show that the left and right
reflectivities are reciprocal corresponding to the contrast C = 0 with af = 0, for the light
response depends only on part II. When af = 1, the left reflectivity reaches its maximum value,
corresponding to the right reflectivity reachs its minimum value, the perfect unidirectional
reflection amplification can be achieved with C ≃ 1. It is clear that a ideal unidirectional
reflection amplification can only be obtained in the regions p1 ∈ (10, 20) [see Figs. 5(c) and 5(d)]
and p2 ∈ (0, 20) [see Figs. 5(e) and 5(f)], that the reflectivity on the right-side is lower than 1.0.
Especially, the numerical results show that the amplified perfect unidirectional reflection appears
at af = 1, p1 = 15 and p2 = 12, with the determined ϕ and θ.

Why are the reflectivities on the right and left sides so sensitive to the relative phase ϕ, the
angle θ, and the lattice parameters av, af , p1, and p2? The physical essence is that the probe
susceptibility can be modulated by ϕ and θ, which exhibits the optical response and determines
the refractive index during the process of light propagation. In particular, the formation of a



Research Article Vol. 5, No. 4 / 15 Apr 2026 / Optics Continuum 1192

Fig. 4. (a) The logarithm of the reflectivities log10Rl,r vs vacant cells av. (b) The contrast
factor C vs vacant cells av. Where ϕ = π. ∆p = −0.3 MHz, and other parameters are the
same as in Fig 2.

perfect reflection band requires meeting the Bragg condition, which depends on lattice parameters
and the refractive index, as can be seen from Eq. (14). When the probe light incident from left side
of the defective atomic lattice, the reflectivity mainly depends on part I, on the contrary, mainly
depends on part II. Therefore, the left and right reflection bands maybe offset or overlapped
depending on the Bragg condition, which can exhibit the nonreciprocity even unidirectionality.

Finally, we consider the modulation of nonreciprocal reflections by the coupling detuning ∆c.
The imaginary part of the average susceptibility in Fig. 6(a) clearly exhibits that a single gain peak
first splits into double ones and then merges with the increased ∆c, corresponding to ∆c< − 10
MHz, ∆c ∈ (−10 MHz, 10 MHz), and ∆c>10 MHz, respectively. Especially, the gain amplitude
almost reaches 2.0 × 10−2 around the probe resonance point at ∆c ∈ (−5 MHz, 5 MHz). These
well reflect the variation of left and right reflections with ∆c as shown in Figs. 6(b) and 6(c), a
single nonreciprocal reflection amplification band (region I) can split double ones (region II),
and then merged into one (region III). In particular, an amplified unidirectional reflection band
can be formed [corresponding to ∆c ∈ (−5 MHz, 5 MHz)] in region II. It is noticeable that the
results in Fig. 6 are in good agreement with Fig. 2(c) when ∆c = 0. The modulation of the gain
window position by the coupling field detuning ∆c can be explained using dressed-state theory.
From the physical mechanism perspective, the strong coupling field dresses the |2⟩ − |3⟩ manifold
and splits the probe response into two dressed-state resonance branches, whose approximate
positions are given by

∆
(±)
p =

∆c ±
√︁
∆2

c + G2
c

2
. (17)



Research Article Vol. 5, No. 4 / 15 Apr 2026 / Optics Continuum 1193

Fig. 5. (a), (c), and (e) show the logarithm of reflectivities log10Rl,r vs af , p1, and p2,
respectively. (b), (d), and (f) show the contrast factor C vs af , p1, and p2, respectively . Here
p1 = 15, p2 = 12 in (a)-(b), p2 = 12, af = 1 in (c)-(d), and p1 = 15, af = 1 in (e)-(f). Where
ϕ = π, ∆p = −0.3 MHz, and other parameters are the same as in Fig 2.

Therefore, varying ∆c shifts the center of the gain window approximately along the ∆p axis.
Based on satisfying the gain condition, strong reflection also requires that the effective phase of
the probe light in the lattice meets the Bragg condition. As a result, when both dressed-state
branches overlap with the Bragg-matched spectral region, two reflection maxima can appear,
corresponding to a double-peak response. When only one branch meets the Bragg condition, the
spectrum evolves into a single-peak reflection. In summary, the frequency-tunable probe gain
directly dictates the spectral positions of the amplified nonreciprocal or unidirectional reflection
bands.
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Fig. 6. (a), (b) and (c), respectively, the imaginary part of the average susceptibility Imχp
and the logarithm of the reflectivities log10Rl,r vs detuning ∆p and detuning ∆c. Where
ϕ = π and other parameters are the same as in Fig 2.

4. Experimental feasibility

According to experimental Refs. [64–66], we design the corresponding experimental setup in
Fig. 1(d). Specifically, we first cool the atoms by a magneto-optical trap (MOT) and confine
them in a retroreflected optical dipole trap formed by a Ti:sapphire laser. Subsequently, atoms
in pre-designated filled lattice cells are thermally expelled using the drive out lasing, creating
vacant lattice cells and thus fabricating the defective atomic lattice. The coupling and incoherent
pump beams are incident at a small angle, and the probe reflection can be detected by avalanche
photodiodes. Notably, during the experiment, a small number of atoms may escape from or be
absent from the filled lattice cells, a phenomenon that can be regarded as random fluctuations
in atomic density. According to previous studies on disordered atomic lattices [70,71], when
there are random fluctuations in atomic density, the main reflection features are usually quite
robust, and the spectra generally exhibit only moderate changes, such as slight variations in peak
height, bandwidth, or spectral position. Therefore, for realistic experimental situations, we expect
that the main results of the present work remain qualitatively robust against weak and randomly
distributed atom loss.
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5. Conclusions

In summary, we have explored SGC activated by a weak incoherent pump to attain gain-assisted
nonreciprocal or even unidirectional reflection amplification in a three-level Lambda-type system
of cold atoms trapped in an optical lattice. The atomic lattice (i.e., the optical lattice with trapped
atoms) is designed to consist of two parts: part I with periodically vacant lattice cells, and part II
with filled lattice cells. In our regime, the defective atomic lattice can not only break the spatial
symmetry of probe susceptibility to achieve nonreciprocal reflection, but also make the probe
light form amplified bandgaps through multiple reflections in the gain region assisted by the SGC.
By adjusting the relative phase ϕ, the dipole moment angle θ, and the parameters of defective
atomic lattice, e.g., the numbers of filled and vacant lattice cells in part I, the defect period in
part I, and the period of filled lattice cells in part II, we have achieved the modulation from
monochrome to two-color nonreciprocal reflection amplification, and even perfect unidirectional
reflection amplification. In particular, the left reflectivity can be amplified by a factor of 250
(amplified by a factor of 250 relative to the incident intensity), while the right reflectivity is only
10−4. These results stem from the combination of SGC-induced effects and Bragg conditions,
which can provide potential avenues for implementing all-optical nonreciprocal devices that are
widely used in integrated chips.
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