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Two-dimensional electromagnetically induced phase grating via composite vortex light
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We investigate the performance of a symmetrical two-dimensional electromagnetically induced grating pro-
duced in a four-level N-type atomic scheme, which interacts with a weak probe field and two simultaneous
coupling fields: a two-dimensional standing wave and a composite optical vortex beam. Based on the Maxwell
wave equation, we study numerically the behavior of the amplitude, the phase modulations, as well as the probe
field diffraction intensities of different order under various conditions for the coupling field detunings and the
orbital angular momentum of the Laguerre-Gaussian field. The different orders of diffraction are altered when
the azimuthal angle of the composite vortex light changes, thus producing a two-dimensional symmetric grating
which transfers the probe energy to higher orders of diffraction. A detailed analysis of the probe field energy
transfer to these different orders proves the possibility for direct control over the performance of the grating.
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I. INTRODUCTION

Electromagnetically induced transparency (EIT) [1,2] lies
at the foundation of many novel phenomena in quantum
optics. It utilizes quantum interference of double optical tran-
sitions, which causes the vanishing of a weak probe field
absorption under the action of a strong coupling field. EIT
is well developed both theoretically and experimentally with
many applications in different fields, such as slow or stopped
light and light storage [3–5], quantum information [6,7], and
nonlinear optics [8,9]. Upon applying a standing-wave (SW)
coupling field in the EIT system, the absorption and disper-
sion of the traveling wave (TW) probe field become spatially
periodic, leading to the so-called electromagnetically induced
grating (EIG) [10–12]. Since EIGs give opportunities for ma-
nipulating the amplitude and phase modulations of the weak
probe beam, as well as the intensity distribution of the dif-
ferent grating orders, they open novel applications in optical
switching [13], storing propagated light through an atomic
medium [14], and all-optical beam splitting and fanning [15].

The original EIG � scheme has been further extended to
V systems in cold atoms [16] and �-type excitations [17].
Of particular interest for the present work are the more com-
plicated four-level configurations, involving interactions with
multiple fields: Y type [18], tripod atomic systems [19], and
others [20], including interesting processes happening near
plasmonic nanostructures [21] and in quantum wells [22].

Other exotic examples of EIG applications are elec-
tromagnetically induced Talbot effect [23], improving the
structure of photonic band gaps [24], optical bistabilities [25],
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multicomponent vector solitons [26], and two-dimensional
surface solitons [27].

Usually the formed gratings diffract light symmetrically;
however, in the PT -symmetric media it is also possible to
observe asymmetric diffraction patterns due to the spatially
modulated refractive index of the light [28–30].

The interaction of atoms with optical vortex beams, e.g.,
light beams carrying orbital angular momentum (OAM) [31]
provides additional degrees of freedom in manipulating the
optical properties of the media. The latter leads to new appli-
cations in optical technologies, communication [32,33], and
quantum information [34]. Schemes involving optical vor-
tices have been recently extended to spatially dependent EIT
[35,36], vortex slow light [37,38], exchange of OAM modes
in multilevel quantum systems [39,40], as well as semicon-
ductor quantum-dot molecules and quantum wells [41,42].
Vortex beams have also found interesting uses in creating
chiral nanostructures [43], three-dimensional optical trapping
of metallic nanoparticles [44], and optical tweezers [45].

Specifically, composite optical vortices are formed when
two or more beams interfere [46,47]. By using pairs of
Laguerre-Gauss modes with different vortex indices a Ferris
wheel for ultracold atoms can be implemented [48,49], gen-
erating bright ring lattices for trapping atoms in red-detuned
light and dark ring lattices for trapping atoms in blue-detuned
light. Such optical ring latices have self-healing properties
[50] and give rise to the creation of artificial gauge magnetic
and electric fields [51].

In addition, the continuous azimuthal deformation of vor-
tex solitons leads to a novel class of spatially localized
self-trapped ringlike singular optical beams called azimuthons
[52,53].

Motivated by the ability of the light OAM to provide addi-
tional degrees of freedom to various control schemes, as well
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FIG. 1. (a) Excitation scheme of atomic ensemble in EIG. Atoms are excited by a weak TW probe field with Rabi frequency �p and two
simultaneous coupling fields: a SW with Rabi frequency �c and an optical vortex with Rabi frequency �F . (b) Atomic N-type configuration.
More details are given in the text.

as the increased possibilities that multilevel systems can give,
we study the effects of the interaction of an atomic N-level
EIG scheme with a composite light vortex, expecting such
an application to give rise to novel phenomena for manip-
ulating the EIG performance. To this end, in this work we
propose a theoretical scheme for the realization of a control-
lable symmetric EIG based on the simultaneous use of two
spatially dependent coupling fields: a two-dimensional SW
and composite laser beam carrying OAM in an N-level atomic
configuration. We distinguish between two specific cases, e.g.,
when all applied fields are resonant with their corresponding
atomic transitions, and when the composite vortex light is
off-resonant, while the probe field remains on resonance. Our
numerical studies show that while in the first case only an
amplitude grating can be achieved, in the second one both
the amplitude and the phase modulations of the probe light
become nonzero. At the same time, changing the azimuthal
index of the composite Laguerre-Gaussian field can serve as
a control knob for the distribution of the probe field energy
into high orders of diffraction. Due to this easy achievable
controllability, we expect the proposed EIG scheme to be also
experimentally feasible in a typical EIG setup [11,12], with

foreseen application in EIT-based quantum devices, informa-
tion manipulation, and processing.

It is worth noting that, in most previous studies the main
part of the probe energy remains in the zero order of diffrac-
tion and only some of the probe energy transfers to the high
orders of diffractions. However, in the case of phase grating
due to adjusting the phase modulation of the transmitted light,
most of the probe energy transfers to the high orders and
only a small portion of the energy gathers in the zero order.
In previous works different mechanisms have been proposed
for transferring the probe energy from zero order to high
orders, such as spontaneously generated coherence (SGC) or
relative phase between the applied lights. The strengths of our
proposed model lays in the fact that we suggest an alternative
interesting and easy way for adjusting the phase grating mech-
anism via composite vortex light, where the probe energy can
be transferred from zero order to high orders by adjusting the
OAM number and the azimuthal angle of the composite vortex
light.

The paper is organized as follows. Section II is devoted
to the theoretical model, serving as a base for our numerical
calculations, including Maxwell’s equation in the slowly vary-
ing envelope approximation and the Fraunhofer diffraction

FIG. 2. The Rabi frequencies � f and �F versus r/w for different values of the parameter l . Other selected parameters are � = π/6 and
� = γ .
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FIG. 3. Amplitude (a) and phase (b) modulations of probe light as a function of x, y, and diffraction pattern (c) as a function of sin θx and
sin θy. (d) The diffraction intensities Ip(θ 0

x , θ0
y ), Ip(θ 1

x , θ0
y ), Ip(θ 0

x , θ1
y ), and Ip(θ 1

x , θ1
y ) as a function of the phase �. The selected parameters are

	p = 	c = 	 f = 0, � = π/6, l = 1, �c = γ , M = N = R = 4, L = 7, and r/ω = 1.

equation. Further, in Section III we present the numerical
outcomes and their analysis under different parameters of
the system, e.g., laser field detunings and vorticity of the
composite Laguerre-Gaussian beam. In the last section we
give a summary of the obtained results and outline possible
experimental realizations and applications.

II. MODEL AND EQUATIONS

We start by considering the four-level N-type atomic sys-
tem shown in Fig. 1, which consists of two lower states |1〉
and |2〉, and two excited states |3〉 and |4〉. A weak probe
field with Rabi frequency �p interacts with the transition
|1〉 → |3〉, while two coupling fields with Rabi frequencies �c

and �F drive the atomic transitions |2〉 → |3〉 and |2〉 → |4〉,
respectively. The Rabi frequencies of the optical fields are
defined as �p = �μ13 · �Ep/2h̄, �c = �μ23 · �Ec/2h̄, and �F =
�μ24 · �EF /2h̄, where �μi j represents the electric-dipole matrix

element of the transition |i〉 → | j〉.
Next, we proceed to write down the Hamiltonian of the

system in the interaction picture under the electric dipole and
rotating-wave approximations:

Hint = −h̄(	p − 	c)|2〉〈2| − h̄	p|3〉〈3|−h̄(	p − 	c+	 f )

× |4〉〈4| − h̄(�p|3〉〈1|+�c|3〉〈2|+�F |4〉〈2| + H.c.).
(1)

Here, the detunings of the corresponding laser fields are de-
noted by 	p = ωp − ω31, 	c = ωc − ω32, and 	 f = ωF −
ω42, where ωi j (i, j = 1 . . . 4) is the atomic resonant fre-
quency of the |i〉 → | j〉 transition, while ωp, ωc, and ω f are
the laser field frequencies.

The wave function describing the system can be decom-
posed into the basis set of the unperturbed Hamiltonian
{|1〉, |2〉, |3〉, |4〉} as �(t ) = ∑

i=1,4 ai(t )e−iωit |i〉, where ai(t )
are the corresponding time-dependent coefficients and h̄ωi

denotes the energy of each unperturbed atomic level |i〉. The
system dynamics can then be described by the motion equa-
tions for the probability amplitude of all the states involved in
the interaction, as follows:

ȧ1 = i�pa3,

ȧ2 = i[(	p − 	c)a2 + �ca3 + �F a4] − γ2a2,

ȧ3 = i(�pa1 + �ca2 + 	pa3) − �3

2
a3,

ȧ4 = i[�F a2 + (	p − 	c + 	 f )a4] − �4

2
a4. (2)

Here �3 and �4 are the decay rates from the upper atomic
levels and γ2 represents the decoherence rate of the ground
state. For simplicity, we assume �3 = �4 = γ and the other
parameters take γ as a unit. The atomic-optical response of the
probe field is described by the susceptibility χp. By solving
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FIG. 4. Amplitude (a) and phase (b) modulations of probe light as function of x, y, and diffraction pattern (c) as a function of sin θx and
sin θy. (d) The diffraction intensities Ip(θ 0

x , θ0
y ), Ip(θ 1

x , θ0
y ), Ip(θ1

x , θ1
y ), Ip(θ2

x , θ1
y ), and Ip(θm

x , θn
y ) as a function of the phase �. The selected

parameters are 	p = 0, 	c = 	 f = γ , � = π/6, l = 1, �c = γ , M = N = R = 4, L = 7, and r/w = 1.

Eqs. (2) under the steady-state condition and the weak probe
field approximation (which implies that |a1|2 ≈ 1), as well
as using the polarization of the medium �Pp = N �μ13a3a∗

1, the
susceptibility of the probe field can be written as

χp = Nμ2
13

2ε0h̄
χ. (3)

In the above equation, N denotes the atomic density, ε0 is the
dielectric constant in vacuum, and χ is given by the expression

χ = A2A4 − �2
F

A4
(
A2A3 − �2

c

) − A3�
2
F

, (4)

with A2 = 	p − 	c + iγ2, A3 = 	p + i �3
2 , and A4 = 	p −

	c + 	 f + i �4
2 .

As is well known, due to the intensity-dependent sus-
ceptibility, control fields with standing-wave patterns lead to
spatially modulated absorption and refraction for the probe
field. Thus, the atoms act as a grating which can diffract the
probe beam into different directions.

To this end, in our model we will replace the coupling
field �c by a SW in two directions, i.e., �[sin(πx/�x ) +
sin(πy/�y)], with �x and �y being the space frequencies of
the SW. The coupling Rabi frequency �F is assumed to be a

composite vortex beam of the form

�F = �e−r2/w2
[(r/w)|l1|eil1� + (r/w)|l2|eil2�], (5)

which is a superposition of two vortex fields. Here r =√
x2 + y2 stands for the radial distance from the axis of the

Laguerre-Gaussian (LG) beam, while �, l , and w are the
azimuthal angle, the vorticity, and the beam waist parame-
ter, respectively. Assuming that l1 = −l2 = l , one can write
�F = � f cos(l�), where � f = 2�e−r2/w2

(r/w)|l|. Clearly,
the susceptibility of the medium given by Eq. (4) depends
on the OAM number of the composite beam. It is worth
noting, that while the usual LG beams are not periodic, the
coaxial superposition of two or more LG beams of different
azimuthal indices create composite vortex beams with shifted
axes. When l1 < l2 = l , the resulting composite twisted beam
contains a vortex of charge l1 located at the beam center which
is surrounded by l1 − l2 peripheral vortices. The case of l1 =
−l2 = l and equal intensities, leads to the 2 cos(l�) azimuthal
dependence of the composite field. The latter corresponds to
the flowerlike periodic “petals” intensity structures [40,47].

The diffraction pattern of the probe light through the
medium can be obtained by using the Maxwell’s equation un-
der the slowly varying envelope approximation in steady-state
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FIG. 5. Amplitude (a) and phase (b) modulations of probe light as a function of x, y and diffraction pattern (c) as a function of sin θx

and sin θy. (d) The diffraction intensities Ip(θ 0
x , θ0

y ), Ip(θ 1
x , θ0

y ), Ip(θ 1
x , θ1

y ), Ip(θ2
x , θ1

y ), and Ip(θ 2
x , θ2

y ) as a function of the phase �. The selected
parameters are 	p = 0, 	c = 	 f = γ , � = π/6, l = 2, �c = γ , M = N = R = 4, L = 7, and r/w = 1.

regime:

∂Ep

∂z
= i

π

ε0λp
Pp, Pp = ε0χ (ωp)Ep, (6)

where the parameter λp corresponds to the wavelength of the
probe light.

Then, the transmission function for an interaction length L
of the two-dimensional grating is given by

T (x, y) = e−Im[χ (ωp)]LeiRe[χ (ωp)]L = e−α(x,y)eiϕ(x,y)L. (7)

The first term in the exponent denotes the grating amplitude
and the second term corresponds to the phase modulation. By
using the Fourier transformation of the transmission function
T (x, y) we obtain the Fraunhofer diffraction equation as fol-
lows:

Ip(θx, θy) = |E (θx, θy)|2

× sin2(Mπ�x sin θx/λp) sin2(Nπ�y sin θy/λp)

M2N2 sin2(π�x sin θx/λp) sin2(π�y sin θy/λp)
.

(8)

Here we have

E (θx, θy) =
∫ 1

0
T (x, y) exp(−i2πx�x sin θx/λp)

× exp(−i2πy�y sin θy/λp)dx dy, (9)

where θx and θy stand for the diffraction angles with respect to
the z direction. The (m, n)th order diffraction angle is deter-
mined by the grating equations sin θx = mλp/�x and sin θy =
nλp/�y, where m and n are the spatial period numbers of the
atomic grating. We can further obtain the diffraction intensi-
ties of the (m, n) orders as follows:

I
(
θm

x , θn
y

) =
∣∣∣∣
∫ 1

0
T (x, y)e−i2πmxe−i2πnydx dy

∣∣∣∣
2

. (10)

III. RESULTS AND DISCUSSION

In this section, we will analyze the effects which the dif-
ferent system parameters play on the amplitude and phase
modulation, as well as the controllability of the diffraction
intensity of the probe field across the four-level N-type atomic
system. We also investigate the effects of the orbital angu-
lar momentum parameter l on the properties and diffraction
power of the grating.

A. Vortex field Rabi frequencies

In Fig. 2, we display the magnitude of the Rabi frequencies
� f (a) and �F (b) versus r/w for a value of � = π/6 when
the OAM number of the composite vortex light is changed.
From Fig. 2(a) one finds that when r = w the Rabi frequency
� f is identical for all values of the OAM number. However,
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FIG. 6. Amplitude (a) and phase (b) modulations of probe light as a function of x, y, and diffraction pattern (c) as a function of sin θx

and sin θy. (d) The diffraction intensities Ip(θ 0
x , θ0

y ), Ip(θ 1
x , θ0

y ), Ip(θ 1
x , θ1

y ), Ip(θ2
x , θ1

y ), and Ip(θ2
x , θ2

y ) as a function of the phase �. The selected
parameters are 	p = 0, 	c = 	 f = γ , � = π/6, l = 3, �c = γ , M = N = R = 4, L = 7, and r/w = 1.

Fig. 2(b) shows that the value of �F is changed when we
alter the value of l . The Rabi frequency of the coupling light
is strong when l = 1 and completely vanishes for a value of
l = 3. In the latter case (l = 3) the four-level N-type medium
converts to the three-level �-type system.

B. Resonant probe and coupling fields

Next, we will investigate the effects of different probe and
coupling field detunings. In Fig. 3 we plot the dependence of
the amplitude modulation (a), phase modulation (b), Fraun-
hofer diffraction (c), and different diffraction orders (d) of the
probe light under resonance condition of all the applied fields
for an OAM number l = 1. We realize that the amplitude
modulation of the probe field (a) is more pronounced than its
phase modulation (b). In fact, the phase modulation has a zero
value, meaning that in this case we can achieve only an ampli-
tude grating, as depicted in Fig. 3(c). The main energy of the
probe light is gathered in the zero order, while the high orders
of diffraction completely disappear. In Fig. 3(d) we display the
different orders of diffraction Ip(θ i

x, θ
j

y ) versus the azimuthal
angle of the composite vortex light. The figure confirms our
previous observation, that most of the probe energy remains
in the zero order and the high orders have zero values.

C. Resonant probe and off-resonant coupling fields

As a next step, in Fig. 4 we study the situation when the
standing wave and the composite vortex light are off-resonant
with their transitions, while the probe field remains resonant.
In this case, we find that the amplitude (a) and phase (b)
modulations of the probe light become nonzero; however,
their values are small.

The main energy of the probe light gathers in the zero
order, while the diffraction into high orders is very weak
(c). From Fig. 4(d), we conclude that the different orders of
diffraction are altered when the azimuthal angle of the com-
posite vortex light changes. For each value of the azimuthal
angle of the composite vortex light most of the probe en-
ergy remains in the zero order Ip(θ0

x , θ0
y ). However, for some

special cases, such as � = π/2, the difference between the
intensities of the zero and high orders is low. When l = 1 and
� = π/2 the intensity of the composite vortex light becomes
zero, therefore the four-level N-type atomic system converts
to the three-level atomic system. In this case, the absorption
and dispersion of the probe light may be significantly manipu-
lated. As a result, some of the probe energy may transfer from
zero order to high order of grating.

Further, we will investigate the behavior of the grating
upon alternating the vortex number l of the Laguerre-
Gaussian field. Figures 5 and 6 show the dependence of the
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FIG. 7. Amplitude (a) and phase (b) modulations of probe light as a function of x, y, and diffraction pattern (c) as a function of sin θx

and sin θy. (d) The diffraction intensities Ip(θ 0
x , θ0

y ), Ip(θ 1
x , θ0

y ), Ip(θ 1
x , θ1

y ), Ip(θ2
x , θ1

y ), and Ip(θ 2
x , θ2

y ) as a function of the phase �. The selected
parameters are 	p = 2γ , 	c = 	 f = γ , � = π/6, l = 1, �c = γ , M = N = R = 4, L = 7, and r/w = 1.

amplitude modulation (a), phase modulation (b), Fraunhofer
diffraction (c), and different diffraction orders (d) of the probe
light on the values of the OAM number l = 2, 3. We realize
that the amplitude and phase modulations of the probe field
are enhanced when we change l to 2 and 3. For l = 2 the
main energy of the probe light gathers in the zero order and
only a small portion of the probe energy transfers to the high
orders. As l increases to 3, some of the probe energy may
transfer to the high orders of the grating; however, the inten-
sity of the zero order still remains higher than that of the high
orders.

D. Off-resonant probe and coupling fields

As a next step, we will study the effects of the OAM num-
ber in the case when all of the applied fields are off-resonant
with their transitions, e.g., 	p = 2γ and 	c = 	 f = γ .

In Figs. 7–9 are shown the behaviors of the amplitude
modulation (a), phase modulation (b), Fraunhofer diffraction
(c), and different diffraction orders (d) of the probe light for
OAM numbers l = 1, 2, 3. We observe that the amplitude
modulation of the probe light [Figs. 7(a)–9(a)] decreases when
we change the OAM number from l = 1 to l = 3. At the same
time, the phase modulation of the probe light [Figs. 7(b)–
9(b)] increases by enhancing the l number, which causes a

probe energy transfer from the zero to the high orders of
the grating. Some of the probe energy transfers to the sec-
ond order of diffraction, with their intensities being weaker
than those of the first order of diffraction. The variation of
the different order of diffraction versus the azimuthal angle
[Figs. 7(d)–9(d)], show that by adjusting the amplitude and
phase modulations, more of the probe energy transfers to the
high order directions, which improves the diffracted power.
We find that the main part of the probe energy transfer occurs
to Ip(θ1

x , θ1
y ) and Ip(θ1

x , θ0
y ). This gives us reasons to claim,

that by adjusting the azimuthal angle of the composite vortex
light one can control the intensities of the different orders.
Since in most previous works the transfer of probe energy is
reported from the zero order to the first order of the grating,
we are specifically interested in investigating the opportunities
for transferring probe energy to the second and higher orders.
In Fig. 10 we present the Fraunhofer diffraction (a) and the
different orders of diffraction (b) versus the parameter r/ω
of the composite vortex field. We find that for � = π/4 and
l = 1, most of the probe energy transfers to the first order
and some of the probe energy transfers to the second order
of the grating. Therefore, in this case the probe energy is
mainly shifted into the (1, 1) and (2, 2) order of the diffraction
peaks and the diffraction efficiency of the created grating is
improved.
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FIG. 8. Amplitude (a) and phase (b) modulations of probe light as a function of x, y, and diffraction pattern (c) as a function of sin θx

and sin θy. (d) The diffraction intensities Ip(θ 0
x , θ0

y ), Ip(θ 1
x , θ0

y ), Ip(θ 1
x , θ1

y ), Ip(θ2
x , θ1

y ), and Ip(θ2
x , θ2

y ) as a function of the phase �. The selected
parameters are 	p = 2γ , 	c = 	 f = γ , � = π/6, l = 2, �c = γ , M = N = R = 4, L = 7, and r/w = 1.

IV. CONCLUSIONS

In this work we investigated the performance of a two-
dimensional EIG created upon the simultaneous coupling of
an atomic N-type excitation scheme by a standing-wave field
along the x, y direction and a composite vortex field. Numer-
ical analysis of the behavior of the amplitude modulations,
phase modulations, and the different order diffraction inten-
sities of the probe field, show that the produced grating is
symmetric for different probe and coupling field detunings,
as well as orbital angular momenta of the Laguerre-Gaussian
beam. The variation of the azimuthal number serves as an easy
control knob for achieving direct control over the distribution
of the diffraction intensities, and thus, on the performance
of the proposed grating. This additional degree of freedom,
originating from the utilization of the composite optical vortex
field, allows us to exceed the opportunities provided by pre-
viously studied EIGs. Compared to previous studies, where
different mechanisms (SGC, relative phase between the ap-
plied lights) have been used for transferring the probe energy
from zero order to high orders, our proposed model is advan-
tageous by providing an easy way for controlling the phase
grating mechanism only via adjusting the OAM number and
the azimuthal angle of the composite vortex light. Because of

this easily achievable controllability, we envisage a feasible
experimental realization of the proposed grating scheme in
typical atomic EIG setups. The latter opens up the possibility
for novel applications in all-optical information processing
and atom-manipulation technologies, in view of providing an
additional level of flexibility to all-optical quantum switches,
logic gates, and other EIT-based devices. It is interesting to
note, that since both the two-dimensional standing wave and
the Laguerre-Gaussian beam are symmetric, in the scheme
proposed here we obtain a symmetric grating. Alternatively,
in our recent article [54] we have shown that an asymmetric
grating pattern is observed when applying asymmetric cou-
pling light. To this end, as a future work we plan to address
the question of PT -symmetric quantum systems interacting
with composite vortex light.
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FIG. 9. Amplitude (a) and phase (b) modulations of probe light as a function of x, y, and diffraction pattern (c) as a function of sin θx

and sin θy. (d) The diffraction intensities Ip(θ 0
x , θ0

y ), Ip(θ 1
x , θ0

y ), Ip(θ 1
x , θ1

y ), Ip(θ2
x , θ1

y ), and Ip(θ 2
x , θ2

y ) as a function of the phase �. The selected
parameters are 	p = 2γ , 	c = 	 f = γ , � = π/6, l = 3, �c = γ , M = N = R = 4, L = 7, and r/w = 1.

FIG. 10. (a) The diffraction pattern as a function of sin θx and sin θy. (b) The diffraction intensities Ip(θ 0
x , θ0

y ), Ip(θ 1
x , θ1

y ), and Ip(θ 2
x , θ2

y ) as
a function of r/w = 1. The selected parameters are � = π/4, l = 1, and 	 f = −γ . Other parameters are the same as in Fig. 9.
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