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Multi‑wave‑mixing‑induced 
nonlinear modulation of diffraction 
peaks in an opto‑atomic grating
Bibhas Kumar Dutta1,5, Pradipta Panchadhyayee2,5*, Indranil Bayal3, 
Prasanta Kumar Mahapatra3 & Nityananda Das4

We propose an atomic model in close-loop configuration, which exhibits controllable symmetric and 
asymmetric evolution of significantly enhanced diffraction peaks of the weak probe beam in an opto-
atomic grating at far-field regime. Such results are obtained by the linear and nonlinear modulation 
of the intensities of the diffraction peaks as a result of multi-wave-mixing-induced modification of 
spatially modulated coherence in a closed four-level atomic system. Novelty of the results lies in 
predicting the diffraction pattern with uniform peak height due to the dominance of the amplitude 
part of the grating-transfer-function at the condition of exact atom-field resonance, which is unique to 
the present model. Efficacy of the present scheme is to apply it in producing nonlinear light generated 
by four-wave-mixing-induced control of spatially modulated coherence effect. The work also finds its 
importance for its applicability in the field of all-optical devices.

With the advancement of laser based science and technology, it has been possible to construct new optical device 
like Electromagnetically Induced Grating (EIG)1–3. In the case of Electromagnetically Induced Diffraction (EID), 
any aperture, or obstacle responsible for diffracting light beam can be built directly or indirectly by one or more 
external electromagnetic fields1. The formation of a grating as a result of the way of applying the external fields 
interacting resonantly with an atomic medium gives rise to the concept of electromagnetically induced grat-
ing (EIG). In contrast to the four-wave-mixing (FWM) induced grating1–3, the features of spatially modulated 
absorption and transparency of a laser beam passing through a coherently prepared atomic medium are explored 
to demonstrate EIG4–8 both theoretically and experimentally at far-field regime, where z >> D2/� ; z being the 
distance of probing the output between the grating and the image plane, D, the lateral dimension of the aperture 
and � , the wavelength of the incident wave.

The phenomena like Electromagnetically Induced Transparency (EIT)9, double-EIT (DEIT)10, Electromag-
netically Induced Absorption (EIA)11, laser-controlled Decay Interference Induced Coherence (DIIC)12 may 
lead to obtain spatially modulated atomic coherence under the standing-wave field configuration. Owing to such 
coherence effects, a number of works4–8,13–26 have presented EIG in various atomic models. More specifically, 
EIG in terms of spatially modulated EIT or DEIT has been analyzed in Refs.4–8,13,14,18,20,22–25 and EIG based on 
EIA has been explained in Ref.5,17. Impact of the DIIC effect on the spatially modulated coherence is reported 
in Refs.15,16,19 and the gain-assisted control of EIG has been shown in Ref.21. Contribution of coherent phase-
modulation of the transfer function, which is attributed to the presence of standing-wave regime, has been shown 
to be essential for the enhancement of the first and second order peaks as compared to the central peak4,7,8,15–20. 
The appearance of EIG with Rydberg atoms has also been discussed in Refs.23,24. It is worth mentioning that, 
in case of Rydberg atoms, one can obtain the phenomenon of EIG for the excited states wherein strong optical 
nonlinear effect is induced due to dipole-dipole interaction. In the present model our objective is to generate 
nonlinear generation of diffraction peaks as a result of the non-degenerate four-wave mixing (FWM) process 
where the excited energy levels are different from those used in Rydberg atoms. In recent days, photonic graphene 
lattice originated via the effect of EIT in an atomic vapor cell is a highly promising candidate for generation of 
various nonlinear optical effects27–29. Evolution of optical PT  -symmetry has been employed to construct EIG in 
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Raman-Nath regime as investigated in Ref.30,31. Cross-grating like structures based on two-dimensional (2D) EIG 
is described in Refs.32–34. Experimental observation of the diffraction pattern in a 2D-optically induced atomic 
lattice is reported35 in a three-level atomic system. The mechanism of electromagnetically induced Talbot effect 
similar to EIG has been discussed in Ref.36 and also demonstrated experimentally37.

Following the generic models in rarefied medium a good number of attempts have been made to explore 
the phenomenon of EIG in solid state media such as, semiconductor quantum nanostructures38–44. A differ-
ent method of obtaining dual EIG has been studied on the basis of spatially modulated biexciton coherence in 
Ref.40. Phase-dependent generation of EIG has been addressed also in those works40,41. A new scheme based on 
semiconductor quantum dot and metal nanoparticle hybrid system is proposed to realize EIG42,43. In a tripod-
type atomic model the appearance of dual EIG is also reported in the presence of an incoherent pump field45.

The mechanism of EID rendering EIG as presented in this article may lead to construct a device called opto-
atomic grating for the study of diffraction of laser at high frequency region. The scheme of EIG can be chosen 
to be an useful technique to generate nonlinear light almost free from background-noise as reported in Ref.2,3 
for detection of light signal based on the FWM technique. To this aim, electromagnetically induced far-field 
diffraction of a weak coherent optical beam is investigated after passing it through an atomic system interacting 
with the assembly of travelling and standing wave fields as shown in Fig. 1a,b. Fig. 1a represents the field-coupled 
energy level diagram for a four-level close-loop interaction scheme. In various parameter conditions the linear 
response of a weak probe field is modified by nonlinear effects generated as a consequence of multi-wave-mixing-
induced coherence (MWMIC). It is worth pointing that, in absence of the field applied between the levels |1 > 
and |2 > , the given model appears like a DEIT model. But as soon as this field is switched on, FWM-induced 
coherence will emerge as a result of the four-level loop linkage in the present model leading to non-degenerate 
FWM generation in a close-loop configuration. In this article we have shown that the generation of MWMIC 
significantly controls the diffraction of the weak probe beam through the opto-atomic slits originated by spatially 
modulated coherence in the standing-wave regime.

In the proposed scheme, generation of spatially modulated coherence is regulated not only by the DEIT, 
but by the MWMIC also. Such controlling process, at the condition of exact atom-field resonance, is shown to 
be unique to the given four-level model in inducing a uniform distribution of multiple peaks in the diffraction 
pattern where peaks of all the orders have almost equal magnitude with significant sharpness. The amplitude 
part of the grating-transfer-function plays the vital role in forming such peak pattern. It has been shown that 
a small shift from the condition of exact resonance results in the nonlinear peak modulation due to the effect 
of MWMIC and in turn controls the asymmetry in the alignment of the higher order peaks. Contextually, we 
note that the diffraction pattern of PT -symmetry induced grating is observed to be asymmetric. In contrast to 
the basic mechanism of PT -symmetric grating, we have shown the asymmetric evolution of diffraction peaks 
in the presence of MWMIC effect. We have examined the explicit role of the Rabi frequencies and detuning on 
the intensities of the higher order peaks. The present model can be used as an effective technique for generation 
and detection of nonlinear light on the basis of FWM-induced control of spatially modulated coherence effect. 
Overall, the diffraction patterns as obtained in this work seem to be plausible in practice for all-optical devices 
and concur to the specific demand of optically-induced atomic lithography.

Theoretical model
The field-coupled energy-level configuration of the atom is shown in Fig. 1a, where the transitions |1 >-|2 > , 
|1 >-|4 > , |2 >-|3 > and |3 >-|4 > are influenced by the field induced Rabi frequencies Rm =

µ̄21.ǭm
2�

 , Rp =
µ̄41.ǭp
2�

 , 
Rn(x) = Rnsin(πpx/�c) with Rn =

µ̄32.ǭn
2�

 , and Rc = µ̄43.ǭc
2�

 , respectively. Here, µjk denotes the dipole moment 
associated with the corresponding transition, while ǫj/2 for the field amplitude. The field probing the coherence 
induced by the control fields in the system is designated by the Rabi frequency Rp . Spatial dependence of the Rabi 
frequency denoted as Rn(x) originates from the standing wave formed by the counter-propagating components 

Figure 1.   (a) Field-coupled energy level diagram of a four-level atomic system. Rj ( j = p,m, n, c ) denotes the 
Rabi frequency for the applied fields. Specifically, Rn(x) denotes the position dependence of the Rabi frequency 
(see text). (b) Schematic view of possible field arrangement with the atom (circular spot) placed at the centre. 
Angle φ denotes the orientation of the components of the control fields forming standing wave. L indicates a 
lens. Diverging arrows are shown for different orders of diffraction.
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of the coupling field (Fig. 1b) defined as En(x, t) = ǭn
2
sin(kcxcosφ) eiωnt + c.c. = ǭn

2
sin(πpx/�c) eiωnt + c.c.; where 

p = cosφ , and �c = �c/2 with �c being the wavelength of the coupling field. We note that �′
c(= �c/p) implies 

the separation between two consecutive nodes, or antinodes. By changing the angle φ the value of �′
c can be 

varied. Other control fields of Rabi frequencies Rm and Rc are treated to be the travelling waves like the probe 
field in the present model.

In view of finding the validity of the given model in a realistic atomic system, we have chosen the field-induced 
transitions46 for Rubidium ( 87Rb) D1 lines ( 52S1/2 ↔ 52P1/2 ). The dipole-allowed transitions |1 >-|4 > and |2 >

-|3 > coincide with (S)F = 1 ↔ (P)F = 2 and (S)F = 2 ↔ (P)F = 1 transitions. Dipole forbidden transitions 
|1 >-|2 > and |3 >-|4 > correspond to (S)F = 1 ↔ (S)F = 2 and (P)F = 1 ↔ (P)F = 2 are taken into account in 
the presence of microwave field. Note that 87 Rb is selected as a suitable candidate for versatile applications in 
the field of quantum optics and laser spectroscopy. In experimentation with laser cooled atoms Rb has a vast 
applicability due to the presence of several ground states with long lifetimes, and easy accessibility of the lowest 
excited state with diode lasers.

The coherent part of the atom-field interaction is described by the Hamiltonian under the electric dipole and 
the rotating wave approximations as

where �m = �p −�c −�n with the detuning parameters �p = ωp − ω41 , �c = ωc − ω43 , �n = ωn − ω32 and 
�m = ωm − ω21 . The system dynamics can be explained by the semiclassical density matrix equation as given by

where the term �ρ14 includes the effect of incoherent decay-mechanism inherent to the present atomic model. 
The required off-diagonal density matrix equations are presented as follows

where Z41 = Ŵ4 − i�p , Z31 = Ŵ3 − i(�p −�c) and Z21 = Ŵ2 − i(�p −�c −�n) . Here, Ŵ4 = (γ41 + γ42)/2 , 
Ŵ3 = (γ31 + γ32)/2 where γmn ( m = 3, 4 and n = 1, 2 ) denotes the natural decay rate. Ŵ2 is considered to incor-
porate small coherence dephasing rate.

Under weak-field approximation, we treat the Rabi frequencies Rp and Rm to the first order and the others 
( Rn and Rc ) to all orders and the given set of density matrix equations can be solved in steady state to obtain the 
expression of ρ(1)

41  on the basis of following conditions to be satisfied: ρ(0)
11 ≈ 1 , ρ(0)

42 = ρ(0)
32 = ρ

(0)
34 = 0 , and ρjk = 

ρ∗
kj . By making the substitutions: ρ(1)

41 = ρ̃41e−iφp , Rp = |Rp|e
iφp , Rm = |Rm|e

iφm , Rn(x) = |Rn(x)|e
iφn , Rc = |Rc|e

iφc 
with the condition φp = φm + φn + φc , we obtain

with

where fL indicates the linear response of the probe field, and the two nonlinear terms fNL1 and fNL2 are respon-
sible for cross-phase modulation and inducing MWMIC in the probe response. The first nonlinear term fNL1 
contains two driving fields Rc and Rn(x) , while the second nonlinear term fNL2 holds another control field Rm 
in addition to Rc and Rn(x) . We note that a close-loop configuration cannot be set up without the application of 
Rm between the levels |1 > and |2 > . Being populated by all the field terms involved in our model the fNL2 term 
bears the signature of four-level loop linkage. Thus, fNL2 carries special significance regarding the origination 
of MWMIC and projects importance of choosing this specific four-level close-loop model from other usual 
four-level models like N-type, Y-type, inverted Y-type, and so on. Another aspect is to mention that this close-
loop model must lead to the emergence of a collective phase. In an attempt to generate and optimise effective 
FWM-induced effect, the establishment of maximal coherence (i.e., optimal MWMIC) must be ensured. This is 
possible only when the collective phase will be zero.

The polarization induced in the probe transition is given by performing the quantum average over the cor-
responding transition moment12,14 as follows

(1)
H(t) =− �[�m|2 >< 2| + (�p −�c)|3 >< 3| +�p|4 >< 4| + (Rm|1 >< 2| + Rp|1 >< 4|

+ Rn(x)|2 >< 3| + Rc|3 >< 4| + c.c)]

(2)
∂ρ

∂t
= −

i

�
[H, ρ] +�ρ

(3)ρ̇41 =− Z41ρ41 + iR∗
p(ρ11 − ρ44)+ iR∗

c ρ31 − iR∗
mρ42

(4)ρ̇31 =− Z31ρ31 + iR∗
n(x)ρ21 + iRcρ41 − iR∗

mρ32 − iR∗
pρ34

(5)ρ̇21 =− Z21ρ21 + iR∗
m(ρ11 − ρ22)+ iRn(x)ρ31 − iR∗

pρ24

(6)
ρ̃41

|Rp|
= fL + fNL1 + fNL2

fL =i
Z21Z31

Z21Z31Z41 + Z21|Rc|2 + Z41|Rn(x)|2
,

fNL1 =i
|Rn(x)|

2

Z21Z31Z41 + Z21|Rc|2 + Z41|Rn(x)|2
,

fNL2 =− i
|Rn(x)||Rm||Rc|/|Rp|

Z21Z31Z41 + Z21|Rc|2 + Z41|Rn(x)|2
,
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where ǫ0 being the free-space permittivity and N, the atomic density. The susceptibility χp is expressed as

with

where

In order to obtain the self-consistent equation for the probe field propagating through the atomic medium, we 
consider the probe field with a planar wavefront travelling along the z-direction, which is represented as 
Ep =

1
2
ǫpe

i(ωpt−kpz) + c.c. . The amplitude factor ǫp is assumed to remain unchanged in the transverse direction 
(x-direction) during the propagation of the wave though the atomic medium. We define the propagation vector, 
kp =

2π
�p

 ; �p being the wave length of the probe field. Now, the Maxwell’s equation for the probe field is given in 
the following form12

where C =
πN |µ14|

2

ǫ0�γ41
 is defined as a dimensionless constant by following the Ref.12,47, which implies the optical 

depth of the probe field. For the sake of simplicity of the calculation, C is chosen to be unity. The value of C 
conforms to the values of the parameters: |µ14| ≈ 3× 10−29 C-m, γ41 ≈ 6× 106 Hz and N ≈ 1012 atoms /cc. 
The product term iχ is defined as A+ iD where absorption A = −

γ41
Rp

(GV+HU)

U2+V2  , and dispersion D =
γ41
Rp

GU−HV
U2+V2  . 

We introduce the dimensionless distance ( ξ ) and relate it with the optical depth of probe field (C) through the 
expression, ξ = zC/�p . Eq. (10) can then be recast as

which leads us to obtain the transmission function as spatially-modulated-grating transfer function

where To is a constant. For convenience, we consider the normalized transfer function f (ξ , x) = T(ξ , x)/To , 
which plays the vital role in producing the grating spectrum. Because, all the information about coherent and 
incoherent atom-field interactions is stored in this function. This is to mention here that |f (ξ , x)| i.e. eA(x)ξ is the 
amplitude part of the grating-transfer-function, while the term �(ξ , x) ( = D(x)ξ ) evolves as the phase part of 
the grating-transfer-function4. If the value of the amplitude transfer function becomes predominant over the 
phase part of the transfer function i.e., A dominates over D in magnitude, we obtain the intensity distribution 
of the grating mostly induced by the absorption. In such a situation we obtain the amplitude grating or absorp-
tion grating. With the variation of the system-parameters, if the intensity distribution pattern be dramatically 
changed due to the significant contribution of the phase part of the transfer function, i.e., D dominates over A 
in magnitude, we obtain the intensity distribution of a phase grating.

We define the spatial width of the probe beam as the product-term M�′
c . M is a non-zero positive integer, 

which implies the allowed number of opto-atomic slits. According to Fig. 1b, an opto-atomic slit assembly is 
formed in the x- direction. The nodal regions where probe suffers no interaction in the absence of spatially 
modulated field act as slits, whereas the antinodes can be treated as opaque regions due to the interaction of the 
probe in the presence of spatially modulated field. The amplitude of the probe field ǫp is taken to be uniform over 
the width of the beam. On transmission through the slit-assembly, the spatial modulation can be attributed to the 
probe amplitude by introducing the function G(x) = ǫpf (ξ , x) . If θ be the angle of diffraction of the probe field 
from the z-direction, then the Fourier transform of G(x) gives rise to the resultant amplitude of the Fraunhofer 
diffraction pattern as given below48

(7)Pp = ǫ0χpǫp = 2Nµ14ρ̃41

(8)χp =
N |µ14|

2

ǫ0�γ41
χ

(9)χ =
γ41ρ̃41

|Rp|
=

γ41

|Rp|

(GU −HV)+ i(GV +HU)

U2 + V2

G =|Rp|[Ŵ2(�p −�c)+ Ŵ3(�p −�c −�n)],

H =|Rp|[Ŵ2Ŵ3 − (�p −�c)(�p −�c −�n)+ |Rn(x)|
2] − |Rn(x)||Rm||Rc|],

U =Ŵ2Ŵ3Ŵ4 − Ŵ2�p(�p −�c)− (�p −�c −�n)[Ŵ3�p + Ŵ4(�p −�c)] + Ŵ2|Rc|
2 + Ŵ4|Rn(x)|

2
,

V =Ŵ4(Ŵ3[�p −�c −�n)+ Ŵ2(�p −�c)] +�p[Ŵ2Ŵ3 − (�p −�c)(�p −�c −�n)]

+ (�p −�c −�n)|Rc|
2 +�p|Rn(x)|

2
.

(10)
∂ǫp

∂z
= i

π

ǫ0�p
Pp = iC

χ

�p
ǫp

(11)
∂ǫp

∂ξ
= (A+ iD)ǫp,

(12)T(ξ , x) = Toe
[A(x)+iD(x)]ξ

(13)AP(θ) ∝

∫ ∞

−∞

G(x) exp

(

−i
2π

�p
xsinθ

)

dx
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Introducing the dimensionless space-variable x′ = x
�c

 , we newly define the parameter Q =
�′

c
�p

 , where �p = �p/2 . 
Thus the intensity of the diffraction pattern is expressed after the algebraic simplification as follows14,49

where Io is the constant of proportionality including |ǫp|2 and �2
c , and the function F(θ) is given by48,50

where p is defined earlier. In accordance to Eq.(14) the position of the n-th order diffraction maxima corresponds 
to the grating equation, Q sin θ = n . The grating equation implies that the number of diffraction peaks within 
the whole range of sinθ equals (2Q + 1) with peak positions at sinθ = n/Q ; −Q � n � Q . The larger the value 
of Q, larger will be the number of diffraction peaks within the whole range of sinθ . For higher value of M, the 
spatial width of the probe beam will be larger, which makes it possible to get large number of diffraction peaks 
depending upon the value of Q. Thus, both the parameters M and Q play the key role in controlling the number 
of diffraction peaks. The length L indicates the dimensionless distance traversed by the probe field through the 
active medium. We note that |F(θ)|2 implies the intensity distribution of the single slit diffraction. In practice, 
for carefully chosen atomic transition to be probed, �′

c may be of the order of �p , because one needs to adjust 
the value of Fresnel number14 to be much less than unity in the far-field diffraction regime.

Results and discussions
We have computed numerically the Fraunhofer diffraction pattern of the probe beam by using Eqs. (6), (12), 
(14) and (15). First of all, we set the values of Q = 5 and M = 8 . The value of Q indicates that the number of 
peaks including the central one is 11 within the whole range of sinθ . The natural decay rates of the excited levels 
|3 > and |4 > are considered to be equal to 6 MHz. For all the results presented here we set the Rabi frequency of 
the probe laser as Rp = 0.01 MHz and choose γ31 = γ32 = γ42 = γ41 = 6 MHz and Ŵ2 = 0.05 MHz. The values of 
the Rabi frequencies of the other two fields are taken as Rn = 10 MHz and Rc = 8 MHz in Figs. 2, 3, 4, 5. In the 
present work, one of our objectives is to find out the impact of MWMIC in the diffraction profile. The maximal 
value of MWMIC can be ensured through effective generation of FWM only when the two driving fields, Rc and 
Rn(x) will be resonantly tuned. That is why we consider the deuning condition �c = �n = 0 throughout the 
work. In this condition the robustness of the field-atom interaction is also enhanced in the present model. The 
field of Rabi frequency Rm is considered perturbatively in the model to include the effect of MWMIC only. The 
weak probe field probes the coherence effects exhibited by the model when the strong driving fields are at exact 
resonance. The detuning parameter �m associated with Rm always assumes the same value as that of �p due to 
the mutual relation of the detuning parameters of the fields involved in the model. That is why, for non-resonant 
cases, we have introduced the detuning for the probe only.

In presenting the results, we mainly concentrate on the absorption and dispersion of the weak probe field 
propagating through the atomic medium. In this connection, we plot the variation of real and imaginary parts of 
χ (as in Eq. (9)) in Fig. 2 against the probe detuning ( �p ) considering Rn as a travelling-wave field. We present the 
variation of Im(χ ) and Re(χ ) in Fig. 2a when the field of Rabi frequency Rm is absent between the two lowermost 
levels, while in Fig. 2b the said variation is shown under the application of Rm . The absence of the Rm field leads 
the proposed system to a four-level DEIT model. The linear superposition of three states |2 > , |3 > , and |4 > by 
the two driving fields ( Rn and Rc ) applied between the |2 >-|3 > and |3 >-|4 > transitions, respectively, results in 
three dressed states corresponding to the eigenvalues 0, ±

√

R2
c + R2

n . The occurrence of three prominent peaks 
at the detuning values �p = 0,±12.8 in the absorption spectrum of Fig. 2a is attributed to the origination of 

(14)I(θ) = Io|F(θ)|
2 sin2(MπQ sin θ)

M2 sin2(πQ sin θ)

(15)F(θ) =

∫ 1/2

−1/2

f (L)exp(−ipπQx′ sin θ)dx′

Figure 2.   Variation of Real and Imaginary parts of χ with respect to the probe detuning ( �p ): (a) Rm = 0 , (b) 
Rm = 0.03 MHz. Other parameters: Rp = 0.01 MHz, Rn = 10 MHz, Rc = 8 MHz, and �n = �c = 0 . The solid 
and dashed dot lines indicate Im(χ ) and Re(χ ), respectively.
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these dressed states. The associated dispersion spectrum is shown by the dashed dot curve in Fig. 2a. We observe 
that a steep gradient region of the dispersion curve occurs around the line centre. When the Rm is switched on, a 
close-loop configuration is formed and FWM-induced coherence effect is induced in the system. Absorption and 
dispersion profiles in such condition are presented in Fig. 2b. As is seen in the plot of Im(χ ), the emergence of 
MWMIC in the system creates gain around the line centre leaving other side peaks of absorption with increased 
peak heights. This gain peak is the natural consequence of interplay between the non-linear term fNL2 and the 
combination of the linear term fL and the other nonlinear term fNL1 . fNL2 plays an opposite role in shaping the 
absorption spectrum with respect to fL and fNL1 . The dominance of the contribution of fNL2 over the cumula-
tive contribution of fL and fNL1 leads to the generation of gain around the line centre. The absorption peaks at 
the detuning values �p = ±12.8 occur also as a result of different competitive effects. Actually the combination 
of fL and fNL2 is responsible for the generation of these absorption peaks, though the presence of fNL1 induces 
gain in the system. In this case, the dispersion spectrum is also modified, where the left wing of dispersion is 
dominated by the right wing around �p = 0, which is unlike the case of Fig. 2a.

With a view to exhibiting the variation of diffraction intensity at the condition of multi-photon resonance 
i.e. �p = �c = �n = 0 , for L = 30 , Fig. 3 is presented. It shows the variation of intensity Iθ of different peaks 
in the grating structure in the normalised scale and the corresponding plots of the amplitude part |T(x)| and 
the phase part �(x) of f (ξ , x) . When the control field specified by the Rabi frequency Rm is switched off, the 
curve of Fig. 3Ia depicts the pattern of grating-spectrum51 comprising of the complete evolution of nine peaks 
accompanied by the significantly intense central maximum and incomplete appearance of the marginal peaks 
(of the fifth order) near the both ends of sin(θ ) axis. In this condition, the MWMIC-term does not contribute 
in shaping the grating-spectrum due to the absence of the spectral term fNL2 . In the presence of the nonlinear 
modulation term with Rm = 0.03 MHz, the curve of Fig. 3Ib shows the appearance of almost equally enhanced 
peaks in the grating-spectrum. Such generation of the similar diffraction peaks in a uniformly distributed fashion 
occurs at the condition of exact atom-field resonance when the amplitude part of the grating-transfer-function 
f (ξ , x) only contributes in the process while the phase part of f (ξ , x) leaves no signature. This is remarkable 
to note that similar feature of diffraction pattern (Fig. 3II) mimics exclusively for the grating-transfer-function 
generated by the nonlinear modulation term fNL2 for the same parametric condition of Fig. 3Ib. Physically, the 

Figure 3.   Resonant evolution of grating-spectra: I: Plot of Diffraction Intensity versus sin(θ)—(a) Rm = 0 , (b) 
Rm = 0.03 MHz. Other parameters: Rp = 0.01 MHz, Rn = 10 MHz, Rc = 8 MHz, L = 30 , �p = �n = �c = 0 , 
Q = 5, and M = 8. II: Plot of Diffraction Intensity versus sin(θ ) with same conditions as in I(b) considering only 
the nonlinear contribution ( fNL2 in the expression of ρ41Rp

 (Eq. 6)). III: Plot of Transfer Function T(x) (Red 
Colour) and phase � (Black Colour) with same parameter conditions as in I(b).
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occurrence of uniform distribution of peak heights implies that the distribution of photons over all the orders of 
diffraction peaks remains the same. To comprehend the role of f (ξ , x) , we have plotted Fig. 3III where the red-
line curve denotes the variation in normalized amplitude transfer function (|T(x)|) and the dark-line signifies 
the null contribution of the phase function �(x).

On exploring such fascinating feature of uniform intensities for all the orders in the one-dimensional (1D) 
diffraction profile we have examined the diffraction pattern in two dimensions for the same set of values of 
parameters as chosen in Fig. 3Ib. The periodic arrangement of narrow diffracted light beams of nearly same 
intensity in the x-y plane is obtained (not shown). This unique spatial pattern of diffraction intensity can be 
envisioned as a 2D multi-channel beam splitter33 with potential applications in optical networking and communi-
cation, and also in all-optical device for multiplexing, demultiplexing52 etc. For the wide use of varied diffraction 
profiles in all-optical devices the detunings and the Rabi frequencies of the fields act as the control-knobs of the 
input-array pattern in meeting the varying needs of experimentalists for different purposes. Biased by the use of 
sub-diffraction limited spots in quantum lithography as employed in Ref.53, such 2D diffraction pattern may find 
special but limited application in high-precision optical lithography. Periodic pattern can be generated by the 
process of optical writing i.e., by exposing the desired surface of a substrate to the diffraction spots accompanied 
by periodic but same amount of etching of the illuminated zone of the surface.

To illustrate how the diffraction pattern evolves due to the resultant effect of two competitive components: 
amplitude and phase parts of f (ξ , x) under the impact of nonlinear modulation, we plot Fig. 4 in near-resonant 
condition. In Fig. 4 the variation of intensity Iθ and the associated plots of the amplitude part |T(x)| and the 
phase part �(x) of f (ξ , x) are presented in the left and right panels, respectively. When we switch on the knob 
of the nonlinear modulation i.e., fix Rm at the same non-zero value (0.03 MHz) like Fig. 3, at the parametric 
condition ( �c = �n = 0 , �p = 0.1 MHz, and L = 30 ) the grating-spectrum (curve a in the left panel) of Fig. 4I 
shows the monotonically decreasing nature of the diffraction-peak intensity from the extreme left end to the 
extreme right. This nature of intensity variation is reversed (curve b in the left panel of Fig. 4I) with the negative 
detuning �p = −0.1 MHz when the other parameters remain same. We note that the figure, as shown by the 
curves a and b together, exhibit evolution of gradually increasing / decreasing peak intensity from one end to 
another and thereby inducing asymmetry in peak pattern. For these two conditions, it is prominent in the right 
panel of Fig. 4I that the nature of the amplitude part |T(x)| does not change for the cases of the curves of a and 
b. However, the variation of phase part �(x) of the curve b is the mirror reflection of the curve a about a mirror 
plane placed parallel to the x axis at the zero position of the �(x)-axis. Thus the mutually opposite variation in the 

Figure 4.   Near resonant evolution of grating-spectra: I: Left Panel—Plot of Diffraction Intensity versus sin(θ) 
—(a)�p = 0.1 MHz, and (b)�p = −0.1 MHz; Right Panel: Corresponding plot of Transfer Function T(x) 
(Inset) and phase � . In both the intensity I(θ) and phase ( � ) plots blue-line and red-line graphs represent the 
parameter conditions (a) and (b), respectively whereas red-line graph (Inset) indicates T(x) profile (idential for 
(a,b)). II: Left Panel—Plot of Diffraction Intensity versus sin(θ)—(c) �p = 4 MHz, and (d) �p = 12 MHz; Right 
Panel: Corresponding plot of Transfer Function T(x) and phase � . Blue-line and red-line graphs in (II) indicate 
the Intensity I(θ) plots in the right panel for the parameter conditions (c,d), respectively. Same colours are used 
in the left panel to indicate the corresponding T(x) and � plots. Other parameters: Rp = 0.01 MHz, Rm = 0.03 
MHz, Rn = 10 MHz, Rc = 8 MHz, Q = 5, M = 8 , and L = 30.
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intensity patterns of the curves (a and b of Fig. 4I) in the left panel indicates that such emergence of diffraction 
patterns are mainly due to the dominance of the phase part, �(x) . When only the rate of detuning is increased 
to some higher value like �p = 4 MHz for other fixed parameters, we obtain the enhanced peaks at the left half 
of sinθ axis as displayed by the curve c in left panel of Fig. 4II. The peaks in the right half are less significant in 
comparison with those in the left half. For more higher values of the detuning like �p = 12 MHz, the feature of 
peak enhancement shows an opposite variation i.e., the peaks in the right half become prominent in comparison 
to the peaks arising in the left half as shown by the curve d in the left panel of Fig. 4II for the same values of 
the other parameters. The nature of variation of |T(x)| and �(x) in the right panel of Fig. 4II, does not predict 
the exact dominance of any of these two functions in the formation of such diffraction structure for each of the 
curves c and d.

In order to visualize the effect of the length of the active medium on the diffraction pattern at the detuned 
condition of the probe, we show the figures in the left and right panels of Fig. 5I,II,II both in the absence and 
presence of the nonlinear modulation terms, respectively, for the fixed values of the parameters like �c = �n = 0 . 
At the switched-off condition of the laser responsible for Rm the curve shown in the left panel of Fig. 5I is dealt 
with the parameters: �p = 1.5 MHz, and L = 60 . It is observed that the intensities of the peaks of non-zero 
order number get regularly enhanced with the increase in the order number, as we shift from the central peak 
of minimum intensity towards the fourth order diffraction peak. But the overall intensity of the peaks remains 
small. This is because of the predominant role of the phase part of f (ξ , x) in the absence of fNL2 . In the presence 
of the control field with Rm = 0.02 MHz, the curve given at the right panel of Fig. 5I gives rise to the evolution 
of asymmetric peaks with significantly reduced intensities of the peaks in the right half, which is due to the role 
of MWMIC in regulating the peak-pattern. With a small increase of the value of the probe detuning ( �p = 3.5 
MHz) for the active medium with increasing length L = 70 in the absence of the Rm , the curve in the left panel 
of Fig. 5II shows that the central peak is almost suppressed with the occurrence of gradually enhanced higher 
order peaks on both sides of the grating spectrum. The inset shows the resulting diffraction pattern solely for the 

Figure 5.   Sample length dependence of grating-spectra at near resonance: (I) �p = 1.5 MHz and L = 60 , 
(II) �p = 3.5 MHz and L = 70 , (III) �p = 5.2 MHz and L = 70 , with the other parameters: Rp = 0.01 MHz, 
Rn = 10 MHz, Rc = 8 MHz, �n = �c = 0 , Q = 5, and M = 8. All the blue-line graphs in the left panel are 
drawn for Rm = 0 and the red-line graphs in the right panel for Rm = 0.02 MHz.
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amplitude transfer function T(x) i.e. by setting the phase function �(x) zero. Only the central diffraction peak 
is prominently visible in the absence of phase modulation. This implies that the combined effect of amplitude 
and phase parts of the grating transfer function results in the diffraction pattern (left panel of Fig. 5II) with the 
suppression of central peak. The energy of the central component is being transferred into the higher order 
components of the diffraction pattern. The interplay between T(x) and �(x) is mainly responsible in reducing 
the intensity of the central peak and simultaneous enhancement of intensity of the higher order peaks. But, in 
the curve given at the right panel of Fig. 5II ( Rm = 0.02 MHz), we see that the nonlinear modulation of peak 
intensities by the MWMIC-effect increases the intensities of the peak-pattern as compared to that of Fig. 5I 
(right panel). For further increase in the detuning like �p = 5.2 MHz keeping Rm field switched off and the 
other parameters same, it is observed that the curve exhibited in the left panel without MWMIC-effect becomes 
significantly modified in presence of MWMIC-effect as displayed by the curve in the right panel of Fig. 5III. This 
is to mention here that the modulation appearing in the peak intensities of the left half of the curve as shown 
in the right panel is significantly different when compared to that attained in the other two curves as shown in 
the right panel of Fig. 5I,II. Thus, we can infer that the term fNL2 plays the key role to modify the intensity of 
the diffraction peak.

Based on the findings shown in Figs. 3, 4, 5 we intend to summarize the key features related of the diffraction 
spectra as a whole. In Fig. 3Ia the diffraction profile shows symmetric distribution of peaks around the central 
( sin(θ) = 0) peak with varying peak heights at exact resonance of all the fields. But the application of the field of 
Rabi frequency Rm induces MWMIC in the closed system and thereby leads to the generation of uniformly dis-
tributed multiple peaks of nearly same intensity (Fig. 3Ib. It is the most interesting outcome of the present study 
obtained at multi-photon resonance condition. Setting the probe at near resonance, it is also surprising to note 
that the profile of peaks with almost same diffraction intensity loses symmetry and evolves into an asymmetric 
spectrum with diffraction intensities increasing or decreasing gradually (Fig. 4a,b). If the laser responsible for 
Rm is turned on and off, remarkable changes are found when both the detuning parameter of the probe field and 
the sample length are changed simultaneously. We obtain an interesting feature like the suppression of central 
diffraction peak in symmetric alignment of multiple peaks in the absence of Rm (left panel of Fig. 5II), when the 
probe is non-resonant. We infer that very less number of probe photons responsible for the zeroth order peak 
get diffracted on spreading into the higher order peaks. When the FWM-induced coherence effect is present in 
the system due to Rm , symmetry in diffraction profiles is destroyed due to non-resonant probe, as is prominent 
in the right panel of Fig. 5.

It is well known that, for the evolution of i-th peak in the grating spectrum, I(θi)/I0 measures the diffraction 
efficiency (D.E.)8 for that particular diffraction peak. In this context, we have drawn the ratio of DE i.e. I(θi) / 
I(θj) ( i > j)in Fig. 6 for i=4(sin(θ) = 0.8) and j=1(sin(θ) = 0.2). Figure 6I,II,III,IV exhibit the mentioned ratio 
of D.E. with the increase of the values of the controlling parameters like the Rabi frequencies: Rn (Fig. 6I), Rc 
(Fig. 6II), the detuning parameter �p = � (Fig. 6III) and the length L of the active medium (Fig. 6IV) for fixed 
values of the parameters like �c = �n = 0 , Rp = 0.01 MHz and Rm = 0.03 MHz. The value of L is set as 30 for 
Fig. 6I–III. As depicted by Fig. 6I ( � = 0 , Rc = 8 MHz), the intensity ratio rapidly increases up to Rn = 10 MHz 
and then both the diffraction intensities I(θ1) and I(θ4) become nearly equal for larger values of Rn . If we plot the 
intensity ratio versus the Rabi frequency Rc , we obtain the curve as presented by Fig. 6II ( � = 0 , Rn = 5 MHz). 
It is observed that with the increase in the value of Rc , I(θ4) slowly decreases as compared to the variation in 
I(θ1) . A double-peak like structure is obtained in the variation of the intensity ratio with the probe-detuning as 
depicted in the plot of Fig. 6III with Rn = 10 MHz and Rc = 8 MHz. This implies that higher order peak intensity 
is significantly enhanced with respect to that of the first order near the peaks at around the probe detuning of 1 
MHz and 6 MHz. In between the two peaks the ratio is very small. This feature can be attributed to the negative 
impact of the interplay between the amplitude and phase parts of the transfer function f (ξ , x) on the formation 
of the diffraction pattern. In Fig. 6IV ( � = 5.2 MHz, Rn = 10 MHz and Rc = 8 MHz), we have shown the inter-
esting feature for the variation of the intensity ratio with the increase in the length of the active medium. This 
implies that the first- and fourth- order diffraction intensities slowly evolve to the same value with the increase in 
sample length. Thus, it can be concluded that proper choice of the values of the controlling parameters involved 
in the system leads us to obtain sufficiently intense higher order diffraction peak intensities at resonant as well 
as off-resonant conditions of the probe field.

The basic mechanism leading to EIG in the present scheme is based on multi-wave-mixing-induced coher-
ence effect. So far we have discussed all the results in the life-time broadened regime. In the presence of Doppler 
Broadening, the appearance of phase dephasing collision rates becomes prominent in all the atomic transitions 
considered in the atomic model, which significantly affects the atomic coherence needed for obtaining the sym-
metric diffraction pattern. The incorporation of considerable Doppler width ( ∼ a few MHz) results in a signifi-
cant decrease in the intensity of diffraction peaks in the grating pattern as a natural consequence of suppression 
of nonlinear wave-mixing-induced coherence effect. Experiments conducted in cold atoms on the basis of the 
present model is expected to realize EIG with sufficiently improved efficiency.

Conclusion
We have studied nonlinear modulation effect on the diffraction pattern of EIG as a result of spatially modulated 
four-wave-mixing induced coherence effect in a four-level close-loop interaction system. In order to enhance the 
applicability of the proposed scheme in practice, Rubidium 87D1 transitions are taken into account to obtain the 
grating pattern. We note that the amplitude part of the grating-transfer-function plays the vital role in forming 
significantly enhanced diffraction peaks of nearly same height at the condition of exact atom-field resonance. 
It has been described how peak-asymmetry results in the system at the detuned condition of the probe field. 
This is interesting to observe that higher order peaks can be much more enhanced than that of the lower order 
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peaks due to nonlinear peak modulation effect. We have shown that, with the variation of the length of the active 
medium, the diffraction pattern obtained at a particular parametric condition can be changed abruptly. The 
method of achieving controllable peak-pattern may be an useful technique for generation, control and detection 
of nonlinear light originated by the spatially modulated four-wave-mixing process. The variation in peak-pattern 
suggests that the present model may be applied in the cases of all-optical devices, optical networking, and for a 
specified purpose in high-precision atom lithography.
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