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ABSTRACT

Two-dimensional  (2D) photoinduced lattices  in atomic ensembles  consti-
tute  an  ideal  platform  for  the  systematic  investigation  of  light–matter
interactions and controllable diffraction phenomena. Nevertheless, existing
research efforts have primarily concentrated on fixed or symmetric lattice
configurations, resulting in insufficient exploration of asymmetric diffrac-
tion  behaviors.  Herein,  we  theoretically  propose  a 2D  phase-controllable
photoinduced  lattice,  which  is  constructed  by  overlapping  two  identical
sublattices  with  independently  tunable  spatial  phases  within  an  atomic
ensemble.  Spatial  phase  difference  between  the  two  sublattices  can  be
controlled directly by tuning the initial phase of the lattice-forming beams,
eliminating the need for complex optical path designs and tedious system
optimization.  We demonstrate  that  the absorption,  dispersion,  and trans-
mission  properties  of  the  proposed  lattice  can  be  dynamically  tuned  via
photon detuning, leading to the generation of both amplitude- and phase-
type  lattices.  Notably,  the  amplitude-type  lattices  exhibit  insensitivity  to
phase variations, whereas the phase-type lattices demonstrate remarkable
phase-dependent  energy  transfer  effects  and  pronounced  directional
asymmetry.  Specifically,  a  one-dimensional  (1D)  spatial  phase  difference
between  the  two  identical  sublattices  induces  stripe-like  modulation,
whereas a 2D spatial phase difference yields reconfigurable anisotropic 2D
modulation  patterns.  Furthermore,  we  demonstrate  that  the  combined
modulation  of  detuning  and  spatial  phase  difference  induces  periodic
asymmetric  oscillations  in  diffraction  energy,  enabling  precisely  control-
lable  asymmetric  distribution  of  diffraction.  Our  work  establishes  a
comprehensive  theoretical  framework  for  phase-driven  asymmetric
diffraction in  photoinduced lattices  and provides  an effective  strategy for
the  development  of  dynamically  reconfigurable  all-optical  nonreciprocal
photonic devices.
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 1   Introduction

Ultracold atoms trapped in optical lattices have emerged
as a versatile platform for quantum simulation, enabling
the precise realization of complex many-body phenomena
in  condensed  matter  physics,  including  the  Bose–
Hubbard model [1–3], superfluid-to-Mott insulator tran-
sitions  [4–7],  and  topological  phases  [8–10].  These
systems exploit the tunability of laser-induced potentials
to manipulate atomic wavefunctions with unprecedented
precision,  providing  a  bridge  between  atomic  physics
and solid-state analogs [11–14]. In particular, photoinduced
lattices,  formed  via  the  interference  of  multiple  laser
beams in atomic ensembles, allow dynamic reconfiguration
of  lattice  geometries  without  mechanical  limitations,
thereby  facilitating  investigations  of  light-matter  inter-
actions  at  the  quantum  level  [15–18].  The  underlying
manipulation  mechanism  relies  on  electromagnetically
induced  transparency  (EIT),  a  quantum  interference
effect that renders an otherwise opaque atomic medium
transparent to a probe field by means of coupling with a
strong control field [19–21]. In rubidium atomic systems,
EIT has been extensively demonstrated in both hot and
cold atomic vapors, giving rise to intriguing phenomena
such as slow light, optical storage, and enhanced nonlinear
optical  effects  [22–26].  When  integrated  with  periodic
modulation,  EIT  enables  the  formation  of  electromag-
netically induced gratings (EIGs). Such gratings feature
spatially  periodic  atomic  susceptibility,  which  diffracts
incident  light  and  yields  unique  diffraction  properties
[27–29].  EIGs  hold  promising  prospects  for  applications
in  all-optical  switching,  beam  splitting,  and  quantum
information  processing  [30, 31].  In  recent  years,  EIGs
have  been  further  extended  to  two-dimensional  (2D)
configurations to construct photoinduced lattices, which
support more abundant diffraction patterns and symme-
try-breaking behaviors [32–39].

To  engineer  photoinduced  lattices  in  atomic  systems
and  investigate  their  diffraction  properties,  researchers
have  developed  a  wide  range  of  optical  strategies.  For
instance, the interference of four plane waves in atomic
ensembles  forms  amplitude  and  phase  square  lattices,
which enable dynamic manipulation of near-field Talbot
imaging  and  far-field  Fraunhofer  diffraction  patterns,
thus  realizing  efficient  higher-order  diffraction  and
nondestructive atomic imaging [32]. Furthermore, three-
beam  laser  interference  produces  tunable  honeycomb
lattices, allowing effective control over Dirac point posi-
tions and their coalescence. This facilitates the study of
wavefunction  diffraction  dynamics  in  topological  phase
transitions  [38–40].  In  Rydberg  atomic  ensembles,  an
asymmetric  photo-induced  lattice  can  attain  tunable
high-order diffraction by virtue of van der Waals inter-
atomic interactions and flexible modulation parameters,
laying  a  foundation  for  accurate  diffraction  control  in
such photolattice platforms. Photonic Floquet topological

insulators  in  atomic  media  enable  robust  unidirectional
light  propagation  via  periodic  refractive  index  modula-
tion, offering an ideal platform for exploring backscatter-
ing-free  topological  edge  states  and  related  diffraction
phenomena  [41–43].  Photonic  crystal-derived  lattice
schemes  use  extended  optical  modes  to  tailor  light-
matter interactions, thereby improving the characteriza-
tion  of  collective  diffraction  responses  and  quantum
statistical  behaviors  [44].  Recently,  photoinduced  moiré
lattices  created  by  stacking  twisted  sublattices  have
further  enhanced  diffraction  manipulation.  By  tuning
photon detuning, diffraction efficiency and spatial intensity
distribution  can  be  flexibly  adjusted,  deepening  the
fundamental  understanding  of  light  propagation  in
twisted  photonic  structures  [45–48].  Overall,  extensive
studies on optical lattices have confirmed the high flexi-
bility  of  interference-based  techniques,  laying  a  solid
foundation  for  the  systematic  research  of  photoinduced
diffraction  properties.  However,  existing  studies  have
mainly focused on lattices with fixed interference profiles
or  simple  modulation,  as  well  as  one-dimensional  (1D)
and symmetric diffraction patterns. Systematic research
on  phase-controlled  2D  asymmetric  diffraction  and  its
coupling with probe detuning is still very limited.

In this paper, we theoretically propose a photoinduced
lattice in an atomic ensemble formed by superposing two
sublattices,  whose  optical  properties  are  dynamically
reconfigurable by adjusting their spatial phase difference
between them. Our results  reveal  that photon detuning
and  Rabi  frequency  regulate  lattice  transmission  and
diffraction  intensity,  achieving  a  transition  between
amplitude- and  phase-type  lattices.  Meanwhile,  the
spatial phase difference between two sublattices dominates
diffraction energy distribution and directional reconfigu-
ration of  phase-type lattices  but is  negligible  for  ampli-
tude-type  ones.  This  photoinduced  lattice  realizes  real-
time,  non-mechanical  reconfiguration  with  low-power
high-efficiency  diffraction  and  precise  multidirectional
energy  manipulation,  providing  a  viable  platform  for
reconfigurable  optical  field  control  and  a  fundamental
framework  for  programmable  all-optical  photonic
devices.

Notably,  the proposed scheme has unique advantages
and  significant  scientific  and  technological  value.  The
multi-beam  interference  lattice  dynamically  modulates
symmetry  and  diffraction  distribution  by  tuning  the
spatial  phase  difference  between  two  sublattices  and
frequency  detuning  without  altering  the  optical  system
geometry.  Precise  probe  detuning  controls  the  real  and
imaginary optical response components to realize contin-
uous  transition  between  amplitude- and  phase-type
lattices, thereby achieving controllable energy redistribu-
tion  between  zeroth- and  higher-order  diffractions
(providing  a  new  method  for  precise  spatial  light  field
manipulation).  In  addition,  the  moiré  twisted  lattices
can be constructed via sublattice interlayer coupling and

FRONTIERS OF PHYSICS RESEARCH ARTICLE

092202-2   Muhua Zhai, et al., Front. Phys. 21(9), 092202 (2026)

 



relative  rotation  angle  tuning  to  extend  the  system’s
applicability.

 2   Theoretical model

Ec Ep

|0⟩ 5S1/2(F = 3)

|1⟩ 5P3/2(F = 3)

|2⟩ 5D5/2

Ep ωp kp
Ωp

|0⟩ → |1⟩
∆p = ωp − ω10 Ec

ωc kc Ωc

Eeff Ωeff

Eeff (x, y)

|1⟩ |2⟩
∆c = ωc − ω21 ∆p +∆c = 0

Ωp ≪ Ωeff (x, y)

The construction of the photoinduced lattice is predicated
on the periodic modulation of the refractive index within
an  atomic  (or  molecular)  ensemble.  As  illustrated  in
Fig.  1(a),  our  model  consists  of  eight  strong  control
fields ,  a  weak  probe  field ,  and  an  ensemble  of
closed  three-level  cascade-type  ultra-cold  atoms  (or
molecules) comprising a ground state  ( ),
a  metastable  state  ( )  and  an  excited
state  ( ),  as  shown in Fig.  1(b).  A  weak  probe
field  (with  frequency ,  wave  vector ,  and  Rabi
frequency )  propagates  along  the z-axis  and  couples
the  transition, with frequency detuning defined
as .  Eight  strong  control  fields  (with
frequency ,  wave  vector ,  and  Rabi  frequency )
undergo  mutual  interference  to  form  an  effective
lattice  field  (Rabi  frequency ),  thereby  estab-
lishing  a  photoinduced  lattice  structure  within  the
atomic  medium.  The  lattice-forming  field ,
originating  from  the  same  laser,  is  coherently  coupled
with  the  levels  and ,  being  detuned  with

. This results in an EIT if  and
.

Specifically,  four  coupling  beams  (denoted  as  blue
beams)  function  as  one  set  of  sublattice-forming  laser
fields.  Among  these,  two  laser  beams,  symmetrically

αx

αy

Ωc ≫ Ωp

|Ωeff1(x, y)|2 = |Ωc sin(πx/dx)|2 + |Ωc sin(πy/dy)|2

Ωc = µ21Ec/ℏ
µij

|i⟩ |j⟩ dx(y) =

λc/(2 sinαx(y))

αx(αy) dx(y)
λc

φx φy

dx(y) =

λc/(2 sinαx(y))

|Ωeff2(x, y)|2 = |Ωc sin(πx/dx+
φx)|2 + |Ωc sin(πy/dy + φy)|2

|Ωeff (x, y)|2 = |Ωeff1(x, y)|2+
|Ωeff2(x, y)|2

offset  relative  to  the z-axis,  are  incident  on  the  atomic
sample  at  a  small  angle ,  while  the  other  two  laser
beams, incident symmetrically around the z-axis at small
angles , intersect to generate standing waves along the
x- and y-axes  within  the  atomic  ensemble,  respectively.
A 2D optically induced sublattice can be formed within
the ultra-cold atomic (or molecular) ensemble when the
condition  is  fulfilled.  The  effective  Rabi
frequency of the lattice can be mathematically expressed
as . Herein,

 denotes the Rabi frequency of the coupling
field,  represents  the  transition  dipole  moment
between  energy  levels  and ,  and 

 is the spatial period of the sublattice along
the x(y)-axis. By adjusting the value of ,  can
be arbitrarily tuned to be larger than the wavelength 
of  the  coupling  fields.  The  remaining  four  coupling
beams (denoted as purple beams) constitute a second set
of  sublattice-forming  laser  fields,  which  carry  spatial
phase difference  and  along the x- and y-axes relative
to  the  first  set.  This  configuration  yields  an  additional
sublattice  with  the  same  spatial  period 

,  and  its  corresponding  effective  Rabi
frequency  is  given  by 

.  Consequently,  the  total
effective  Rabi  frequency  of  the  entire  lattice  system
can  be  formulated  as 

.
A photoinduced lattice is constructed by superimposing

two sublattices with distinct spatial phases. As illustrated
in Fig.  1(c1),  when  spatial  interference  is  introduced
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|0⟩ |1⟩ |2⟩
φx = 0 φy = 0 φx = 0

φy = π/4 φx = 0 φy = π/2 φx = π/4
φy = π/3 φx = π/3 φy = π/3 φx = π/2 φy = π/3

Fig. 1  (a) The  geometry  of  photoinduced  lattice  and  the  corresponding  far-field  diffraction  patterns. (b) Cascade-type
three-level scheme of the 85Rb with , , and . (c) Schematic diagrams of photoinduced lattices with (c1) 1D and (c2)
2D spatial  phase  difference. (d) Spatial  phase  difference  between two sublattices  (d1)  and ,  (d2)  and

, and (d3)  and . (e) Spatial phase difference control between the two sublattices (e1)  and
, (e2)  and , and (e3)  and .
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φx = 0

φy = 0

φy = π/4

φy = π/2

φx

π/2

exclusively along a single dimension, the resultant structure
forms  an  EIG.  Conversely,  when  spatial  interference  is
applied  along  both  orthogonal  dimensions,  the  system
forms  a  2D  photoinduced  spatial  lattice,  as  shown  in
Fig.  1(c2).  By precisely  tuning  the  spatial  phase  differ-
ence,  the  symmetry  features  and  spatial  distribution  of
lattice  patterns  can  be  flexibly  modulated,  whereas  the
global  periodicity  of  the  lattice  remains  invariant.  For
the  EIG,  varying  the  phase  difference  between  the  two
sublattices  greatly  modulates  their  superposition  inter-
ference  pattern.  At  a  specific  phase  value  (  and

),  the  pattern  exhibits  high  2D  symmetry,  as
shown  in Fig.  1(d1).  As  the  phase  difference  rises  to  a
certain value , the global 2D periodicity remains
intact,  whereas  the  intensity  distribution  of  the  two
sublattices shifts evidently, thereby tailoring the symmetry
properties of the lattice pattern. Namely, the symmetry
along  the y-direction  is  partially  broken,  as  shown  in
Fig.  1(d2).  When  the  phase  difference  further  increases
to ,  the  field  modulation  along  the y-direction
changes  drastically,  rendering  the y-direction  symmetry
fully  broken  while  preserving  the  intrinsic  symmetry
along the x-direction, as shown in Fig. 1(d3). Similarly,
with the continuous variation of the phase difference ,
the x-direction symmetry is broken, whereas the intrinsic
y-direction symmetry is well  preserved, as illustrated in
Figs. 1(e1)–(e3). In other words, the global symmetry of
the  lattice  remains  intact,  whereas  the  superposition
interference  pattern  undergoes  tunable  variations  upon
the modulation of the spatial phase difference. The tran-
sition of  the  lattice  spatial  distribution from a 2D to  a
1D  configuration  originates  from  the  relative  phase
between the two sublattices induced by the spatial phase
difference.  This  relative  phase  gives  rise  to  destructive
interference, particularly at a spatial phase difference of

,  where  it  induces  complete  destructive  interference
along one direction, thereby yielding a 1D fringe pattern
with an underlying background potential.

|1⟩ → |2⟩
Eeff (x, y) |1⟩

|+⟩ |−⟩
λ± = ∆c/2±

√
∆2

c/4 + |Ωeff (x, y)|2

∂ρ/∂t = −i/ℏ [ρ,Hint]

From the analysis  based on dressed-state theory [49],
the atomic transition  is periodically dressed by
the  control  field ,  and  the  energy  level  is
then split into two dressed states  and  with corre-
sponding  eigenvalues .
The optical response of the atomic medium to the probe
field  is  governed  by  the  equation  of  motion  for  the
density  matrix,  which  in  the  interaction  picture  reads

.  Based  on  the  energy-level  scheme
shown in Fig. 1(b), and under the rotating-wave approx-
imation  [50],  the  interaction  Hamiltonian  between  the
atomic ensemble and laser fields can be expressed as 

Hint = Ωpe−i∆pt |0⟩ ⟨1|+Ωeffe−i∆ct |1⟩ ⟨2|+ h.c., (1)

Ωp = µ10Ep/ℏwhere . h.c. denotes  the  Hermitian  conju-
gate.  By  solving  the  density-matrix  equation  under  the
weak probe-field approximation, the induced polarization
at  the  probe  frequency  can  be  written  as

P (ωp) = ω0χ(ωp)Ep , where the optically induced suscepti-
bility is given by 

χ(ωp) =
iN |µ10|2

ℏε0
d20

d10d20 + |Ωeff |2
. (2)

ε0
d10 = γ10 − i∆p d20 = γ20 − i(∆p +∆c) γij

|i⟩ |j⟩

Here, N is the atomic density,  is the vacuum permit-
tivity, , ,  and  is
the dephasing rate between levels  and .

χ(ωp)

Ωc ∆p ∆c

∆p ∆c

|1⟩ |+⟩
|−⟩

Equation  (2)  indicates  that  the  optical  susceptibility
 is periodically modulated by the spatial distribution

of the lattice-forming field, with its magnitude within a
single lattice period significantly regulated by parameters
such  as , , .  To  clarify  the  modulation  mecha-
nism, Figs. 2(a1) and (a2) compare the optical properties
of  the  probe  field  at  the  nodes  and  antinodes  of  the
photoinduced  lattice.  The  absorption  profiles  (solid
lines) show the probe field undergoes substantial absorption
at  lattice  nodes,  while  nearly  complete  transmission  is
achieved  at  antinodes,  inducing  prominent  amplitude
modulation.  The dispersion curves (dashed lines)  reveal
positive  dispersion  at  nodes  and  negative  dispersion  at
antinodes,  confirming  the  feasibility  of  strong  phase
modulation. As depicted in Fig. 2(b1),  and  effectively
modulate the EIT window’s position and width by splitting
the  metastable  energy  level  into  two  sublevels 
and ,  enabling  spatial  periodic  modulation  of  the
probe field’s amplitude and phase within the x–y plane.
Under  the  slowly  varying  envelope  approximation
(SVEA), the propagation behavior of  the probe field in
the  atomic  medium  is  governed  by  Maxwell’s  wave
equation [51]: 

∂Ep

∂z
=

(
−α

2
+ iσ

)
Ep, (3)
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Fig. 2  (a) Absorption  spectrum  and  dispersion  spectrum
at  the  nodes  (a1)  and  antinodes  (a2)  of  the  lattice-forming
laser. (b) Absorption spectrum (b1) and dispersion spectrum
(b2) of the atomic ensemble as functions of  and .
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α = (4π/λp) Im[χ(ωp)] σ = (2π/λp)Re[χ(ωp)]

λp

T (x, y)

where ,  and  are
the  absorption and phase-shift  coefficients,  respectively,
and  is  the wavelength of the probe field.  By solving
Eq.  (3),  the  transmission  function  of  the  probe
beam over an interaction length L can be obtained as 

T (x, y) = exp
[
− α(x, y)L

2
+ iσ(x, y)L

]
. (4)

T (x, y)

We analyze  the  far-field  diffraction  pattern  based  on
Fraunhofer diffraction theory [52]. The pattern is deter-
mined  by  the  Fourier  transform  of .  Here,  the
incident probe beam is treated as a plane wave, and the
diffraction intensity distribution is given by 

I(θx, θy) = |E(θx, θy)|2 ×
sin2[Mπdx sin(θx)/λp]

M2sin2[πdx sin(θx)/λp]

× sin2[Nπdy sin(θy)/λp]

N2sin2[πdy sin(θy)/λp]
, (5)

E (θx, θy) =
∫∫

dxdyT (x, y) exp(−i2πxdx sin(θx)/λp)·
exp(−i2πydy sin(θy)/λp)

dx sin θx = mλp dy sin θy = nλp

dx dy
θx θy

where 
 represents  the  Fraunhofer  diffrac-

tion  field  from  a  single  spatial  period.  The  diffraction
efficiency for an arbitrary diffraction order along the x-
and y-axes  is  defined  via  the  grating  equations

 and . Here, M and N denote
the  number  of  illuminated  spatial  periods  along  the x-
and y-directions,  respectively.  and  are  the  lattice
periods along the x- and y-axes.  and  are the corre-
sponding  diffraction  angles  in  the x- and y-directions,
respectively.

 3   Results and discussion

λc = 775.98 nm

|1⟩ → |2⟩ [5P3/2(F = 3) → 5D5/2]

λp = 780 nm Pp = 5 mW

|0⟩ → |1⟩ [5S1/2(F = 3) → 5P3/2(F = 3)]

As elaborated in Section 2, a theoretical investigation is
performed  to  explore  the  construction  of  photoinduced
lattice through the interference of two sublattice-forming
fields  propagating  within  an  atomic  ensemble.  Specifi-
cally, a cloud of trapped atoms, confined within a standard
cold magneto-optical trap (MOT), is taken into account,
with a nominal diameter of approximately 1 mm, while
the  temperature  of  the  vapor  cell  is  stabilized  at
~4.4 mK. The coupling beam, characterized by a wave-
length of , is generated from a continuous-
wave  (CW)  Ti:Sapphire  laser  and  utilized  to  drive  the
upper  atomic  transition  .
Meanwhile,  a  weak  probe  beam  (with  wavelength

 and  power )  is  generated  by  an
external  cavity  diode  laser  to  couple  the  lower  atomic
transition  .  The
coupling  beam  is  expanded  by  means  of  a  beam
expander  to  enhance  the  effective  area  of  the  resulting
standing wave, and subsequently split into two identical
beams using a beam splitter (BS).

A 2D phase-controllable photoinduced lattice is gener-
ated by superposing two sublattices. The first sublattice-

forming lasers  are  symmetrically  placed  at  small  angles
to  the z-axis,  and  intersect  at  the  center  of  the  atomic
vapor cell, inducing a 2D periodically modulated optical
field  in  the x–y plane.  The second set  follows the same
process  but  with  phase  plates  inserted  in  the  standing
waves to introduce an additional phase difference relative
to the first sublattice. In addition, a stable optical plat-
form,  precise  optical  path  alignment,  and  temperature
control  modules  are  adopted  to  ensure  the  long-term
stability and strict symmetry of the two sublattices [53,
54].  By  configuring  the  coupling  and  probe  beams  in  a
small-angle  paraxial  manner and utilizing a two-photon
Doppler-free  setup,  the  far-field  diffraction  pattern  of
the photoinduced lattice can be clearly observed.

φx = 0

∆p = ∆c = 0 MHz

φy = 0

T (x, y)

φy

φy π/2 T (x, y)

∆p = 0 MHz
T (x, y)

φy

We  first  analyze  the  amplitude-type  photoinduced
lattice when a unidirectional relative phase difference is
introduced  between  two  sublattices,  by  setting 
and . Figures 3(a) and (b) illustrate the
transmission  and  phase  modulation  of  the  amplitude-
type photoinduced lattice across four spatial periods. As
depicted  in Fig.  3(a1),  when ,  the  transmission
function  presents a series of discrete sharp peaks
with symmetric and periodic properties along the x- and
y-directions.  This  phenomenon  arises  from  nearly  full
light transmission at the antinodes and strong absorption
at the nodes, which induces periodic amplitude modulation
of  the  probe  beam.  As  the  relative  phase  difference 
increases,  the  transmission  intensity  gradually  decays
along  the y-direction  while  remaining  nearly  invariant
along  the x-direction,  as  illustrated  in Figs.  3(a2)  and
(a3).  Ultimately,  as  rises  to ,  exhibits  a
striped  profile  along  the x-direction  and  turns  nearly
uniform  along  the y-direction,  which  corresponds  to  a
1D periodic lattice, as shown in Fig. 3(a4). It should be
emphasized that the real part of the atomic susceptibility
vanishes  under ,  so  no  phase  modulation  is
induced.  Accordingly,  the  phase  of  remains
consistently  zero,  as  shown  in Figs.  3(b1)–(b4).  Conse-
quently,  the  lattice  behaves  similarly  to  a  pure
amplitude-type photoinduced lattice. The corresponding
Fraunhofer  diffraction  patterns  of  photoinduced  lattice
are presented in Figs. 3(c). Since pure amplitude modu-
lation  only  redistributes  light  intensity  via  absorption,
the diffracted intensity is always confined to the zeroth-
order  and  remains  independent  of  the  relative  phase
difference ,  as  shown  in Figs.  3(c1)–(c4).  This  is  a
typical feature of an ideal amplitude grating.

∆p = 21.21 MHz ∆c = 0 MHz

|1⟩ → |2⟩

|0⟩ → |1⟩
|Ωeff (x, y)| ≈ |∆p|

Subsequently,  a  phase-type  photoinduced  lattice  is
constructed  by  setting  and .
In  this  scheme,  the  coupling  fields  are  maintained  at  a
relatively high intensity to resonantly interact  with the
atomic transition , thereby ensuring high trans-
parency of the probe field. The weak probe field is properly
detuned  from  the  transition ,  i.e.,

,  while  remaining  within  the  EIT
window,  which  enables  the  achievement  of  π phase
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φx = 0

φy = 0 T (x, y)

T (x, y)

Re(χ)
φy

π/2 T (x, y)

modulation.  Accordingly,  both  absorption  and  phase
change  abruptly,  with  the  zeroth-order  diffraction
energy  redistributed  into  higher-order  components.  As
the  two  sublattices  are  fully  in  phase  (  and

), the intensity distribution of  demonstrates
that the probe field exhibits high transmittance at both
the  nodes  and  antinodes  of  the  lattice.  Its  overall
contrast  is  much  higher  than  that  of  amplitude-type
photoinduced lattices, as illustrated in Fig. 4(a1). More-
over, the transmission phase of  is no longer zero,
as presented in Fig. 4(b1). This is a typical feature of an
ideal  phase-type  photoinduced  lattice.  From  the  corre-
sponding  far-field  diffraction  pattern,  as  depicted  in
Fig. 4(c1), it can be seen that compared with Fig. 3(c1),
the energy of zeroth-order diffraction is greatly reduced.
In  contrast,  the  first-order  diffraction  intensities  along
the x- and y-directions, as well as in the four quadrants,
are remarkably enhanced. This behavior originates from
the periodic variation of the real part of the susceptibility

.  As  the  spatial  phase  difference  between  the  two
sublattices  along  the y-direction  increases  from 0  to

, both the intensity and phase distributions of 
gradually  become  uniform  along  the y-direction  and
eventually evolve into a 1D periodic stripe structure, as
presented  in Figs.  4(a1)–(a4)  and  (b1)–(b4),  respec-
tively. Meanwhile, the corresponding far-field diffraction
pattern reveals that the diffraction intensity along the y-

I(θ1x, θ
0
y)

φy = π/2

I(θ1x, θ
0
y)

direction gradually decays, and the energy is progressively
concentrated within , as illustrated in Figs. 4(c2)
and  (c3).  At ,  the  first-order  and  higher-order
diffractions  along  the y-direction  almost  completely
vanish.  Most  of  the  energy  is  confined  to  the  central
diffraction  orders ,  with  only  a  small  fraction
distributed in the first-order diffractions located in four
quadrants,  as  shown  in Fig.  4(c4).  This  represents  a
typical characteristic of an ideal phase-type grating.

φx = 0

sin θy = 0 sin θx = 0

sin θx = sin θy

φy

To  quantitatively  investigate  how  the  1D  spatial
phase  difference  between  the  two  sublattices  modulates
the  far-field  intensity  distribution  and  diffraction
symmetry  of  photoinduced  amplitude- and  phase-type
lattices,  we  analyze  the  diffraction  intensity  profiles
along  three  typical  directions  under  fixed ,  as
illustrated  in Figs.  5(a1)  and  (b1),  respectively.  The
dotted lines  mark three representative diffraction direc-
tions,  the  horizontal  direction  is  defined  by  setting

, the vertical direction by setting , and
the diagonal direction by setting . As shown
in Figs.  5(a2)–(a4),  for  the  amplitude-type  lattice,  the
optical  energy  is  predominantly  confined  to  the  zeroth-
order  diffraction,  forming  a  highly  symmetric  profile.
The variation of  has a negligible effect on the diffraction
intensity  distribution.  In  contrast,  for  the  phase-type
lattice shown in Figs. 5(b2)–(b4), the diffraction intensity
deviates  from the  central  region  and  varies  periodically
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Fig. 3  Amplitude-type  photoinduced  lattice. (a1–a4) The  intensity  and (b1–b4) the  phase  of  with  different
spatial phase difference between the two sublattices, (a1) and (b1) , (a2) and (b2) , (a3) and (b3) ,
and  (a4)  and  (b4) . (c1–c4) The  corresponding  diffraction  patterns.  Other  parameters  are , ,

, , , , , and .
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φy

sin θx = 0

with .  Along  the  vertical  direction,  the  diffraction
intensity  distribution  in Fig.  5(b2)  is  symmetric  with
respect  to  the  central  axis ,  while  those  in

Figs. 5(b3) and (b4) exhibit centrosymmetry.
We  also  examine  diffraction  intensity  profiles  of

photoinduced  amplitude- and  phase-type  lattices  along
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Fig. 4  Phase-type  photoinduced  lattice. (a1–a4) The  intensity  and (b1–b4) the  phase  of  with  different  spatial
phase difference between the two sublattices, (a1) and (b1) , (a2) and (b2) , (a3) and (b3) , and (a4)
and  (b4) . (c1–c4) The  corresponding  diffraction  patterns.  Other  parameters  are , ,

, , , , , and .
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Fig. 5  (a1, b1) show the far-field diffraction patterns of the amplitude- and phase-type lattices, respectively. (a2–a4) and
(b2–b4) show the  effects  of  the  1D spatial  phase  difference  on  the  diffraction  intensity  distributions  along  (a2)  and (b2)

,  (a3,  b3) ,  and  (a4,  b4) .  Other  parameters , , , ,
, and .
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three typical directions with fixed , as shown in
Figs. 6(a1) and (b1). For the amplitude-type lattice, as
shown  in Figs.  6(a2)–(a4),  the  diffraction  energy  is
confined  to  the  zeroth-order  and  insensitive  to  the
spatial  phase  difference .  In  contrast,  for  the  phase-
type lattice, as shown in Figs. 6(b2)–(b4), the diffraction
energy  redistributes  periodically  with  the  spatial  phase
difference , accompanied by a notable decline in overall
symmetry.  As  depicted  in Fig.  6(b2),  the  symmetry  of
the  diffraction  intensity  distribution  is  broken,  and  the
energy of the first-order diffraction  is gradually
coupled  into  the  zeroth-order ,  which  becomes
dominant at . As  further varies from  to , the
energy  shifts  back  to . Figure  6(b3)  further
reveals that the diffraction pattern maintains asymmetry
with respect to the -axis, and  peaks at

 and ,  while  dominates  at .
A  comparison  of Figs.  6(b2)  and  (b3)  indicates  that

 is  markedly lower than .  In both cases,
the diffraction energy gradually couples into the zeroth-
order  as  increases  from  0  to .  As  shown  in
Fig.  6(b4),  carries  negligible  energy,  with  only
faint peaks emerging at .

φy = π/3

Next,  we explore  the  photoinduced lattice  with  a  2D
spatial  phase difference.  Unlike its  1D counterpart,  this
structure  supports  additional  spatial  phase  difference
components  along  both  the x- and y-directions.  With

 fixed,  we  examine  the  far-field  diffraction
features  of  amplitude- and  phase-type  lattices  under
different  2D  spatial  phase  difference,  as  depicted  in
Figs.  7(a1)–(a4)  and (b1)–(b4).  For  the  amplitude-type
lattice,  diffraction  energy  is  confined  mainly  to  the

φx = 0

φx

φx = π/3
φy = π/3

sin θx = sin θy
φx π/2

φx

φy

zeroth-order,  as  illustrated  in Figs.  7(a1)–(a4)  and
barely varies with spatial phase difference. The diffraction
patterns retain high symmetry, revealing strong robustness
of  energy  distribution  against  phase  modulation.  In
contrast,  the  phase-type  lattice  exhibits  flexible  and
tunable  diffraction  behavior.  The  symmetry  of  its
diffraction  pattern  is  highly  sensitive  to  phase  settings,
as illustrated in Figs. 7(b1)–(b4). Under fixed  the
diffraction intensity is mainly localized at the first-order
peaks  and  maintains  horizontal  symmetry,  as  shown in
Fig. 7(b1). With an increase in the phase , diffraction
energy is redistributed from higher diffraction orders to
lower  ones.  Meanwhile,  the  principal  diffraction  lobe
shifts  along  the x- to y-direction,  as  illustrated  in
Fig.  7(b2),  which  fully  disrupts  the  original  biaxial
symmetry. When two key parameters are set to 
and , the diffraction pattern exhibits symmetry
about  the  axis ,  as  shown  in Fig.  7(b3).
Further increasing  to  leads to energy redistribution
between  the  central  and  first-order  diffraction  peaks
along the y-direction,  as  shown in Fig.  7(b4).  Both the
energy  distribution  and  symmetry  of  the  diffraction
pattern  can  be  efficiently  modulated  by  tuning  and

.  These results  indicate that when a phase difference
exists between the two sublattices along only one direc-
tion, the diffracted energy is transferred to its orthogonal
direction,  while  bidirectional  (horizontal  and  vertical)
phase  differences  between  the  two  sublattices  enhance
the zeroth- and first-order components but leave higher-
order components weak.

Furthermore, Figs.  8(a1)–(a4)  illustrate  the evolution
of  diffraction  intensity  as  a  function  of  probe  detuning
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Fig. 6  (a1, b1) show the far-field diffraction patterns of the amplitude- and phase-type lattices, respectively. (a2–a4) and
(b2–b4) show the  effects  of  the  2D spatial  phase  difference  on  the  diffraction  intensity  distributions  along  (a2)  and (b2)

, (a3, b3) , and (a4, b4) . Other parameters , , , ,
, and .

FRONTIERS OF PHYSICS RESEARCH ARTICLE

092202-8   Muhua Zhai, et al., Front. Phys. 21(9), 092202 (2026)

 



∆p φy
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I(θ0x, θ
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y) |∆p| ≈ 15−30 MHz

I(θ1x, θ
0
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φy = ±π/2
∆p ≈ ±25 MHz

 and spatial phase difference  for different diffraction
orders  with  fixed .  The  zeroth-order  intensity

 declines  within ,  accompanied
by energy transfer to higher orders and periodic modulation
versus  spatial  phase  difference.  For  the  first-order
diffraction  shown  in Fig.  8(a2),  the  intensity
peaks  at  the  designated  parameters  (  and

)  and  preserves  a  symmetric  distribution,

I(θ0x, θ
1
y)

∆p ≈ ±30 MHz
φy = 0,±π

I(θ1x, θ
1
y)

demonstrating identical responses to positive and negative
detuning.  In Fig.  8(a3),  the  intensity  of  peaks
are  concentrated  near  and  reach  their
maximum  magnitude  at .  Although  local
symmetry  is  broken,  the  overall  pattern  still  retains
approximate centrosymmetry. In contrast, the first-order
diffraction  in  the  four  quadrants  features  more
localized  intensity  peaks,  as  shown  in Fig.  8(a4).  Its
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Fig. 7  Far-field diffraction patterns of amplitude- and phase-type photoinduced lattice with different spatial phase difference
between the two sublattices, (a1, b1) , , (a2, b2) , , (a3, b3) , , and (a4,
b4) , . Other parameters , , , , , and .
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Fig. 8  (a1–a4) show the  effects  of  probe  detuning  and  spatial  phase  difference  on  the  diffraction  intensity  with
fixed , (a1) zeroth-order diffraction , (a2) first-order diffraction along the x-direction , (a3) first-order
diffraction along the y-direction ,  and (a4) first-order diffraction in the four quadrants . (b1–b4) show the
effects  of  and  on  the  diffraction  intensity  with  fixed ,  (b1) ,  (b2) ,  (b3) ,  and  (b4)

. Other parameters , , , , and .
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overall  modulation  pattern  in  the  parameter  plane
 is  nearly  centrosymmetric,  accompanied  by

slight local intensity imbalance. These results demonstrate
that  modulates  the  phase  response  of  the  medium,
thereby enabling effective phase modulation of the probe
field, and redistributing diffraction energy across different
orders.  Moreover,  the  introduction  of  the  1D  spatial
phase  difference  breaks  the  spatial  symmetry  of  the
system, which manifests  in the frequency domain as an
asymmetric  diffraction  intensity  distribution  along  the
relevant axis.
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Figures  8(b1)–(b4)  depict  the  diffraction  properties
under  different  probe  detuning  and  spatial  phase
difference  with  fixed .  In Fig.  8(b1),  the
zeroth-order  diffraction  also  exhibits  evident  intensity
attenuation across the detuning range .
Such  a  range  corresponds  to  the  EIT  window  and
reveals  efficient  energy  transfer  to  higher-order  diffrac-
tion. As the spatial phase difference varies, the modulation
region along the axis evolves periodically and maintains
its  symmetric  distribution  relative  to .  For

, two intensity bands emerge near ,
with their maxima appearing at corresponding positions

, as shown in Fig. 8(b2). The diffraction property
exhibits  an  asymmetric  distribution  with  respect  to

, in which the intensity on the negative detuning
side  is  far  higher  than  that  on  the  positive  side.  This
asymmetry  physically  originates  from  the  spatial  phase
difference , which modulates the modulation depth of
the coupling field and further induces asymmetric phase
modulation.  For ,  the  intensity  peaks  at

 and  show  a  centrosymmetric
distribution,  as  shown  in Fig.  8(b3).  In  comparison,

 exhibits a highly localized intensity distribution,
which is dominant only in the negative detuning region
( ) and shows pronounced asymmetry with respect
to , as shown in Fig. 8(b4). This behavior originates
from the enhanced real part contribution of the suscepti-
bility of the phase-type lattice under negative detuning.
This  asymmetry  is  evidenced  by  unequal  intensity
responses under phase inversion , a hallmark of
spatial  phase  difference  induced  asymmetric  diffraction.
Such  symmetry  breaking  highlights  the  excellent
controllability of diffraction energy in the 2D phase-type
lattice  through  precise  spatial  phase  difference  modula-
tion.
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Figures 9(a)–(d) illustrate the intensity distribution of
different  diffraction  orders  in  phase-type  lattices  under
varied spatial phase difference along the x- and y-direc-
tions.  Differentiated  spatial  symmetry  properties  are
identified for each diffraction order, which are inherently
determined by the lattice spatial phase modulation. The
zeroth-order  diffraction  presents  prominent
central  symmetry  in  phase  space ,  accompanied
by  periodically  distributed  intensity  along  multiple
directions, as shown in Fig. 9(a). In contrast, x-directional
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first-order  diffraction  holds  mirror  symmetry
about  axis, as shown in Fig. 9(b), whereas y-
directional  first-order  diffraction  is  symmetric
with  respect  to  axis,  as  shown  in Fig.  9(c).
The  orthogonal  configuration  of  the  above  symmetry
axes  well  reveals  the  spatial  anisotropy  of  the  lattice
structure. Furthermore, the diffraction symmetry of the
first-order  diffraction  in  the  four  quadrants  is
broken, while the periodicity along the x- and y-directions
is still maintained, as shown in Fig. 9(d). This demonstrates
that spatial phase difference modulation exerts a dominant
modulation  effect  on  the  symmetry  and  periodicity  of
diffraction intensity distributions.

 4   Conclusion

In summary, we construct a phase-controlled photoinduced
lattice in an atomic ensemble by superposing two sublat-
tices  via  the  interference  of  eight  coupling  beams.  The
introduction  of  spatial  phase  difference  enables  precise,
dynamic  manipulation of  the  transmission function and
far-field diffraction. For the amplitude-type lattice, most
optical energy is confined to the zeroth diffraction order;
in contrast, for the phase-type lattice, energy is efficiently
coupled  into  higher  diffraction  orders.  The  interaction
between probe detuning and spatial phase modulates the
first-order diffraction intensity periodically, with optimal
efficiency achieved within the 15–30 MHz EIT window.
Meanwhile,  the  spatial  phase  difference  governs  the
directionality  and  spatial  localization  of  diffraction
spots.  When the  two sublattices  are  fully  in  phase,  the
2D  diffraction  pattern  retains  perfect  symmetry.  The
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Fig. 9  Diffraction  intensity  of  the  phase-type  lattice  as  a
function of spatial phase difference along the x- and y-direc-
tions,  with  parameters  and .
(a) , (b) , (c) , and (d) .
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introduction of a unidirectional phase difference degener-
ates the symmetric 2D lattice into a 1D stripe structure.
By  simultaneously  imposing  both  spatial  phase  differ-
ences, the inherent symmetry is broken, thereby yielding
reconfigurable anisotropic 2D modulation patterns. This
scheme not  only provides  a  feasible  approach to realize
dynamically reconfigurable all-optical beam splitters and
directional photonic elements, but also serves as a versatile
platform for high-precision optical control and integrated
quantum photonic applications.
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