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Optically induced diffraction 
gratings based on periodic 
modulation of linear and nonlinear 
effects for atom‑light coupling 
quantum systems near plasmonic 
nanostructures
Azar Vafafard1,4, Mostafa Sahrai1,4, Vahid Siahpoush1, Hamid Reza Hamedi2 & 
Seyyed Hossein Asadpour3*

We investigate the quantum linear and nonlinear effects in a novel five‑level quantum system placed 
near a plasmonic nanostructure. Such a quantum scheme contains a double‑V‑type subsystem 
interacting with a weak probe field. The double‑V‑subsystem is then coupled to an excited state by a 
strong coupling field, which can be a position‑dependent standing‑wave field. We start by analyzing 
the first‑order linear as well as the third and fifth order nonlinear terms of the probe susceptibility 
by systematically solving the equations for the matter‑fields. When the quantum system is near 
the plasmonic nanostructure, the coherent control of linear and nonlinear susceptibilities becomes 
inevitable, leading to vanishing absorption effects and enhancing the nonlinearities. We also show 
that when the coupling light involves a standing‑wave pattern, the periodic modulation of linear and 
nonlinear spectra results in an efficient scheme for the electromagnetically induced grating (EIG). 
In particular, the diffraction efficiency is influenced by changing the distance between the quantum 
system and plasmonic nanostructure. The proposed scheme may find potential applications in future 
nanoscale photonic devices.

During the recent decades, nonlinear optical properties of various  atomic1–4 and other coherent  media5,6 have 
been well studied due to quantum interference and coherence. As examples and owning to their wide range of 
applications in quantum technologies, one can evoke spontaneous  emission7,8, population  distribution9, large 
refractive  index10, Kerr  nonlinearity11, optical  solitons12, and magneto optical  rotation13. The quantum coher-
ence and interference effects have been studied in other media by studying the optical  susceptibilities14,15. For 
example, Dolgaleva et al.16 experimentally observed the nonlinear properties of mixture of Carbon disulfide 
 (CS2) and fullerene C60.

On the other hand, there has been a great deal of interest on the effect of an environment on the emission 
properties of an  emitter17. For instance, in an early study,  Becchmann18 showed how the radiation resistance 
of an antenna could be affected by the integration of the Poynting vector over a surface enclosing the system.

Following Ref.18 many works have been proposed in terms of the imaginary part of the classical electro-
magnetically (EM) Green’s function which led to creation of quantum  interference19,20. It has been shown that 
the quantum interference between two spontaneous emission transitions can be greatly enhanced by using the 
left-handed  materials19. The spontaneous emission of a two-level quantum system near left-handed slab as well 
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as the contribution of the guided modes and the surface-plasmon polariton modes on the spontaneous decay of 
the atomic system have been also investigated  in20.

It is known that the quantum nonlinear optical properties of a multi-level atomic system can be modified 
when the quantum systems are placed near plasmonic  nanostructures21–24. A recent Review discusses on the 
complex quantum systems consisting of multiple photon and  plasmon25. It has been shown that the photon-
plasmon interactions play an important role on optical properties of multi particle system.

As a pioneering work, Yannopapas et al.26 suggested an efficient scheme for enhancement of quantum interfer-
ence of two spontaneous emission channels in a three-level V-type atomic system near plasmonic nanostructure 
due to surface plasmon effect. Different proposals have been considered for controlling the optical properties 
of three or four-level quantum systems near metallic nanostructures  afterward27–30. For instance, the coherent 
control of free-space spontaneous emission in a four-level quantum system has been studied in the presence of 
plasmonic  nanostructure28. It has been shown that due to the interaction between surface plasmon and atomic 
transitions, the spontaneous emission spectrum of a four-level quantum emitter is strongly influenced by the 
distance between the quantum system and plasmonic nanostructure. Optical transparency and slow light have 
also been analyzed for a four-level quantum system near a plasmonic  nanostructure29. Phase-sensitive opti-
cal properties of a four-level quantum system near plasmonic nanostructure have been studied by the same 
 group30. It is shown that the absorption and dispersion of the quantum system for a weak probe and coupling 
lights becomes sensitive to the relative phase of applied fields. Therefore, by changing the relative phase, one 
can obtain gain without population inversion for both probe and coupling lights. The Kerr nonlinear behavior 
of a four-level quantum system interacting with only a weak probe light has also been  discussed31, and realized 
that the nonlinear properties of the medium is impacted by changing the distance between the quantum system 
and plasmonic nanostructure. Recently, Carreno and coworkers investigated the optical response of a four-level 
double V-type quantum system near plasmonic nanostructure when the quantum system is interacting simul-
taneously with a probe and pump laser  fields32. Because of the different coupling configuration for the pump/
probe laser fields, significant absorption, gain without population inversion, and phase-dependent absorption 
curves have been observed.

By applying an intensity-dependent standing-wave field in an electromagnetically induced transparency (EIT) 
medium, the probe light propagating through the medium experiences periodic variation of absorption and 
refraction leading to the electromagnetically induced grating (EIG)33. This makes the medium acting as a Bragg 
or diffraction grating that causes the diffraction of probe light to high-order  directions34. Several setups have 
been proposed for efficient control of EIG patterns in atomic or semiconductor quantum well  nanostructures35–40. 
For example, two dimensional (2D) EIG in a double Λ-type atomic system was proposed utilizing incoherent 
pumping  field39. It was realized that the absorption of the probe light could be vanished or amplified by using 
an incoherent pumping field. In this case, the refractivity of the medium enhances and the phase grating or 
gain-phase grating also appears. Hence, the probe light diffracts to high-order directions when propagating 
inside the medium.

Recently, an analysis has been carried on the plasmon-induced phase grating in a four-level quantum system 
near plasmonic  nanostructure41. It was found that due to the presence of plasmonic nanostructure, the medium 
becomes phase-dependent. Therefore, the energy can be transferred from zero-order to high-order grating by 
changing the relative phase of applied fields.

The effect of tunneling induced transparency on diffraction efficiency of a weak probe light has been also stud-
ied in a multiple quantum well driving by a 2D standing-wave  pattern42. It is realized that by adjusting the third 
and fifth order optical susceptibilities, the probe energy can transfer from zero order to high orders of gratings. 
Moreover, it is found that in off-resonance conditions of coupling field, the enhanced nonlinear susceptibilities 
have essential role for transferring the probe energy from zero to high orders of diffraction.

The current study extends the previous works to a five-level quantum system near plasmonic nanostructure 
through coherently adjusting nonlinear parts of susceptibility (up to fifth order). A large high-order nonlinear 
response can be achieved due to the presence of the plasmonic nanostructure near the proposed quantum system. 
Such a property could be useful for creating EIG with new control mechanism. The efficiency of the diffraction 
can be manipulated by changing the distance between the atomic system and plasmonic nanostructure. Com-
petition between the linear and nonlinear susceptibilities enables the switching between amplitude and phase 
gratings in the proposed EIG. Such a new switching mechanism has been introduced by the presented study.

The proposed atom-light coupling here contains a double V-type atomic subsystem which interacts by a 
weak probe light and simultaneously couples to an excited state by a coupling light with the standing-wave pat-
tern. Therefore, the susceptibility of the medium can be expanded to higher orders of coupling field. By using 
the Taylor series, we extend the susceptibility up to fifth-order and then discuss linear and nonlinear properties 
as well as the EIG patterns of the weak probe light for different distances between quantum system and plas-
monic nanostructure. It is found that for different spatial distances between the quantum system and plasmonic 
nanostructure, the behaviors of linear and nonlinear parts of susceptibility can be coherently controlled. Subse-
quently, the EIG patterns can be modulated for different distances. For a particular separation distance the linear 
absorption completely vanishes while the nonlinear refraction intensifies. In this case, the probe energy can be 
transferred from zero-order to the high orders of diffraction. Such a mechanism for redistributing the probe 
energy from zero-order to high-order of diffractions stems from the enhancement of cross-Kerr nonlinearity 
(third order of susceptibility) and vanishing of linear absorption.
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Theoretical model and formulation
The proposed five-level quantum system is displayed in Fig. 1. A weak probe light interacts with the ground state 
|1� and two closely lying middle levels |3� and |4� . The levels |3� and |4� are also interacting with an excited level |5� . 
Here, �pi = Ep.µ1j

/

2� ( i = 1, 2 and j = 3, 4 ) are the Rabi frequencies of the probe field and �ci(= Ec .µj5

/

2� ) 
correspond to the Rabi-frequencies of the coupling field. The quantities Ep and Ec show the amplitudes of the 
probe and coupling fields and µl k denotes the electric-dipole moment of transition |l� ↔ |k� . For the sake 
of simplicity, we take �p2 = α �p1 = �p and �c2 = β �c1 = �c . The introduced parameters are defined as 
µ14/µ13 = α and µ45/µ35 = β . We assume that the five-level quantum system is placed at distance R from the 
surface of the plasmonic nanostructure (Fig. 2). In such a situation, the transitions |3� and |4� to |2� lie within the 
surface-plasmon band of the plasmonic nanostructure, while the transitions |3�, |4� to |1� and |5� to |3�, |4� are 
spectrally far from the surface-plasmon bands and consequently, are not affected by the plasmonic nanostructure. 
Therefore, the transitions |3� and |4� to |1� and |5� to |3� and |4� of the quantum system interacts with free-space 
vacuum electromagnetic modes. This model has been well studied  in29,30. The equations for the matter fields are

Figure 1.  Five-level quantum system interacted with a weak probe and a strong coupling light which is located 
at distance R from plasmonic nanostructure.

Figure 2.  (a) Two-dimensional array of nanospheres, (b) metal-coated dielectric nanosphere.
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where �p = ωp − (ω31 + ω41)/2 and �c = ωc − (ω53 + ω54)/2 show the detuning of the probe and coupling 
lights, respectively. Here,ωp and ωc denote the frequencies of the applied fields and ωi j is the central frequency of 
transition |i� −

∣

∣j
〉

 . The frequency difference between states |3� and |4� is denoted by 2δ . Here, γ3 = γ4 = γ + γ ′, 
where γ and γ ′ are the decay rates out of states |3�, |4� to |2� and |1� , respectively. Moreover, Ŵ5 shows the total 
electron decay rate of the state |5� . The cross-coupling η between levels |3� and |4� refers to the quantum interfer-
ence effect in the system coming from the spontaneous emission in a modified anisotropic vacuum.

Following Ref.28, the values of parameters γ and η can be obtained via the electromagnetic Green’s tensor as:

where G(�r, �r,ω) denotes the dyadic electromagnetic Green tensor, �r displays the position of the quantum system, 
µ0 is the permeability of vacuum and ω = (ω4 + ω3)/2− ω2 , and ωj represents the energy of level 

∣

∣j
〉

 . Moreo-
ver,G⊥(r, r,ω) = Gzz(r, r,ω), G�(r, r,ω) = Gxx(r, r,ω) indicates the components of the electromagnetic Green’s 
tensor where the symbol ⊥(�) denotes a dipole oriented normal along the z-axis (parallel, along the x-axis) to 
the surface of the nanostructure. Therefore, the spontaneous emission rates normal and parallel to the surface 
are given by

When the quantum system is placed in vacuum, Ŵ⊥ = Ŵ� and η = 0 , meaning that no quantum interference 
occurs in the  system28,30,31,43.

By solving the coupled amplitude equations (Eq. 1) in the steady state under the weak probe approximation 
( |A1|

2 = 1 ), and substituting into the medium  polarization44

the probe susceptibility is given  by44

where  N denotes the atomic density, and

Here �3 = �p − δ + i γ32 , �4 = �p + δ + i γ42  , and �5 = �p +�c + i γ52  . Equation (5) has been obtained 
via deriving the coefficients Ai (i = 2, 3, 4) from Eq. (1) in the steady state limit, and then replacing them into 
Eq. (4a). We suppose that Nµ/ε0� ≃ 1Ŵ0 , where Ŵ0 denotes the decay rates of levels |3� and |4� to level |1� in the 
vacuum.

In what follows we will obtain a set of expressions relating the linear, third-order and fifth-order susceptibili-
ties of the quantum system. The linear and nonlinear responses of the atomic system under applied external fields 
can be described by a series expansion of Eq. (5). The probe susceptibility χp up to the fifth order corresponds to

where χ(1),χ(3) and χ(5) show the first, third and fifth orders of susceptibility that are achieved as

(1)

Ȧ1 = i�pA3 + iα �pA4,

Ȧ3 = [i(�p − δ)− (
γ3

2
)]A3 + i�pA1 + i�cA5 − ηA4,

Ȧ4 = [i(�p + δ)− (
γ4

2
)]A4 + iα �pA1 + iβ �cA5 − ηA3,

Ȧ5 = [i(�p +�c)−
γ5

2
]A5 + i�cA3 + iβ �cA4,

(2a)γ =
µ0µ

2ω

2�
Im[G⊥(�r, �r;ω)+ G�(�r, �r,ω)] =

1

2
(Ŵ⊥ + Ŵ�),

(2b)η =
µ0µ

2ω

2�
Im[G⊥(�r, �r;ω)− G�(�r, �r,ω)] =

1

2
(Ŵ⊥ − Ŵ�),

(3)Ŵ⊥(�) = µ0µ
2ωIm[G⊥(�)(r, �r;ω)]/�.

(4a)Pp = ε0χpEp = 2N(µ13A3A
∗
1 + µ14A4A

∗
1),

(4b)χp = −
Nµ

ε0�
χ ,

(5)χ = −
�5(α

2�3 +�4 − 2iαη)− (α − β)2�2
c

�5(�3�4 + η2)−�2
c (β

2�3 +�4 − 2iβη)
.

(6)χp ≃ χ(1) + χ(3)�2
c + χ(5)�4

c ,

(7a)χ(1) = −
α2�3 +�4 − 2αiη

(�3�4 + η2)
,

(7b)χ(3) =
1

�5(�3�4 + η2)
[(α − β)2 + χ(1) (β

2�3 +�4 − 2βiη)

(�3�4 + η2)
],

(7c)χ(5) =
(−iη(α + β)+ αβ �3 +�4)

2(β2�3 +�4 − 2βiη)2

(�3�4 + η2)3�2
5

.
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From Eq. (7a), we can find that the linear probe susceptibility vanishes at frequency

where γ3 = γ4 = Ŵ. For such values of the detuning, the medium becomes transparent to the probe light.
The linear susceptibility is featured in right-hand-side of Eq. (7b) for the third-order nonlinear susceptibility. 

Under the situation that the linear susceptibility coefficient is zero, the third-order nonlinearity becomes propor-
tional to (α − β)2 . Thus, when α = −β an enhanced nonlinearity of the probe light can be obtained accompanied 
by vanishing linear absorption. In the next section we take α = 1 and β = −1 satisfying this situation.

A. Linear and nonlinear properties of quantum system. In what follows, we investigate the linear 
and nonlinear properties of the quantum system placed near the plasmonic nanostructure when α = 1 and 
β = −1 and for different distances between the quantum system and plasmonic nanostructure. The values of 
parameters Ŵ⊥ and Ŵ‖ for different distance R are given in Table 1 (based  on45).

Illustrated in Fig. 3 is the imaginary parts (absorption) of linear (a), third-order (b), fifth-order (c), and total 
susceptibility (d) versus the probe field detuning for different distances between quantum system and the plas-
monic nanostructure. The solid-red plot corresponds to the condition when the quantum system is located at 
free space (without the plasmonic nanostructure). The blue dashed, black dotted and green dashed-dotted curves 
represent the corresponding results for the distances 52 nm, 41.6 nm and 31.2 nm between the quantum system 
and plasmonic nanostructure, respectively. Clearly seen from the figures, the distance (R) of the quantum system 
from the plasmonic nanostructure has a substantial effect on optical properties of the system. As displayed in 

(8)�p = ±

√

(2η + Ŵ)(2η − Ŵ)(4δ2 − 4η2 + Ŵ2)

2(2η + Ŵ)
,

Table 1.  Values of Ŵ⊥ and Ŵ|| for different distance between quantum system and surface of plasmonic 
nanostructure.

Distance R (nm) Ŵ⊥(Ŵ0) Ŵ‖(Ŵ0)

10.4 27.081 0.105

20.8 6.417 0.038

31.2 1.774 0.021

41.6 0.559 0.021

52 0.196 0.026

Figure 3.  Linear absorption (a), third-order absorption (b), fifth-order absorption (c) and total absorption 
(d) plots versus probe detuning for different values of distance between quantum system and plasmonic 
nanostructure. Solid line corresponds to the case without plasmonic nanostructure, dashed line corresponds 
to distance R = 52 nm, dotted line corresponds to 41. 6 nm and dotted dashed line corresponds to 31.2 nm. 
Selected parameters are γ ′ = 0.2Ŵ0, �c = 0 , and �c = 1Ŵ0 . Our calculation is based on MATLA R2014b 
software. https ://www.mathw orks.com/.

https://www.mathworks.com/
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Fig. 3a, the linear absorption reduces at �p = 0 due to the presence of the plasmonic nanostructure. In contrast, 
the third-order absorption increases at line center in the presence of the plasmonic nanostructure as shown in 
Fig. 3b. In Fig. 3c, it is shown how the fifth-order absorption varies by different separations. We observe that 
the presence of the plasmonic nanostructure leads to the enhancement of the probe field absorption (Fig. 3d). 
The corresponding linear (a), third-order (cross-Kerr nonlinearity) (b), fifth-order (c) and the total dispersion 
(d) versus the probe field detuning are plotted in Fig. 4. Clearly, the linear dispersion (Fig. 4a) and cross-Kerr 
nonlinearity (Fig. 4b) are always zero for the resonant probe field meaning that the plasmonic nanostructure 
does not affect the resonant linear and third-order dispersion. However, the behavior of the fifth-order disper-
sion is completely different (Fig. 4c). The largest resonant fifth-order dispersion is obtained for R = 31.2 nm 
(green dotted-dashed). The total dispersion (Fig. 4d) shows that at �p = 0 , the dispersion of the probe takes 
a small but nonzero value. This magnitude changes weakly by altering the distance R. We find that although only 
the fifth-order dispersion enhances in the presence of the plasmonic nanostructure but it has a minor impact on 
the total dispersion behavior of the system.

Setting �p = 0 , Eq. (7a–c), the following analytical expressions are derived for the imaginary and real parts 
of the probe susceptibility at different orders

(11a)Im (χ(1))

∣

∣

∣

�p=0
=

(2η − Ŵ)

(−δ2 + η2 − Ŵ2/4)
,

(11b)Re (χ(1))

∣

∣

∣

�p=0
= 0 ,

(11c)Im(χ3)
∣

∣

�p=0
= −

γ5
2 (4− Im(χ(1))

2η+Ŵ

−δ2−Ŵ2/4+η2
)

(�2
c + γ 2

5 /4)(−δ2 − Ŵ2/4+ η2)
,

(11d)Re(χ3)
∣

∣

�p=0
=

�c(4− Im(χ(1))
2η+Ŵ

−δ2−Ŵ2/4+η2
)

(�2
c + γ 2

5 /4)(−δ2 − Ŵ2/4+ η2)
,

(11e)Im(χ5)
∣

∣

�p=0
= −

4δ2γ5�c(Ŵ + 2η)2

(−δ2 − Ŵ2/4+ η2)3((�2
c − γ 2

5 /2)
2 + γ 2

5�
2
c )
,

Figure 4.  Linear dispersion (a), cross-Kerr nonlinearity (b), fifth-order dispersion (c) and total dispersion 
(d) plots versus probe detuning for different values of distance between quantum system and plasmonic 
nanostructure. Solid line corresponds to case without plasmonic nanostructure, dashed line corresponds to 
distance R = 52 nm, dotted line corresponds to 41.6 nm and dotted dashed line corresponds to 31.2 nm. Selected 
parameters are γ ′ = 0.2Ŵ0, �c = 0 , and �c = 2Ŵ0 . The inset shows the detailed parts of total dispersion at 
small probe field detuning. Our calculation is based on MATLA R2014b software. https ://www.mathw orks.
com/.

https://www.mathworks.com/
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Such analytical solutions can be advantageous to properly estimate the behavior of the system. The linear 
dispersion is always zero for the resonant probe light, as clearly seen from Eq. (11b) and Fig. 4a. Also, the resonant 
cross-Kerr nonlinearity vanishes when �c = 0 (see Eq. 11d and Fig. 4b). Yet, the fifth order dispersion exists 
taking positive and negative values, as illustrated in Eq. (11f and Fig. 4c). In fact, unexpected nonzero behavior 
of fifth order dispersion can be understood by Eq. (11). For �c = 0 , both the first-and third order susceptibil-
ity vanish as described by Eq. (11b, d), however the values of fifth order susceptibility become nonzero around 
�p = 0 . Physically, in two-photon resonance condition the first-and third orders of susceptibility have symmetric 
behaviors, but fifth-order of susceptibility has asymmetric behavior due to its value at �p = 0 . Infact, the detun-
ing parameter of the coupling field has essential role in asymmetric properties of the fifth-order of susceptibility.

According to Eq. (11d), the cross-Kerr nonlinearity increases when the coupling field is out of the resonance 
condition with the corresponding transition. Such an enhancement may be accompanied by vanishing linear 
absorption via adjusting the distance from the plasmonic nanostructure. It is worth noting that the linear absorp-
tion is independent of �c , according to Eq. (11a). In Fig. 5, we plot the absorption profiles of the different orders 
of susceptibility versus the probe field detuning for �c = −25Ŵ0  and different distances R. As shown in Fig. 5a, 
the linear absorption exhibits a similar behavior to the case illustrated in Fig. 3a. Panels (b) and (c) of Fig. 5 show 
the third and fifth-orders of the absorption profile. At �p = 0 , the nonlinear absorptions are always zero for any 
distance. However, out of the resonance ( �p  = 0 ) the nonlinear absorption coefficients are non-zero leading to 
nonlinear absorption or amplification. In such a situation, the probe light is absorbed (solid line) in the absence 
of the plasmonic nanostructure (Fig. 5d). The total absorption reduces dramatically in presence of plasmonic 
nanostructure when R = 52 nm (dashed line). Setting R = 41. 6 nm (dotted line), the absorption completely van-
ishes and the medium becomes transparent. At distance R = 31. 2 nm (green dashed-dotted line), the absorption 
of the probe light increases. Thus, the linear absorption has a critical role in adjusting the total absorption of the 
quantum system. Finally, we show different orders of dispersion for different values of R when �c = −25Ŵ0 in 
Fig. 6. Obviously, the linear dispersion (Fig. 6a) behaves the same as in Fig. 4a because it is independent of �c . The 
third (Fig. 6b) and fifth-order dispersion (Fig. 6c) are enhanced on the resonance in the presence of the plasmonic 
nanostructure. Comparing Fig. 4c with Fig. 6c shows that the giant cross-Kerr nonlinearity is obtained especially 
for R = 31. 2 nm (green dotted-dashed line). However, the probe field is strongly absorbed in this case. Enhanced 
cross-Kerr nonlinearity with vanished absorption is observed only for distance and R = 41.6 nm (dotted line). 
Figure 6d displays how the total dispersion changes with the distance parameter. Particularly, when R = 41. 6 nm 
(dotted line); the total dispersion reaches to its maximum value around �p = ±0.5Ŵ . In the following section, 

(11f)Re(χ5)
∣

∣

�p=0
=

4δ2(�2
c − γ 2

5 /2)(Ŵ + 2η)2

(−δ2 − Ŵ2/4+ η2)3((�2
c − γ 2

5 /2)
2 + γ 2

5�
2
c )

Figure 5.  Linear absorption (a), third-order absorption (b), fifth-order absorption (c) and total absorption 
(d) plots versus probe detuning for different values of distance between quantum system and plasmonic 
nanostructure. Solid line corresponds to the case without plasmonic nanostructure, dashed line corresponds to 
distance R = 52 nm, dotted line corresponds to 41.6 nm and dotted dashed line corresponds to 31.2 nm. Selected 
parameters are γ ′ = 0.2Ŵ0, �c = −25Ŵ0 , and �c = 2Ŵ0 . The inset shows the detailed parts of total absorption 
at small probe field detuning. Our calculation is based on MATLA R2014b software. https ://www.mathw orks.
com/.
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we will discuss the diffraction patterns of the probe field by adjusting the distance between the quantum system 
and plasmonic nanostructure, making use of the total susceptibility.

B. Electromagnetically induced grating. In recent years, a quantum optical phenomenon known as 
electromagnetically induced grating (EIG) has attracted much interest because of its remarkable applications. 
EIG is achieved by replacing the traveling coupling field with a standing-wave field. In such a condition, the opti-
cal properties of the quantum system show periodic modulation in space. Such a behavior causes the quantum 
system takes the role of a grating. As shown in Fig. 7, we assume that the coupling field has a standing-wave 
pattern given by �c = �c0 sin(πx

/

�x) , with �x being the spatial frequency of the standing-wave. As indicated 
by Eq. (6), the linear part of total susceptibility which does not depend on �c , has no contribution on the spatial 
periodic part of the total susceptibility. While, nonlinear parts of susceptibility changes in a spatial period due to 

Figure 6.  Linear dispersion (a), cross-Kerr nonlinearity (b), fifth-order dispersion (c) and total dispersion 
(d) plots versus probe detuning for different values of distance between quantum system and plasmonic 
nanostructure. Solid line corresponds to the case without plasmonic nanostructure, dashed line corresponds to 
distance R = 52 nm, dotted line corresponds to 41.6 nm and dotted dashed line corresponds to 31.2 nm. Selected 
parameters are γ ′ = 0.2Ŵ0, �c = −25Ŵ0 , and �c = 2Ŵ0 . Our calculation is based on MATLA R2014b software. 
https ://www.mathw orks.com/.

Figure 7.  Sketch of the probe and standing-wave coupling fields propagating through the atomic sample.

https://www.mathworks.com/
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the standing-wave coupling field, and consequently the probe field is diffracted into the high-order directions. 
Note that a large cross-Kerr and nonlinear effects can provide a phase grating with high diffraction efficiencies.

The Maxwell’s equation governs the propagation of the weak probe field through the atomic medium, in the 
steady state condition and the slowly varying envelop approximation:

where ξ = 2π
�
Im[χp] and ψ = 2π

�
Re[χp] denote the dispersion and absorption of the weak probe field, respec-

tively. From Eq. (12), the normalized transmission function can be obtained as

Here L shows the length of the atomic sample that interacts with the probe field in the z direction. The length 
is considered in units of (�ε0γ41

/

kpNµ2
14) . By using the Fourier transform of the transmission function, the 

Fraunhofer diffraction intensity is obtained  as33:

where

 denotes the Fraunhofer diffraction of a single slit. Here, θx stands for the diffraction angle with respect to the z 
direction, X = �x/�p and M is the number of spatial periods of the grating irradiated by the probe beam. The 
diffraction order n is determined by the grating equation sin θx = n/X , where n is the spatial period number of 
the atomic grating. The diffraction efficiency of the grating is taken to be the ratio of the intensity in the diffracted 
output to the intensity of the input. Since I(θ)  is normalized such that the intensity of the input probe field is 
equal to 1, the diffraction efficiency in any diffraction order can be given by the intensity of I(θ) for that order. In 
Fig. 8, we display the three-dimensional (3D) plot of amplitude and phase modulations versus x and �c = 0 . The 
amplitude and phase patterns exhibit an inhomogeneous distribution over the spatial period of standing wave, 
which is varied depending on the distance between the quantum system and plasmonic nanostructure. As shown 
in Fig. 8a, in the absence of plasmonic nanostructure and for the whole range of coupling field detuning, a large 
portion of the probe field energy is absorbed during the light propagation through the medium. Meanwhile, a 
good phase modulation is observed by adjusting parameter �c = 0 (roughly equivalent to 1. 5π ) (Fig. 8b). The 
3D plots of amplitude and phase modulations are demonstrated in Fig. 8c, d in which the quantum system is 
placed at distance R = 31.2 nm from plasmonic nanostructure. We find that the diffracted light is fragile in all 
orders of direction because of the significant probe absorption in the quantum system. Changing the param-
eter �c = 0 cannot optimize the value of phase modulation. Setting R = 41.6 nm, it is realized that transferring 
the light energy from the zeroth-order to the first-order can be made possible by tuning the detuning of the 
coupling field (Fig. 8e, f). For instance, when �c = −25Ŵ0 , the phase modulation reaches 1.5π and amplitude 
modulation approaches unity. In such setting of parameters, significant phase modulation with the low energy 
loss over the medium can be achieved. When the plasmonic nanostructure is placed at R = 52 nm, a remarkable 
phase modulation of ψ = 3π is observed for �c = 0 as shown in Fig. 8g, h. The obtained results showing the 
amplitude and phase modulations of the probe light in Fig. 8 are in conformity with absorption and dispersion 
profiles presented in Figs. 3, 4, 5.

The corresponding Fraunhofer diffraction patterns versus sin(θx)  for different distance parameter R (nm) are 
illustrated in Fig. 9 for the resonance case �c = 0 . The total probe susceptibility has been considered in order 
to study the Fraunhofer diffraction pattern of the probe light. Without the plasmonic nanostructure (WNP), 
the atomic sample interacting with the standing wave coupling field cannot diffract the probe light in different 
orders because of the strong absorption. It is clearly seen that in the presence of plasmonic nanostructure at 
distances R = 10.4 nm, R = 20.8 nm and R = 31.2 nm, the atomic sample behaves completely like an amplitude 
grating. In this situation, most of the probe energy is gathered in the zeroth-order of diffraction and only a small 
portion of the energy is transferred to the first-order of diffraction. When R = 41.6 (nm), the phase efficiency of 
Fraunhofer diffraction increases and some energy is transferred into the first-order. Similar to the case without 
the plasmonic nanostructure, the probe field is strongly absorbed when the plasmonic nanostructure is placed 
at R = 52 (nm). Consequently, the atomic system does not behave as a diffraction grating in the presence of the 
plasmonic nanostructure at such a distance. Finally in Fig. 10, we show the Fraunhofer diffraction patterns 
versus distance R (nm) and sin(θx) for �c = −25Ŵ0 . For the non-resonance coupling field, the performance of 
the presented EIG is improved and the first-order diffraction intensity increases. Note that the behavior of the 
system in the absence of the plasmonic nanostructure is not affected by the new condition and the probe light 
is not diffracted due to the strong absorption. In the presence of the plasmonic nanostructure and for larger 
distances, the ability for the grating is significantly improved, particularly for R = 10.4 (nm). When the quantum 
system located at the distance R = 41.6 (nm) from the surface of the plasmonic nanostructure, a reasonable por-
tion of probe energy is transferred to the first-order of diffraction. In fact, we are moving to the regime where a 
considerable portion of energy is transferred from zero-order to first-order of diffraction direction with a high 
efficiency. This is the distance from the surface of plasmonic nanostructure for which we observed an enhanced 
cross- Kerr nonlinear with vanishing absorption effects.

(12)
∂Ep

∂z
= (−ξ + iψ)Ep,

(13)T(x) = e−Im(χtot (ωp))LeiRe(χtot (ωp))L = e−ξ(x)eiψ(x)L.

(14)Ip(θx) =
∣

∣E1(θx)
∣

∣

2 sin2(Mπ X sin θx)

M2 sin2(π X sin θx)

(15)E1(θx) =

∫ 1

0

T(x) exp(−i2πxX sin θx)dx,
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Figure 8.  Three dimensional plot of phase (right column) and amplitude modulations (left column) versus x 
and �c without plasmonic nanostructure (a), at distance R = 31.2 nm (b), distance R = 41.6 nm (c) and distance 
R = 52 nm (d). Selected parameters are same as Fig. 3. Our calculation is based on MATLA R2014b software. 
https ://www.mathw orks.com/.
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Conclusion
In summary, we have theoretically studied the quantum linear and nonlinear effects in a five-level atom-light 
coupling placed near a plasmonic nanostructure. The quantum scheme involves a double-V-type subsystem 
coupling to an excited state by a coupling field. The coupling field can be a position-dependent standing-wave 
leading to periodic spatial optical patterns. It is found that, by adjusting the distance between the quantum system 
and plasmonic nanostructure, the linear and nonlinear optical properties of the system can be manipulated by 
the frequency detuning of coupling light. For a coupling light with standing-wave pattern, we have investigated 
the Fraunhofer diffraction pattern of the probe light when the quantum system located near the plasmonic 
nanostructure. It is realized that for the modified nonlinear susceptibility of quantum system, the Fraunhofer 
diffraction pattern can be created and controlled with different parameters. In the presence of the plasmonic 
nanostructure, the diffraction efficiency is improved and the first-order diffraction intensity increases when 
the coupling field is tuned away from resonance. Such a mechanism provides the possibility to switch from 
an amplitude grating to a phase grating via tuning the distance between the atomic system and nanostructure 
plasmonic. This model may be applied for optical switching in the optical networking and communication. An 
optimal distance to achieve suitable nonlinear phenomena has been obtained, being equal to 41. 6 nm.
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