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Abstract 
We consider the optical rotation of the polarization of a linearly polarized 
probe field passing through an M-type atomic system by using the interaction 
between two vortex control fields and optical transitions. We investigate 
theoretically to generate the spatially dependent structured light with the 
atoms acting as a spatially varying circular birefringent medium. We show 
that the polarization and intensity distributions of the vector beam spatially 
vary by changing the orbital angular momentum (OAM) of the vortex control 
field. 
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1. Introduction 

The coherent interaction of light with an atomic system has led to the investiga-
tion of many interesting phenomena in quantum optics and nonlinear optics [1] 
[2]. One important phenomenon is electromagnetic induced transparency (EIT) 
[3] caused by quantum interference, which can dramatically modify the optical 
response. In fact, EIT is essentially a destructive quantum interference effect 
between optical transitions; it creates a transparency window by eliminating a 
resonant absorption. As a result, EIT has been extensively investigated in many 
areas, such as multiwave mixing [4], optical solitons [5], and Kerr nonlinearity 
[6]. 

Recently, Radwell et al. [7] have demonstrated spatially dependent EIT for 
probe beam under the coherent controlling of OAM. Hamedi et al. [8] theoreti-
cally investigated the azimuthal modulation of EIT using vortex beam. The opt-
ical vortex beam can carry OAM, which provides an additional degree of free-
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dom in the manipulation of the optical information, owing to its azimuthal 
coordinate and helical wavefront. It has established abundant prospects in the 
application, such as optical communications [9], optical manipulation [10], opt-
ical trapping [11], and atomic compass [12]. 

In this paper, the vortex beam is also used for coupling to generate the struc-
tured polarization between the applied fields, the induced vector beam is ana-
lyzed in terms of its propagation and polarization properties. Owing to the spa-
tial susceptibility, the absorption of the components is the same, while disper-
sion is different. As a result, the spatial dispersion induces optical rotation and 
the probe field is vectored in the atomic medium. In addition, the polarization of 
the probe field can be modulated by adjusting the value of the magnetic field. 
The optical rotation makes the main contribution to generating the spatial vec-
tor beam. Optical rotation is crucial for the characterization of chiral molecules 
and is of importance to the study of pharmaceutical drugs, proteins, DNA, and 
many others, but their complex structure makes it difficult to analyze these ef-
fects from first principle. In our work, atoms serve as an easily characterized 
model to mimic this chiral interaction. 

2. Theoretical Model and Formulation 

We consider an M-type five-level atomic system [see Figure 1], which can be 
experimentally realized in cold atomic 87Rb. The atoms are characterized by 
three ground states 1 2

25 , 2, 11 FS F m= = = − , 1 2
25 , 1, 02 FS F m= = = , 

1 2
25 , 2, 13 FS F m= = = , 3 2

25 , 1, 14 FP F m= = = −  and  

3 2
24 5 , 1, 1FP F m= = =  are the degenerate upper states, which are generated 

by Zeeman shift due to a static magnetic field ˆB Bz=
�

, B F Bg Bµ∆ = � , Fg  
and Bµ  are the Landé factor and Bohr magneton, respectively. A weak x -  
direction linearly polarized probe field ( )ˆ exp . .p p p pE x i t k z c cω = − − + 

�
  is 

composed of a right- and left-handed circularly polarized component, i.e.,  
 

 
Figure 1. Schematic diagram of the M-type five-level system. A weak probe field with 
Rabi frequency pΩ  drives the transitions 2 4↔  and 2 5↔ , with its σ−  po-

larization component and σ+  polarization component, respectively. Two strong vortex 
control fields with Rabi frequencies 1cΩ  and 2cΩ  couple the transitions 1 4↔  

and 3 5↔ , respectively. The upper levels 4  and 5  are generated by the Zee-

man shift, B∆ . We denote with p∆ , 1c∆ , and 2c∆  the one-photon detuning, respec-

tively. The insets show the x-direction polarization profile of the initial probe light. 
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( )ˆ ˆ exp . .p p p p pE i t k z c cσ σ ω− − + +
  = + − − +   

�
   drive respectively the transi-

tions 2 4↔  and 2 5↔  with Rabi frequencies p−Ω  and p+Ω , where 

( )42 ˆp p pµ σ− − −Ω = ⋅
�

� , ( )52 ˆp p pµ σ+ + +Ω = ⋅
�

� , 2p p± =   are the slowly 
varying envelopes, ( )ˆ ˆ ˆ 2x iyσ− = −  and ( )ˆ ˆ ˆ 2x iyσ+ = +  are the unit vec-
tors of the orthogonal polarization components, and 42 52µ µ µ= =

� � � . Also, 
two π-polarized vortex control fields ( )1 1 1 1ˆ exp . .c c c cE x i t k z c cω = − − + 

�
  and 

( )2 2 2 2ˆ exp . .c c c cE x i t k z c cω = − − + 
�

  excite the transitions 1 4↔  and 
3 5↔  with Rabi frequencies ( )1 41 1 1ˆc c cµ σΩ = ⋅

�
�  and  

( )2 53 2 2ˆc c cµ σΩ = ⋅
�

� , respectively. Here, 1ˆcσ  and 1c  ( 2ˆcσ  and 2c ) are 
the unit vector and the slowly varying envelope of the control field. Moreover, 

ijµ  is the dipole moment corresponding to i j↔  transition. 
Under the rotating-wave approximation, the time-independent Hamiltonian 

of the system is written as: 

( ) ( )
( ) ( )
( )

1 2

1 2

1 3

4 5

4 5

1 3

4 5

1 3 2 24 5 . . ,

p B c p B c

p B p B

c c p p

H

H c− +

= ∆ − ∆ −∆ + ∆ + ∆ −∆
+ ∆ − ∆ + ∆ + ∆ 

− Ω +Ω +Ω +Ω +

�

�

     (1) 

where 42p p Bω ω∆ = − −∆ , 1 1 41c cω ω∆ = −  and 2 2 53c cω ω∆ = −  are the 
one-photon resonance detunings, respectively. 

The dynamics of the atomic population can be calculated by the Liouville eq-
uation: 

[ ], ,i Hρ ρ ρ= − + Γ�
�

                      (2) 

The second term in Equation (2) represents radiative processes that can be 
expressed as: 

( )
5 3

4 1
2 ,

2
ij

ii
i j

i i j j i i
γ

ρ ρ ρ ρ
= =

Γ = − − +∑∑             (3) 

where ijγ  represents radiative decay rates from excited states i  to ground 
states j  and cγ  is the collision rate. The dynamics of the density matrix eq-
uations can be obtained by substituting the Hamiltonian Equation (1) into the 
Liouville equation Equation (2): 

( )11 1 41 1 14 41 44 51 55 ,c ciρ ρ ρ γ ρ γ ρ∗= Ω −Ω + +�
 

( )22 42 24 52 52 42 44 52 55 ,p p p piρ ρ ρ ρ ρ γ ρ γ ρ∗ ∗
− − + += Ω −Ω +Ω −Ω + +�

 
( )33 2 53 2 35 43 44 53 55 ,c ciρ ρ ρ γ ρ γ ρ∗= Ω −Ω + +�

 
( )44 1 14 1 41 24 42 44 ,c c p piρ ρ ρ ρ ρ γρ∗ ∗

− −= Ω −Ω +Ω −Ω −�
 

( )31 2 51 1 34 1 2 312 ,c c B c ciρ ρ ρ ρ∗ = Ω −Ω − ∆ + ∆ −∆ �
 

( )41 1 11 44 21 1 41 41,
2c p ci γρ ρ ρ ρ ρ ρ− = Ω − +Ω −∆ − �

 

( )51 21 2 31 1 54 1 51 512 ,
2p c c B ci γρ ρ ρ ρ ρ ρ+ = Ω +Ω −Ω − ∆ + ∆ − �
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( )12 1 42 14 15 1 12 ,c p p p B ciρ ρ ρ ρ ρ∗
− +

 = Ω −Ω −Ω − ∆ −∆ −∆ �
 

( )32 2 52 34 35 2 32 ,c p p p B ciρ ρ ρ ρ ρ∗
− +

 = Ω −Ω −Ω − ∆ + ∆ −∆ �
 

( ) ( )42 1 12 22 44 45 42 42 ,
2c p p p Bi γρ ρ ρ ρ ρ ρ ρ− +

 = Ω +Ω − −Ω − ∆ −∆ − �
 

( ) ( )52 22 55 2 32 54 52 52 ,
2p c p p Bi γρ ρ ρ ρ ρ ρ ρ+ −

 = Ω − +Ω −Ω − ∆ + ∆ − �
 

( )43 1 13 23 2 45 2 43 432 ,
2c p c c Bi γρ ρ ρ ρ ρ ρ− = Ω +Ω −Ω − ∆ − ∆ − �

 

( )53 23 2 33 55 2 53 53 ,
2p c ci γρ ρ ρ ρ ρ ρ+ = Ω +Ω − −∆ − �

 

54 24 1 51 52 2 34 542 ,p c p c Biρ ρ ρ ρ ρ ρ∗ ∗
+ − = Ω −Ω −Ω +Ω − ∆ �

 
( )55 11 22 33 44 ,ρ ρ ρ ρ ρ= − + + +� � � � �                   (4) 

where ji ijρ ρ∗=� � . Assuming 41 42 43 51 52 53 3
γγ γ γ γ γ γ= = = = = = , here the γ  is 

the spontaneous decay rate of excited states. 
We further assume that the atom is initially prepared in the ground state 2 , 

i.e., 22 1ρ = . Consequently, we obtain the following off-diagonal density-matrix 
elements: 

3
42 2

1 3 1

,p

c

iξ
ρ

ξ ξ
−Ω

= −
+ Ω  
4

52 2
2 4 2

,p

c

iξ
ρ

ξ ξ
+Ω

= −
+ Ω

                      (5) 

where ( )1 2p Biξ γ= − ∆ − ∆ − , ( )2 2p Biξ γ= − ∆ + ∆ − ,  

( )3 1p B ciξ = − ∆ − ∆ −∆ , and ( )4 2p B ciξ = − ∆ + ∆ −∆ . 
The susceptibility of the induced medium corresponding to the right- and 

left-handed circularly polarized components of the probe field is given by: 
2

42

0

,
p

µ ρ
χ

ε−
−

=
Ω

�

�


 
2

52

0

,
p

µ ρ
χ

ε+
+

=
Ω

�

�


                        (6) 

where   and 0ε  are the atomic density and vacuum permittivity of the me-
dium, respectively. The imaginary and real parts of χ±  represent the absorp-
tion and dispersion for the left and right circular polarization components of the 
probe field. The difference in the real part of the susceptibility, i.e., χ± , results 
in inducing the circular birefringence. Subsequently, induced circular birefrin-
gence causes the rotation as the polarization plane of the probe light passing 
through the medium. However, the difference of imaginary part of the χ±  
leads to circular dichroism and linearly probe light evolves into elliptically pola-
rized light. 
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To study the spatially dependent optical activity, we assume the both control 
fields with Rabi frequencies 1cΩ  and 2cΩ  carry optical vortices: 

( )
2

0 2

2 exp exp ,
nl

n n n
c c

r r il
w w

φ
   

Ω = Ω −       
              (7) 

where nΩ , and nl  ( { }1, 2n c c∈ ) are the amplitude, topological charge. Here 

cw  is the beam waist at z = 0. We define 2 2r x y= +  and ( )1tan y xφ −=  as 
the distance from the center of the core and the azimuthal angle. 

3. Results and Discussions 

Throughout this paper, all the parameters are scaled by 2 1 MHz0γ = π× . Here, 
we first investigate the influence of OAM carried by the vortex beams on the 
absorption and dispersion corresponding to the right- and left-handed circularly 
polarized components of the transmitted probe, as depicted in one-dimension x 
in Figure 2, for different topological charge, i.e., 1 2c cl l l= = . It is shown that 
the absorption of the circular orthogonal components of the probe field is ap-
proximately the same and circular dichroism would be ignored, while the  

 

 
Figure 2. The absorption and dispersion of the χ±  for different topological charge in x-dimension. All pa-
rameters are scaled by 2γ = π×  MHz. In order to satisfy the perturbation condition, we choose the parame-
ters as 1 30 atom cm2 10 s= × , 60 mL = µ , 30 mpw = µ , 780 nmpλ = , 0.01p γ−Ω = , 0.01p γ+Ω = , 

10c γΩ = , 20c γΩ = , 1 2 0p c c∆ = ∆ = ∆ = , 0.01B γ∆ = . 
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Figure 3. Intensity profile of the vortex control fields (first row), and the spatial polarization distribution 
and intensity profile of the transmitted probe light (second row) for different topological charge. Other pa-
rameters are the same as those in Figure 2. 

 
dispersion of the right- and left-circular components is different in sign, which 
leads to inducing the spatially circular birefringence and further generates the 
beam with the spatially dependent polarization. Moreover, there is only two ab-
sorption peak when 0l =  and three peaks for 0l ≠ , and the center of absorp-
tion peak is accompanied by an increase in l . 

In the following, we investigate the effect of the vortex beams on the rotation 
of the polarization plane of linearly probe field in the transverse section of the 
transmitted profile. Figure 3 shows the intensity profile of the vortex control 
fields (first row), and the spatial polarization distribution and intensity profile of 
the transmitted probe light (second row) for different topological charges. When 
the 0l ≠ , it can be seen from Figure 3 that the Gaussian intensity profile of the 
probe field evolves into the doughnut shape after transmission of the atomic 
system, and the x-direction linearly polarization distribution becomes a vector 
beam at the output z = L. It should be noted that the resulting vector beam ex-
periences the spatially optical rotation at different transverse profile of the 
transmitted probe field, and the optical rotation angle θ  is defined as 

( ) ( ) 2pk Re Reθ χ χ+ −= −   . It can also be seen from Figure 3 that the optical 
rotation near the center is the most obvious, which coincides with the region 
with the largest dispersion difference in Figure 2. Thus, the observed optical ro-
tation is caused by the difference of the dispersion of the orthogonal polarization 
components of the probe field. In addition, the generation of vector beam de-
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pends on the topological charge of the vortex control fields. 
We then consider the effect of different Zeeman shift, B∆ , on the absorption 

and dispersion of correspond to probe field in the presence of both vortex con-
trol beams, under the topological charge 1l = . Figure 4 shows that with the 

B∆  from 0.01γ  to 0.1γ , the absorption peak in the central region widens, 
and the central becomes transparent at B γ∆ = , however two new absorption 
peaks arise around it. Meanwhile, the dispersion is still a mirror model and the 
two peaks in the center gradually separate from each other as B∆  increases, the 
change of B∆  does not affect the formation of structured light, in contrast, it 
plays a vital important on the spatially-dependent polarization profile of the 
vector beam. Clearly, using the magnetic field can modulate the absorption of 
the induced medium to the probe light, so as to obtain the expected shape of 
structured light. 

We have demonstrated that the spatially dependent polarization profile is sen-
sitively on the dispersion in the case of resonance. Applying different B∆  gene-
rates the various the dispersion. In order to give a more comprehensive descrip-
tion dynamic polarization of the transmitted probe field in Figure 4, we show 
the polarization distribution and intensity profile of the transmitted field in 
Figure 5. It can be found that the shape of vector depends on the B∆ , this result  

 

 
Figure 4. The absorption and dispersion of the χ±  for different B∆  in x-dimension and 1l = . Other pa-
rameters are the same as those in Figure 2. 
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Figure 5. The spatial polarization distribution and intensity profile of the transmitted probe light for dif-
ferent B∆ . Other parameters are the same as those in Figure 2. 

 
is in agreement with that shown in Figure 4. It is worth noting that an increase 
in B∆  leads to an increase in absorption loss, and the ring of transmitted probe 
light becomes narrow. Similarly, the spatial distribution of the polarization is 
completely identical in Figure 4. These properties of the susceptibility are the 
result of the interaction between the vortex beam and the atomic system as well 
as the destructive quantum interference generated by the two optical vortices 
under resonance conditions. 

4. Conclusion 

In summary, the linear susceptibility of the weak probe field depends on the 
azimuthal angle and OAM of the control beams and in turn affects the shape 
and polarization of the transmitted probe light spatially. We find that the in-
duced optical rotation plays an important role in the generation of vector beam. 
In addition, we found that the shape of the intensity of the vector beam can be 
easily controlled by the characteristics of the vortex control field and magnetic 
field. Our work provides a simple generation method for controllable spatial 
distribution and intensity of vector beam, improving capacity storage in optical 
communication.  
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