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Abstract: The study investigate control of the optical force and its modification with variation of the 
driving field’s strength in the system levels of the chiral medium for left and right circular 
polarized light. In addition to orbital and magnetic and spin quantum numbers of applied fields, 
significant vector field arrows of optical force in chiral media are examined using spatial coordinates, 
detuning , Rabi frequency and decay rates. The parameters of the probe and control fields’ detuning 
along with their decay rates and phases are provided to determine the optical force in chiral medium 
both for left and right circularly polarized fields. The optical force is a function of orbital, magnetic 
and spin quantum numbers. Using phase, detuning, and Rabi frequency of the control fields as 
variables, the minimum value of optical force measure is 0.003pN for probe detuning and spatial 
coordinate while the maximum value of optical force for normalized detuning and transverse radial 
coordinate is measured to be 0.2pN. Potential uses of optical force in fundamental optics, molecular 
physics, optomechanics, material science, nanoscience, quantum physics, radar, waveguide, 
antennas and optical tweezers technology are demonstrated by the results.  

Keywords: optical force; electromagnetically chiral medium; susceptibility; energy density; orbital 
quantum number 
 

1. Introduction 

Light-matter interaction is the source of optical forces [1]. Chirality is a Greek word ”χεlρ ”(kheir) 
which means hand that describes an asymmetry in which an object cannot be superposed on its mirror 
image by either translation, rotation or both [2]. Chirality is a geometrical characteristic of objects 
that is present in both macrostructures like human hands and microstructures like molecules [3]. This 
microscopic optical force is used in the studies of fundamental science such as atomic physics [4], 
biology [5,6], biochemistry [6,7], optical tweezers [8], materials engineering and nanofabrication [9], 
clinical medicine [1], photonic force microscopy [10] and to engineering applications optomechanics 
including quantum information processing [11], high precision sensing and measurement [12], radar 
[13], waveguide [14] and antennas [15]. On the basis of these wide range of applications, optical force has 
been studied by numerous researchers both theoretically and experimentally. In chiral media, the 
incidence of electromagnetic wave and its propagation were investigated by Bassiri et al [16]. Wang 
and Chan demonstrated that a chiral particle close to a substrate can experience a lateral optical force 
due to an electromagnetic plane wave [17]. According to the prediction of Hayat’s et al. [2], chiral particles 
experience lateral optical forces as a result of the evanescent waves’ transverse spin angular 
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momentum (SAM) density using interference fields in order to study lateral optical forces by creating 
them on chiral particles. As stated by Zhang et al [18], chiral cholesteric beads of micron size 
confined in either stable or unstable trap potentials suffer a chiral optical force. Kucirka and 
Shekhtman’s [19] theoretical suggestion is the first demonstration of the feasibility of inducing a force 
through the coupling of matter’s chirality and light’s helicity. Zhao et al. [20] proposed a theory of 
effective media model in order to show several types of chiral structures in an effective medium. A 
significant optical chiral response with 700 nm wavelength has been achieved by Mark et al. [21] in 
two-pitched gold nanohelices. Using this technique Bai et al. [22] created silver nanohelices exhibiting 
optical chiral responses at a reduced wavelength. Chiral nanostructures have also been produced by 
Cathcart and Kitaev [23] using a self-assembly method. In the presence of chiral molecules, Lee et al. [24] 
produced gold nanoparticles and the chirality of the molecules was transferred to the nanoparticles. 
Zhu and colleagues [25] conducted theoretical and experimental investigations of a two-dimensional 
spiral structure on a metal film and subsequently compared the results with those of 3D helical and 
2D extrinsic chiral structures. Decker et al. [26] noticed a minor optical chiral reaction by gently 
disrupting the symmetry in two layers of varying diameters. Plum et al. [27] introduced a slightly 
rotating misalignment which resulted in a comparatively stronger optical chirality. Significant optical 
chirality has been obtained by Menzel et al.[28] through the effective implementation of connection 
between bar and L-shaped nanostructures. Using multistep lithography, Zhao et al. [20] created a 
multilayer device and noted a significant broad band optical chiral response as the number of layers 
rose. Chiral molecules were detected by Gao et al. [29] and Li et al. [30] by altering the CD spectrum of 
chiral nanostructures in living cells. Currently, nanospirals showing strong optical chiral response and 
remarkable qualities were fabricated by Esposito et al. [31] in the visible regime by using multiple 
localized surface Plasmon resonances (LSPRs). A strong optical chirality structures have also been 
created by Karimullah et al.[32]. 

Optical force, including the force in chiral media, has been actively investigated as shown above 
and consequently a lot of work is available in the literature. However, to the best of our knowledge 
no research on the manipulation and control of optical force in chiral media by coherent driving fields 
has been published. In order to regulate and adjust the optical field in a chiral medium we present 
in this study a four-level atomic system driven by a probe and control fields. The optical force in chiral 
media can be significantly enhanced by varying the characteristics and strength of the control and 
probe fields. 

2. Model and Equations 

The proposed atomic system consists of a four levels driven by a probe field and two control 
fields as depicted in FIG1. The probe field Ep having Rabi frequency Ωp and detuning ∆p is coupled 
with the levels | 2> and | 4>. The control field Em,  w h i c h  is coupled to levels | 1> and | 3> has a 
Rabi frequency Ωm and 
detuning∆m.The levels |3> and |4> are coupled with another control field Ec of Rabi frequency Ωc an
d detuning ∆c. We denote the decay rates from state m to state n as γmn whereas the detunings are 
given by ∆p = ωp - ω24, ∆m = ωm - ω13, and ∆c = ωc - ω34. The non-interacting Hamiltonian H0 of the 
four level system is of the form;  

        H୭ = ℏωଵ|1 >< 1| + ℏωଶ|2 >< 2| + ℏωଷ|3 >< 3| + ℏωସ|4 >< 4|      (1) where, ωଵ, ωଶ, ωଷ and ωସ represent the atoms frequency of the sodium medium respectively. The 
interaction picture Hamiltonian Hint of the host four level atomic system is represented as; H୧୬୲ = − ℏ2 ൣΩ୫eି୧∆೘୲|1 >< 3| + Ωୡeି୧∆೎୲|3 >< 4| + Ω eି୧∆೛୲|2 >< 4| + H. C൧     (2) 

Here, ∆௠, ∆௖ 𝑎𝑛𝑑 ∆௣ are the detuning of the system respectively. The complex Rabi frequencies 
Ωc, Ωm, and Ωp are written as Ωi=c,m,p = |Ωୡ|exp[iϕc]. The general master equation of density matrix 
is given by; 
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Dሶ = − ୧ℏ [H୧୬୲, D] − ଵଶ γ୧୨ ∑(Dδାδ + δδାD − 2δDδା)          (3) 

In the above equation, D is the system’s general density operator, Hint indicates the system’s 
interaction Hamiltonian, γ୧୨ represent the spontaneous decay rates such as γ43, γ42, and γ31, 
implying the decay from the excited state | 4> to the ground states j ( j= 1,2,3) respectively and δ 
and δ+ are the general lowering and raising operators associated with all of the transitions between 
the energy states |1> and |4> in our proposed four level atomic system as shown in Figure 1.  

  

Figure 1. Four level atomic configuration for chiral medium. 

The parity of levels |1>, |2>, and |3> is the same as that of level |4>, but it is opposite. 
Transition from level |4> to levels |2> and |3> are permissible for electrical dipoles, whereas level |3> 
to level |1> is prohibited for electrical dipoles but permissible for magnetic dipoles. We consider that 
the states |1> and |2> are stable. 
The electric and magnetic components of a left and right circular polarization probe field, ωp and ω
m, respectively, further link the states |2> and |4> with their electric dipole moment of σ42 and the st
ates |1> and |3> with their magnetic dipole moment of µ31. We obtain sixteen density matrix 
equations by evaluating the master density matrix equation (3) after long algebraic calculation. The 
coupled rate equations of the four level system obtained from the sixteen density matrix equations 
under the condition, ∆p = ∆m = ∆, are given by;  

                          D෩ሶ ଵଷ = AଵD෩ଵଷ + ୧ଶ (Ω୫D෩ଷଷ − Ω୫D෩ଵଵ − Ωୡ∗D෩ଵସ)            (4) 

                             D෩ሶ ଵସ = AଶD෩ଵସ + ୧ଶ (Ω୫D෩ଷସ − ΩୡD෩ଵଷ − Ω୮D෩ଵଶ)             (5) 

                            D෩ሶ ଶସ = AଷD෩ଶସ + ୧ଶ (Ω୮D෩ସସ − ΩୡD෩ଶଷ − Ω୮D෩ଶଶ)             (6) 

          and                 D෩ሶ ଶଷ = AସD෩ଶଷ + ୧ଶ (Ω୮D෩ସଷ − Ω୫D෩ଶଵ − Ωୡ∗D෩ଶସ)            (7) 

where the terms A (1−4) in equations (4), (5), (6), and (7) are;  

                     Aଵ = iΔ୫ − ଵଶ (γଷଵ + γସଷ)          (8) 

                  Aଶ = iΔୡ − ଵଶ γଷଵ                 (9) 

             𝐴ଷ = 𝑖𝛥௣ − ଵଶ 𝛾ସଶ                  (10) 
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           𝐴ସ = 𝑖𝛥௠ − ଵଶ (𝛾ସଶ + 𝛾ସଷ)         (11) 

The dipole moments matrix elements for electromagnetically chiral medium are represented in 
the form as; 

                      𝜎ଶସ = ටଷఌ೚ℏఊరమఒయ଼గమ                                  (12) 

where, λ = 2πc/ω is the wavelength of light in free space. Here, ω is the angular frequency while 
c is the beam’s speed. We suggest that the probe field intensity is significantly lower than other laser 
fields present, i.e., Ωp, Ωm ≪ Ωc, γ43, γ42 and that the ground state | 1> is being populated by all the 
atoms, i.e., 𝐷෩1 1  =1 and 𝐷෩2 2 = 𝐷෨ 3 3  = 𝐷෨ 4 4  = 0. Thus, it is sufficient to retain in equations (4) to (7) 
simply the linear terms of the Rabi frequencies Ωp and Ωm. In relation to the probing field’s Rabi 
frequencies, the matrix elements D11, D22, D12, and D21 are invariably needed to be the zero order. The 
steady state equations for the matrix element can be obtained from equations (4) to (7) by applying 
these approximations and they are as follows; 

                   𝐷ଵଷ = ఆ೎ఆ೘ସ(஺భ஺మି೾೎೾೎∗ర ) − ௜஺భ௘೔ഝඥ௫(ଵି௫)ఆ೛ଶ(஺భ஺మି೾೎೾೎∗ర )                      (13) 

                  𝐷ଶସ = ௘೔ഝඥ௫(ଵି௫)ఆ೎ఆ೘ସ(஺య஺రି೾೎೾೎∗ర ) + ௜஺ర(ଵି௫)ఆ೛ଶ(஺య஺రି೾೎೾೎∗ర )                     (14) 

Chiral media refers to a medium composed of chiral molecules or particles. One amazing 
characteristic of such m e d i u m  is the rotation of the polarization of electromagnetic waves that are 
passing through it. This rotation phenomenon is also known as optical activity [33]. Enantiomers, 
often known as left or right handed molecules, are chiral objects and their mirror images. Both types 
of objects are referred to as enantiomorphs. Since chirality is produced by symmetry breaking, so it 
is significant to fundamental physics [17]. The primary feature of chiral media is the cross coupling 
between the magnetic and electric fields during an electromagnetic wave propagation through the 
material. This phenomenon is explained by a dimensionless chirality parameter (χ). Chiral media 
reacts differently to left circularly polarized (LCP) and right circularly polarized (RCP) light due to 
its symmetry [16,34]. Since light lacks geometry so it cannot be chiral in the traditional sense; however, 
there are characteristics that can be used to characterize light’s chirality. Additionally, orbital angular 
momentum which forms a helical shape on the wave front can be carried by light. Chromatic light is 
defined by its chiroptical properties which include orbital and spin angular momenta (Lz and Sz), 
optical helicity fluxes (Φχ and Φh), and spin density fluxes (Le and Lm). Chiral light can be defined 
with these characteristics. Analogously, the chirality of an entity can be measured using the chiral 
polarizability tensor (αc) and chirality parameter (χ). In order to address this problem, Pendry [35] 
has developed a sophisticated solution in relation with a medium in which the magnetization M of 
an incident optical frequency electromagnetic waves is coupled to the electric field component E and 
the electric polarization P is coupled to the free space magnetic field component as given below; 

                        P = χeE + ζEH H                                       (15) 

                       M = χmH + ζHEE                                      (16) 
where, ζEH and ζHE are the complex chirality coefficients and χe and χm are the electric and magnetic 
susceptibilities. The refractive indices of electromagnetic chirality media for left and right circular 
polarization probe fields are given by, respectively. 

                𝑛௥ಽ = ට𝜀௥𝜇௥ −  (఍ಹಶା఍ಶಹ)మସ + ௜ଶ(𝜁ாு − 𝜁ுா)         (17) 

                    𝑛௥ೃ = ට𝜀௥𝜇௥ −  (఍ಹಶା఍ಶಹ)మସ − ௜ଶ(𝜁ாு − 𝜁ுா)         (18) 
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Originally the atom is prepared in the coherent superposition state, where หϕ >= √xห2 >+√1 − xe୧ம|1. Consequently,  in equations (13) and (14), the matrix elements Dଵଵ(଴), Dଶଶ(଴), Dଵଶ(଴), and Dଶଵ(଴) 
at the zero order approximation become(1 − x), x, ඥx(1 − x)𝑒௜థ, 𝑎𝑛𝑑 ඥ𝑥(1 − 𝑥)𝑒ି௜థ , where 𝜙  is the 
angle of polarization. Using the formulas one may obtain the ensemble electric polarization P and 
magnetization M of the chiral medium at the probe field frequency as, P = Nσ24D42 and M = Nµ13D31 
respectively. Here throughout the paper the bold face letters represent vector quantities whereas N 
is the density or number of atoms of the sodium medium. Substituting equations (13) and (14) into the 
formulae for the ensemble electric polarization and magnetization, we obtain the relations as follows; 

                         P = αEBB + αEEE                                           (19) 

and                  M = αBBB + αBEE                                          (20) 

where 

                               𝛼ாா = ௜ே஺4௫ఙ24
2

2(஺3஺4ି೾೎2

4 )ℏ             (21) 

                                              𝛼ா஻ = ே௘ష೔ഝඥ௫(1ି௫)ఆ೎ఙ24ఓ13

4(஺3஺4ି೾೎2

4 )ℏ                (22) 

                                          𝛼஻ா = − ே஺1௘೔ഝඥ௫(1ି௫)ఙ24ఓ13

2(஺1஺2ି೾೎2

4 )ℏ              (23) 

 And                  α୆୆ = ୒(ଵି୶)ஐౙஜభయమସ(୅భ୅మିಈౙమర )ℏ      (24) 

In equations (23) and (24), B is substituted by H in accordance with the relation, B = 𝜇௢(H + M). 
After calculation, we get the following result; 

                      𝑷 = ቀ𝛼ாா + ఈಳಶఈಶಳଵିఈಳಳ ቁ 𝑬 + ఈಶಳଵିఈಳಳ 𝑯                  (25) 

                   𝑴 = ఈಳಳଵିఈಳಳ 𝑯 + ఈಳಶଵିఈಳಳ 𝑬             (26) 

The chiral medium’s dielectric function is expressed as; 

                                        𝜀௥ = 1 + 𝜒௘                  (27) 
The electric susceptibility χe of the probe field for chiral medium is calculated from the term 𝐷෩2 4  

as; 

                              𝜒௘ = ଵఌ೚ (𝛼ாா + ఓ೚ఈಶಳఈಳಶଵିఓ೚ఈಳಳ )                              (28) 

By substituting equation (28) in equation (27), we obtain that; 

         𝜀௥ = 1 + ଵఌ೚ (𝛼ாா + ఓ೚ఈಶಳఈಳಶଵିఓ೚ఈಳಳ )                             (29) 

The relative permeability of the chiral medium is determined with the help of magnetic 
susceptibility as; 

                     𝜇௥ = 1 + 𝜒௠                  (30) 
where, 

                              𝜒௠ = ఓ೚ఈಳಳଵିఓ೚ఈಳಳ                                     (31) 

After substituting equation (31) in equation (30), we get; 

   𝜇௥ = 1 + ఓ೚ఈಳಳଵିఓ೚ఈಳಳ                       (32) 

Here, the complex chirality coefficients can be expressed with the choice of 𝜀௢ = 𝜇௢ = 𝑐 = 1 as; 

        𝜁ுா = ఈಳಶ
1ିఈಳಳ                                        (33) 
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        ζEH = αEB
1ିαBB

                                        (34)  

where ko = 2π/λ, is the wave number of light in free space. In the host electromagnetic chiral 
medium, the wave number for left and right circular polarized light are given respectively as; 

       kL = k0nrL                                     (35) 

       kR = k0nrR                                    (36) 

where k0 = ω/c, is the wave number of light in free space. Using a spatial light modulator which has 
the ability to transform the spatial and phase distributions of optical fields and so develop an optical 
vortex beam is an effective technique of generating laser beams that carry orbital angular momentum 
(OAM) [36]. Considering a vortex Laguerre Gaussian (LG) beam that is azimuthally E-polarized with 
total electric field [37] is expressed as; 

          𝑬 = 𝐸௢(𝜌, 𝑧)(− 𝑆𝑖𝑛 𝛩𝑥ො + 𝐶𝑜𝑠 𝛩 𝑦ො)𝑒௜௞௭ = 𝐸௢(𝜌, 𝑧)𝑒௜௞௭𝜑 ෝ                (37) 

Here, |𝐸௢| is the amplitude of an azimuthally E-polarized vortex Laguerre Gaussian (LG) 
beam. The caret (⋀) represents unit vectors while unit vectors along the spatial coordinates x, y 
and z are defined by 𝑥ො =   (1,0,0)𝑥/𝜆, 𝑦ො = (0,1,0)𝑦/𝜆, and 𝑧̂ = (0,0,1)𝑧/𝜆, respectively. Here, ρ, 
ϕ, and z are the cylindrical coordinates of the Laguerre Gaussian beam (LG) whereas the unit vectors 
of the first two coordinates are; 

             𝜌ො = 𝐶𝑜𝑠 𝛩𝑥ො + 𝑆𝑖𝑛 𝛩𝑦ො                                      (38) 

                           𝜑ෝ = −𝑆𝑖𝑛 𝛩𝑥ො + 𝐶𝑜𝑠 𝛩𝑦ො                             (39) 
If we consider Maxwell’s third equation,𝜵 × 𝑬 = −𝑖𝜔𝜇𝑩, the magnetic field B [38]  in cylindrical 

coordinates is determined as; 
                                        𝑩 =  − ଵ௜ఓఠ (𝛻 × 𝑬)                                                    (40)        

Here, the Laplacian of the Laguerre Gaussian beam is of the form;              

                                                            𝛻 = డడ௫ො + డడ௬ො + డడ௭̂                                                  (41) 

By substituting equations (37) and Laplacian from equation (41) in to equation (40), we get the 
equation as; 

              𝑩 = ௜ఓఠ [డ(ா೚(ఘ,௭)డ௭ 𝑒(௜௞௭)ఘෝ − 𝑒(𝑖𝑘𝑧) ቀ𝐸𝑜(𝜌,𝑧)𝜌 + 𝜕𝐸𝑜(𝜌,𝑧)𝜕𝜌 ቁ 𝑧 ෝ ]       (42)            
The expression for the amplitude of an azimuthally E-polarized vortex beam with total electric 

field [39] is given by; 𝑬௢(𝜌, 𝑧) = 2𝜌𝑄2ඥ𝜋(𝑠 + 𝑙) × 𝑒𝑥𝑝 ቆ𝑖 𝑘𝜌2

2𝑅 − 𝜌2𝑄2ቇ × 𝑒𝑥𝑝 − 2𝑖(𝑠 + 𝑙) 𝑡𝑎𝑛ି1( 𝑧𝑧ோ) × 𝐿௣(௟)(2𝜌2𝑄2 )  (43) 

The longitudinal magnetic field Bz is calculated from equation (42) by using the values of 
amplitude of an azimuthally E-polarized vortex beam from equation (43) and this calculation yields; 𝑩௭ = ି2௜ொ2ఓఠඥగ(௦ା௟) 𝑒𝑥𝑝 ቀ𝑖 ௞ఘ2

2ோ − ఘ2ொ2ቁ 𝑒𝑥𝑝 − 2𝑖(𝑠 + 𝑙) 𝑡𝑎𝑛ି1( ௭௭ೃ) × (𝐿௣(௟) ቀ2ఘ2ொ2 ቁ ቂ2 + 𝜌2 ቀ௜௞ோ − 2ொ2ቁቃ − 4ఘ2௦ொ2   (44) 

where, 𝑄 = 𝑄௢ට1 + (𝑧 𝑧ோൗ )ଶ   is the Laguerre Gaussian (LG) beam’s width, 𝑄௢ = √2𝜌  is the 

Gaussian’s beam waist,  𝜌  is the probability density, 𝜓௭ = 𝑡𝑎𝑛ିଵ( ௭௭ೃ) is the Gouy phase, 𝑧ோ =8𝜋 × 𝑄௢/ఒ  is the Rayleigh diffraction length or Rayleigh range of beam, and 𝑅 = 𝑧(1 + ൫𝑧ோ 𝑧ൗ )ଶ൯ is 
the radius of curvature of Laguerre Gaussian (LG) beam’s wave fronts, whereas  𝐿௣(௟)(. )  is the 
associated Laguerre polynomial which is expressed as;                                                  𝐿௣(௟)(. ) = 𝐿௣(௟)(2𝜌2𝑄2 )௠                                                  (45) 
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                          𝐿௣(௟)(2𝜌2𝑄2 )௠ = ෍ (−1)௠(𝑠 + |𝑙|!)(𝑠 − 𝑚)! (|𝑙| + 𝑚)! (𝑚!)௣
௠ୀ0

× (2𝜌2𝑄2 )௠                (46) 

Here, in equation (46) s is the spin angular momentum number or s-number, l is orbital angular 
momentum or l-number, m is magnetic quantum number or m-number, and ρ is the probability 
density. The orbital quantum number l commonly referred to as the “topological charge” is a 
property of light fields. It can have integer or half-integer values. In the case of an electromagnetic 
chiral medium, the optical force [40] for left and right circularly polarized vector fields is expressed 
by the following equations; 

                       𝑭௅ = 1௚ ( 1
2ఠ Re[𝛼௅]𝑊 + 𝐼𝑚[𝛼L]𝑷L)              (47) 

                            𝑭ோ = 1௚ ( 1
2ఠ Re[𝛼R]𝑊 + 𝐼𝑚[𝛼R]𝑷R)            (48) 

Equations (47) and (48) are the optical forces for left and right circular polarized light respectively, 
which originate from light-matter interaction. Here, αL and αR are the polarizibilities, W is the 
energy density, and PL and PR are the linear momentum for left and right circular polarized light 
respectively, whereas g is the g-factor. In atomic units, g-factor is g=1 and in Gaussian units, g = 

(8πω)−1. The angular and linear photon momentum of a light beam has been predicted by 
Maxwell’s equations41. Laguerre Gaussian (LG) beams that are circularly polarized can carry both 
spin angular momentum (SAM) and orbital angular momentum (OAM). Spin angular momentum 
(SAM) is transferred from light to internal electronic degrees of freedom when it impinges upon a 
chiral material through the interaction between the light and the substance. The interaction of light 
with material particles can cause a torque (force) when the incident light has orbital angular 
momentum (OAM) which can cause the particle to rotate along the beam’s axis [41]. The multiple 
interaction between the incident light field and the material’s electromagnetic modes explains the 
orbital angular momentum (OAM) transfer phenomenon [37,42,43]. The transfer of spin angular 
momentum (SAM) causes the particles to spin about their own axes and is dependent on the 
polarization of the beam. The OAM appears in Laguerre-Gaussian (LG) beams with helical phase 
distributions and its transfer causes the particles to orbit the incident beam’s optical axis. The 
polarizibilities αL and αR in the electromagnetically chiral medium for left and right polarized light 
are written as; 

𝛼(௅) = 3ఌ೚௡ೝL
2 ି1ே௡ೝL

2 ା2
                               (49) 

 𝛼ோ = 3ఌ೚௡ೝೃ2 ି1ே௡ೝೃ2 ା2
                                  (50) 

The energy density of LG beam 40 can be expressed in the form; 𝑊 = 𝑔|𝐸௢|2𝜔                    (51) 

Light carries momentum as well as energy. The linear momentum and energy density are 
directly related to optical force in the chiral medium. The linear momenta [40] carried by the Laguerre 
Gaussian (LG) beam in electromagnetically chiral medium for left and right circular polarized vector 
fields are ; 

                           𝐏L = W
ω

(kLzො + 1
ρ
φෝ)                                  (52) 

   𝐏ோ = ୛ன (kୖzො + ଵ஡ φෝ)              (53) 
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As a matter of fact, PL and PR respectively indicate the liner momentum or radial mode number 
of the polarized light.  

3. Results and Discussion 

The results are presented for the vector field arrows of optical force in electromagnetically chiral 
medium. The plots represents the interaction behavior of the electromagnetic light fields with 
electromagnetically chiral medium which are denoted by the visual depiction and spatial distribution 
pattern of vector field arrows in 3D space. This study examines the interaction between left circular 
polarized (LCP) and right circular polarized (RCP) probe with an electromagnetically chiral medium, 
which produces optical forces in the form of vector field arrows that distributes in 3D space. The 
decay rate is considered as γ=1GHz and other frequencies parameters are scales to this decay rate γ. 
Further, ω = 1000γ, λ = 2πc/ω, ko = ω/c,  k୐ = k୭n୐,   ୟ୬ୢ  kୖ = k୭nୖ, whereas xො= (1, 0, 0)x/λ, yො = (0, 
1, 0)y/λ, and zො = (0, 0, 1)z/λ. Atomic units are used throughout the paper. The main parameters 
involved in this study include the orbital quantum number, also known as the topological charge (l), 
which defines the variation of optical field which is directly linked to the orbital angular momentum 
(OAM) of light. The OAM is expressed as L = lℏ, where ℏ represents the reduced Planck constant. 
The topological charge l is a key concept in both optics and physics that describes the characteristics 
of optical vortices. This charge is essential for determining various properties of optical vortices, 
including orbital angular momentum (OAM), the distribution of optical forces, and the stability and 
dynamics of vortices. Additionally, the sign of the topological charge (l) indicates the handedness of 
the helical structure: a positive (l) value results in a clockwise helical structure, while a negative (l) 
value produces a counter clockwise helical structure. The magnetic quantum number (m) defines 
how the orbital angular momentum (OAM) is projected along the direction of propagation. 
Specifically, when m=0, it means there is no magnetic moment linked to the optical vortex, leading to 
a balanced optical force distribution in the chiral medium. In contrast, when m=1, a non-zero 
magnetic moment is present, which causes an uneven optical force distribution. The spin quantum 
number (s) pertains to the intrinsic angular momentum and polarization of the photon. Collectively, 
these quantum numbers (l, m, s) play a crucial role in dictating how the optical force is distributed 
within the medium. As electromagnetic light interacts with the chiral medium, its chirality prompts 
a momentum transfer, creating an optical force F represented by left circular polarized (LCP) and 
right circular polarized (RCP) fields, aligned with the light field. The direction and magnitude of the 
force F are influenced by the values and signs of the quantum numbers l, m, and s. In a chiral medium, 
this optical force is depicted by vector field arrows that vary in orientation and intensity, illustrating 
the force's direction and magnitude at different points in 3D space. In our study, we use the 
topological charge (l), magnetic quantum number (m) and spin quantum number (s), to describe the 
optical vortices created by the interaction between electromagnetic light and the chiral medium. The 
orbital quantum number (topological charge) (l) ranges from ±2 to ±4, magntic quantum number from 
0 to 1 while the spin quantum number remains constant at (s=1). The phase of the vector field arrows, 
which shows the orientation of the left circularly polarized (LCP) and right circularly polarized (RCP) 
distribution of the optical force at each point, is affected by both the topological charge (l) and the 
spin quantum number (s). The polarization of the probe fields, being either LCP or RCP, determines 
the handedness of the helical force distribution. Specifically, LCP probe fields create a 
counterclockwise helical force distribution, while RCP probe fields produce a clockwise helical force 
distribution. Therefore, the helicity of the light field (whether clockwise or counterclockwise) is 
dictated by the topological charge (l) and the spin quantum number (s). Additionally, the symmetry 
of the vector field arrows is shaped by the values of orbital quantum number (topological charge) l 
and magnetic quantum number (m), reflecting the fundamental physics of the interaction between 
light and the chiral medium. The distribution of the optical force (F) can be utilized to trap and 
manipulate particles. In this paper the blue vector distribution arrows represent left circular polarization field 
(LCP) whereas red vector distribution arrows are for right circular polarization field (RCP) lines.  
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In FIG 2(a-h), the plots are traced for the vector field arrows of optical force Fሬ⃗  in 
electromagnetically chiral medium for left and right circular polarization probe fields versus spatial 
coordinates’ x/λ, y/λ, and z/λ in 3D space. The left and right circular polarization vector field arrows 
of optical force Fሬ⃗  are strong variation function of the spatial coordinates’ x/λ, y/λ, and z/λ for 
orbital quantum number l, magnetic quantum number m as well as spin quantum number s. Also 
each left and right circular polarization vector field arrow represents magnitude and direction of the 
optical force Fሬ⃗  in electromagnetically chiral medium. The distribution of optical forces is examined 
for left circularly polarized (LCP) fields (Figures 2(a-d), represented by blue arrows and right 
circularly polarized (RCP) fields (Figures 2(e-h), represented by red arrows along the normalized 
spatial coordinates x/λ, y/λ, and z/λ in a three-dimensional space. FIGs 2(a-d); represent left circularly 
polarized (LCP) field analysis and explanation of each plot for (l = ±2, ±4 m = 0, 1, s = 1). In FIG 2(a), 
the optical force distribution reveals a well-defined vortex-like field characterized by a chiral pattern 
due to the orbital quantum number, l = +2. The force vectors exhibit a counter clockwise rotation, 
indicating a positive helicity contribution from the LCP field and moderate optical force for 
manipulation of particles. The interaction between the optical field and the chiral medium results in 
localized force intensity, which affects particle trapping or manipulation. FIG 2(b) show that in 
contrast to FIG 2(a), the vortex structure is inverted due to the negative orbital quantum number l = 
-2 and negative OAM, resulting in an opposite rotational direction. The optical force vectors now 
display a clockwise distribution pattern, confirming the OAM-dependent optical force behavior in 
the chiral medium. The overall field intensity remains similar to FIG 2(a), but the directionality is 
reversed. FIG 2(c) shows that Increasing the orbital quantum number to l = +4 enhances the chiral 
nature of the force field, creating a more tightly vortex similar to FIG 2(a). The force vectors continue 
to rotate counter clockwise but with greater spatial complexity, leading to a stronger optical torque 
(force) effect. FIG 2(d) indicates the inversion of OAM at l = -4 results in a more pronounced clockwise 
vortex compared to FIG 2(b). The increase in the orbital quantum number (l), which corresponds to 
topological charge and OAM magnitude, intensifies the optical force distribution, showcasing 
significant variations in vector density and strength (magnitude) of optical force for particle trapping 
and manipulation. The explanation and analysis of each plot of the right circularly polarized (RCP) 
field for (l = ±2, ±4 m = 0, 1, s = 1), as shown in FIGs 2(e-h). FIG 2(e); In the case of right circular 
polarized (RCP) vector field arrows, unlike the left circular polarized (LCP) field vector arrows, a 
clockwise vortex is induced for the same orbital angular momentum (OAM) value (l = +2). The optical 
force vectors appear mirrored when compared to FIG 2(a), reflecting the fundamental handedness of 
the polarization shown in FIG 2(e). In FIG 2(f) with (l = -2), the optical force field structure is counter 
clockwise, which is the opposite of FIG 2(b). This observation confirms that RCP fields produce an 
opposite torque (force) effect compared to LCP fields in a chiral medium. At (l = +4), the optical force 
vectors exhibit a more pronounced clockwise vortex, contrasting with FIG 2(c), and show stronger 
spatial confinement. This indicates that higher OAM enhances the chiral-dependent optical force, 
while the handedness remains reversed compared to the LCP field, as illustrated in FIG 2(g). In FIG 
2(h) for (l = -4), a counter clockwise vortex is observed, which is opposite to FIG 2(d). The increased 
magnitude of OAM results in more significant optical force effects, aligning with previous findings. 
The comparative analysis of LCP in FIGs 2(a-d) versus RCP in FIGs 2(e-h) reveals opposite rotation 
patterns of the optical force vector field arrows. LCP fields generate counter clockwise vortices for 
positive orbital quantum number and OAM and clockwise for negative orbital quantum number and 
OAM, while RCP fields display the opposite behavior. Additionally, comparing the figures shows 
that both LCP and RCP fields of optical force are dependent on orbital quantum number and 
corresponding OAM. Higher orbital quantum number values (l = ±4) lead to stronger optical forces 
and tighter vortex formations and OAM in both cases. The results confirm that the optical force in a 
chiral medium is influenced by both the handedness of polarization and OAM, resulting in opposite 
vector distributions for LCP and RCP fields with the same orbital quantum number values, 
highlighting the impact of the chiral medium. This study illustrates that chiral media significantly 
affect optical force distributions based on the handedness of circular polarization and orbital 
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quantum numbers. These effects can be utilized for optical tapping and manipulation of microscopic 
particles, atoms, molecules and nanoparticles, torque applications and chiral-dependent optical 
manipulations in sophisticated photonic systems. 

 

 

 

Figure 2. a-h): Optical forces in electromagnetically chiral medium for left circular polarization probe fields 
(LCP) and right circular polarization probe fields (RCP). Optical forces vectors field arrows distribution 
function versus along spatial coordinate’s x/λ, y/λ, and z/λ for left circular polarization probe fields (LCP) 
as well as right circular polarization probe fields (RCP). The common parameters for optical forces LCP 
and RCP vector field arrows distribution are: γ43 = 1γ, γ42 = 1γ, γ32 = 1γ, γ31 = 1γ, ∆p = 0.2γ, ∆c = 0γ, ∆m 
= 0γ, and |Ωc| = 2γ. The chosen parameters for LCP and RCP figures (a-d) are: (a) l=+2, m=0,1, s=1, (b) 
l=−2, m=0,1, s=1, (c) l=+4, m=0,1, s=1 (d) l=−4, m=0,1, s=1. 

In Figure 3(a-h), the plots are traced for the vector field arrows of optical force Fሬ⃗  in an 
electromagnetically chiral medium for left circular polarized (LCP) field and right circular polarized 
(RCP) field versus detunings of probe and control fields ∆c/γ, ∆m/γ, and ∆p/γ at the orbital, 
magnetic as well as spin quantum numbers in 3D space. The magnitude and direction of the optical 
force Fሬ⃗  are represented by each vector arrow of left and right circular polarized vector field at that 
point with variation of probe detuning and control fields’ ∆c/γ, ∆m/γ, and ∆p/γ. This study explores 
how electromagnetic light interacts with an electromagnetically chiral medium, resulting in optical 
forces depicted as vector field arrows. The distributions of optical forces are analyzed based on the 
normalized detuning parameters ∆c/γ, ∆m/γ, and ∆p/γ, which affect the medium's optical response. 
A crucial part of this analysis show dependence of optical forces on the orbital quantum numbers l = 
±2, ±4, influencing both the direction and intensity of the optical forces. FIGs 3(a-d); highlights each 
plot analysis and explanation of left circularly polarized (LCP) field for (l = ±2, ±4, m = 0, 1, s = 1). FIG 
3(a); for (l = +2), shows that the optical force field has a counter clockwise vortex-like structure due to 
the positive orbital quantum number and its corresponding OAM. The force vectors exhibit stronger 
magnitudes in certain regions of ∆c/γ and ∆p/γ, where the interaction between the optical field and 
the chiral medium is resonant. This indicates the existence of stable trapping regions where optical 
forces can confine particles within specific areas. In FIG 3(b) at (l = -2), the optical force distribution 
pattern mirrors that of FIG 3(a), displaying a clockwise rotation, which reflects the reversal of vortex 
direction due to the negative quantum number and its corresponding topological charge and OAM. 
While the force magnitude remains similar, the direction of the optical force changes, illustrating that 
the sign of the orbital quantum number l influences the chirality of the optical force field. This reversal 
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indicates that chiral optical forces can be adjusted using orbital quantum number and OAM to control 
the movement of microscopic particles within the medium. For (l = +4) in FIG 3(c); it is observed that 
increasing the orbital quantum number to l = +4 results in a more tightly twisting counter lock wise 
vortex, with a higher vector density. The magnitude of the optical force is greater than that shown in 
FIG 3(a), indicating a more robust interaction between the optical field and the chiral medium. The 
optical force vectors create a more complex pattern, suggesting enhanced optical force effects and 
stronger confinement areas. These vectors display a pronounced clockwise vortex, contrasting with 
FIG 3(c), due to the negative orbital quantum number and related OAM (l = -4) as illustrated in FIG 
3(d) at (l = -4). The increase in orbital quantum number and OAM magnitude leads to more localized 
forces, indicating that the enhancement of optical force scales with higher values of topological charge 
(l). This supports the idea that both OAM and circular polarization affect the distribution of optical 
forces in a chiral medium. FIGs 3(e-h) provide analysis of the right circularly polarized (RCP) field 
for l=±2, ±4, m=0, 1 and s=1, in a chiral medium. In FIG 3(e); at (l = +2), the results contrast with those 
in FIG 3(a), where the optical force distribution shows a clockwise vortex, indicating a reversal in 
optical force direction due to the right circularly polarized (RCP) nature of the probe field. The 
magnitude and spatial structure of the optical force are similar to those in FIG 3(a), but the 
handedness of the force field is inverted. The optical force vectors exhibit a counter clockwise rotation, 
opposite to FIG 3(b), as shown in FIG 3(f) at (l = -2). This confirms the anticipated polarization-
dependent inversion of optical force directions, where RCP and LCP fields produce opposite 
orientations of force vectors for the same orbital quantum number and OAM. In FIG 3(g) with (l = +4), 
a strongly twisting clockwise vortex is observed, contrasting with the LCP counterpart in FIG 3(c). 
The optical force vectors show increased confinement and intensity, confirming that higher orbital 
quantum number and OAM enhances the greatly magnitude of optical forces, regardless of 
polarization. FIG 3(h) at (l = -4) illustrates that the optical force vectors create a counter clockwise 
vortex, contrasting with FIG 3(d). The heightened orbital quantum number magnitude leads to 
stronger localization of optical forces, emphasizing the role of OAM in chiral force distributions. The 
comparative analysis reveals opposing rotational patterns or structures of LCP in FIGs 3(a-d) 
compared to RCP in FIGs 3(e-h). LCP fields generate counter clockwise vortices for l > 0 and clockwise 
vortices for l < 0, while RCP fields exhibit the opposite behavior, producing clockwise vortices for l > 
0 and counter clockwise vortices for l < 0. This underscores the fundamental influence of polarization 
handedness on the distribution of optical forces. The analysis also indicates a dependence on OAM, 
where increasing orbital quantum number (l = ±4) amplifies the optical force magnitude, resulting in 
more compact and intense vortex structures. As the orbital quantum number or topological charge (l) 
increases, the optical force becomes more localized, allowing for enhanced precision in optical 
manipulation. The influence of the chiral medium modifies optical forces based on both the sign of 
orbital quantum number and the handedness of circular polarization. The distribution patterns of 
optical forces between LCP and RCP fields are mirrored, highlighting the chiral-dependent nature of 
these interactions. This study confirms that the distributions of optical forces in chiral media are 
influenced by polarization handedness and the sign of orbital quantum number l. The contrasting 
force orientations between LCP and RCP fields emphasize the polarization-induced inversion of 
optical forces. Furthermore, increasing the orbital quantum number l (topological charge) and OAM 
strengthens and localizes optical forces, making them more effective for applications like optical 
trapping, chiral separation, and torque-driven manipulation in photonics nanotechnology. 
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Figure 3. a-h): Optical forces in electromagnetically chiral medium for left and right circular polarization 
probe fields. Optical forces versus vectors field of optical forces distribution function vectors arrow along 
three coordinates ∆c/γ, ∆m/γ, and ∆p/γ for left and right circular polarization probe fields. The common 
parameters for LCP and RCP optical forces and distribution of arrows are: γ43 = 1γ, γ42 = 1γ, γ32 = 1γ, 
γ31 = 1γ, xො = ୶஛ , yො = y/λ,  zෝ = z/λ, φ = 0, and |Ωc| = 2γ. The chosen parameters for figures (a-d) are: (a) 

l=+2, m=0,1, s=1, (b) l=−2, m=0,1, s=1, (c) l=+4, m=0,1, s=1, (d) l=−4, m=0,1, s=1. 

In the plots of Figure 4(a-h), vector fields of optical force Fሬ⃗  for left circular polarized (LCP) field 
and right circular polarized (RCP) field in an electromagnetically chiral medium versus decay rates 
γ32/γ, γ42/γ, and spatial coordinate z/λ are traced in 3D space. The vector field arrows of optical force Fሬ⃗  for LCP and RCP fields are small variation function of decay rates of control fields γ32/γ, γ42/γ, 
and spatial coordinate z/λ at the orbital, magnetic as well as spin quantum numbers. Each arrow of 
LCP and RCP fields represent magnitude and direction of optical force Fሬ⃗  with variation of decay rates 
of control fields γ32/γ, γ42/γ, and spatial coordinate z/λ in chiral medium. This study examines how 
an electromagnetic field interacts with an electromagnetically chiral medium, resulting in the creation 
of optical forces depicted by vector field arrows. The analysis focuses on these optical forces for both 
LCP (FIGs 4(a-d), indicated by blue arrows and RCP (FIGs 4(e-h), indicated by red arrows probe 
fields, considering various parameters. Unlike earlier studies, the optical forces here are assessed as 
functions of the parameters γ32, γ42, and z/λ, which are associated with decay rates and the spatial 
distribution of the force vectors. The impact of orbital quantum numbers, l = ±2, ±4 is also explored, 
revealing insights into the rotational behavior and intensity of optical forces within the chiral medium. 
Each FIG corresponds to different orbital angular momentum (l) values while maintaining fixed spin 
(s = 1) and magnetic quantum number (m = 0, 1). Here, FIGs 4(a-d) for l=±2, ±4, m=0, 1 and s=1, provide 
the left circular polarized field (LCP) analysis and explanation in chiral medium. In FIG 4(a) where l 
= +2; the optical force vectors appear uniform in a single direction with no significant difference 
between the left-handed and right-handed vectors, showing no rotational asymmetry. Similarly, in 
FIG 4(b) at l = −2, the optical force vectors are also directed uniformly, indicating a symmetric optical 
force distribution devoid of handedness. This pattern continues for l = +4, as seen in FIG 4(c), where 
the optical force vectors again point uniformly without displaying chiral characteristics. In FIG 4(d) 
for l = −4, the optical forces remain consistent, showing a single-direction uniform field and an 
absence of observable asymmetry between left- and right-handed forces. Consequently, all LCP 
optical forces exhibit the same vector field distribution in one direction, indicating that under these 
conditions, LCP does not produce optical chirality effects in this medium and almost same strength 
or magnitude of optical force for particles trapping and manipulation in one direction in 3D space. 
FIGs 4(e-h); explore the analysis and explanation of right circular polarized field in chiral medium.  
In FIG 4(e) at l = +2; the optical force vectors clearly display left and right-handed asymmetry. The 
direction and strength of the optical force varies across the field instead of being uniform. For l = 
−2; the optical force distribution remains asymmetric but shows opposite handedness compared 
to FIG 4(e), as shown in FIG 4(f). The change in handedness is due to the negative value of orbital 
quantum number l. In FIG 4(g) with l = +4, the handedness pattern continues but exhibits a 
stronger force distribution and hence greater optical force magnitude for particle manipulation. 
The chiral asymmetry becomes more evident with the higher orbital quantum number and OAM 
value. FIG 4(h) displays an asymmetric optical force distribution and strength similar to FIG 4(f), 
but in the opposite handed configuration corresponding to l = −4. Once again, changing the value 
of orbital quantum number results in a swap of handedness. In contrast to LCP, RCP optical force 
distributions reveal marked left- and right-handedness. The optical force arrows do not follow a 
single uniform direction and strength. Higher orbital quantum number values (l = 4) amplify the 
asymmetry compared to lower values (l = 2) and greater strength of optical forces. The handedness 
reverses when transitioning from positive to negative l-values.  The comparative analysis of FIG 
4(a-d) and FIG 4(e-h) for LCP and RCP indicates that the chiral medium interacts differently with 
LCP and RCP due to its inherent chiral properties. LCP fields do not trigger a significant chiral 
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interaction, leading to a force that remains uniform. The LCP plots (FIGs 4(a-d)) do not exhibit left 
or right handedness. This is because the LCP probe fields are sensitive to the orbital quantum 
number and angular momentum (OAM) of the optical vortex but not to its helicity. Consequently, 
the LCP plots demonstrate a symmetric distribution of optical force arrows. The RCP plots, shown 
in FIG 4(e-h), illustrate both left and right handedness. This variation occurs because the RCP probe 
fields are responsive to both the orbital quantum number and angular momentum (OAM) and the 
helicity of the optical vortex. The RCP plots display an uneven distribution of optical force arrows, 
which suggests the presence of helical structures. The orbital quantum number l and OAM plays a 
role in shaping the spatial structure of optical forces. In the case of RCP, the interplay between spin 
and orbital quantum number results in optical forces that are asymmetric with respect to handedness. 
Conversely, under these conditions, LCP does not generate handedness effects due to spin-orbit 
interaction. The chiral medium reacts differently to left and right circular polarization. For LCP, the 
interaction maintains symmetry, resulting in unidirectional forces. However, for RCP, a chiral 
asymmetry arises, causing forces that differentiate between left- and right-handed directions. 

 

 

 

Figure 4. (a-h): Optical forces in electromagnetically chiral medium for left circular polarization probe fields 
(blue arrows) and right circular polarization field (red arrows). Optical forces versus vectors field of optical 
forces distribution function vectors arrow along three coordinate’s γ32, γ42, and z/λ for left and right circular 
polarization probe fields. The common parameters for LCP and RCP optical forces distribution arrows are: 
γ43 = 1γ, γ31 = 1γ, xො = ୶஛ , yො = ୷஛, ∆p = 0.2γ, ∆c = 0γ, ∆m = 0γ, φ = 0, and |Ωc| = 2γ. The chosen parameters 

for figures (a-d) are: (a) l=+2, m=0,1, s=1, (b) l=−2, m=0,1, s=1, (c) l=+4, m=0,1, s=1, (d) l=−4, m=0,1, s=1. 

In Figure 5(a), the plots are traced for the magnitude of optical force Fሬ⃗  in an electromagnetically 
chiral medium for left circular polarized vector field for probe detuning ∆p/γ and spatial coordinate 
z/λ in 2D space. Also the magnitude of left circular polarized vector field of optical force Fሬ⃗  is a 
function of Rabi frequency of control field |Ωc|. Each plot illustrates the magnitude of optical forces 
as a function of normalized detuning (Δp/λ) and spatial coordinate (z/λ) for various levels of control 
field strength ∣Ωc∣. The control field plays a crucial role in determining the magnitude and behavior 
of the optical force within the chiral medium. This particular plot demonstrates how the magnitude 
of the optical force varies for a left circularly polarized (LCP) field in relation to Δp/λ and z/λ. Here, 
the curves correspond to different control field strengths ∣Ωc∣; specifically, for the orange peak, ∣Ωc∣=3γ; for the yellow peak, ∣Ωc∣=4γ; and for the green peak, ∣Ωc∣=5γ, respectively. In other words, 
the control field strengths |Ωc|  varies from 3γ to 5γ for left circular polarized vector field of optical 
force. The optical force shows peaks and dips, illustrating the resonant interactions between the left-
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handed circularly polarized (LCP) field and the chiral medium. As the magnitude of ∣Ωc∣ grows from 
3γ to 5γ, the magnitude of the optical force also increases, suggesting that stronger control fields 
result in more powerful optical forces. Additionally, the peak optical force slightly shifts along probe 
detuning Δp/λ, indicating that the resonance condition adjusts a bit with the increase in ∣Ωc∣. The 
changes along the spatial coordinate z/λ reveal an oscillatory trend, pointing to periodic modulation 
of the force in the direction of propagation. The magnitude of optical force in an electromagnetically 
chiral medium for left circular polarized field for probe detuning ∆p/γ and spatial coordinate z/λ 
varies from 0pN to 0.04pN as shown in FIG 5(a). In FIG 5(b), the plot also shows the same optical 
force distribution but for right circular polarized vector field in an electromagnetically chiral medium 
along the parameters ∆p/γ and z/λ in 2D space. Also the magnitude of right circular polarized 
vector field of optical force Fሬ⃗  is a function of Rabi frequency of control field |Ωc|. In this case, the 
strength of control field |Ωc| also varies from 3γ to 5γ but t he color scheme is reversed for right 
circular polarized vector field of optical force compared to FIG. 5(a). The strength of control field for 
Green peak is; ∣Ωc∣=3γ, for yellow peak is; ∣Ωc∣=4γ and for Orange peak is; ∣Ωc∣=5γ respectively. 
Similar to FIG. 5(a), the optical force shows resonant peaks and dips that depend on the detuning 
Δp/λ and the propagation spatial coordinate z/λ. As the magnitude of ∣Ωc∣ increases from 3γ to 5γ, 
the magnitude of the optical force interactions also rises, indicating that more intense control fields 
enhance these interactions. The oscillatory pattern of the force distribution along spatial coordinate 
z/λ is still evident. However, the overall shape of the force distribution varies slightly from that in 
FIG. 5(a) due to the differing handedness of the field polarization. The magnitude of optical force in 
an electromagnetically chiral medium for right circular polarized field for parameters of probe 
detuning ∆p/γ and spatial coordinate z/λ varies from 0pN to 0.003pN as shown in FIG 5(b). The 
comparative analysis of FIG. 5(a) and FIG. 5(b) illustrates the impact of circular polarization, 
specifically between LCP and RCP. The magnitude of the optical force varies between these two 
fields, indicating that the chiral medium reacts differently to each polarization state. This variation 
stems from how the chiral medium interacts with left- and right-handed circularly polarized light, 
following specific chirality-related selection rules. Both FIGs 5(a-b) show that as the control field 
strength ∣Ωc∣ increases, the optical force magnitude also increases. However, the distribution and 
peak positions shift slightly between the LCP and RCP fields, demonstrating the polarization-
dependent nature of the medium's response. Additionally, both figures indicate a reversal in color 
mapping, where in FIG. 5(a) (LCP), stronger fields (∣Ωc∣=5γ) appear in green, whereas in FIG. 5(b) 
(RCP), they are represented in orange. This suggests that while the optical force patterns may 
exhibit similarities, there are essential differences in how the medium responds to left- and right-
handed polarizations. A resonance shift is observed when comparing both figures, as the peak 
positions of optical force in FIG. 5(a) and FIG. 5(b) do not perfectly align. This suggests that the 
resonant conditions for generating optical force differ between LCP and RCP fields, likely due to 
the chiral-dependent interaction strength in the medium. 

 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 February 2025 doi:10.20944/preprints202502.1836.v1

https://doi.org/10.20944/preprints202502.1836.v1


 15 of 19 

 

Figure 5. a-b): Magnitude of optical forces in electromagnetically chiral medium, for (a) left and for (b) 
right circular polarization probe field versus ∆p/λ and z/λ. The chosen parameters for magnitude of optical 
forces for left circular polarization probe field are: |Ωc|=3γ (orange), |Ωc|=4γ (yellow), and |Ωc|=5γ 
(green). The chosen parameters for magnitude of optical forces for right circular polarization probe field 
are: |Ωc|=3γ (green), |Ωc|=4γ (yellow), |Ωc|=5γ (orange). The common parameters are: γ43 = γ42 = γ32 = 
γ31 = 1γ, ∆c = ∆m = 0γ, xො = x/λ, yො = y/λ, zො = z/λ,l=1, s=1, m=1, ρ=10, and ϕ=π/4. 

Figure 6(a) and 6(b) explore the strength of optical force resulting from various circular 
polarization states of the probe field. Figure 6(a) is dedicated to the left circularly polarized (LCP) 
field, while FIG 6(b) focuses on the right circularly polarized (RCP) field. Each graph illustrates the 
magnitude of optical force as a function of normalized detuning (Δm/λ) and transverse radial 
coordinate (ρ/λ) across different values of the control field strength ∣Ωc∣. The control field plays a 
crucial role in determining the magnitude of optical forces within the chiral medium. In FIG 6(a), the 
plots are traced for magnitude of optical force Fሬ⃗  in an electromagnetically chiral medium for left 
circular polarized vector field along the detuning parameter ∆m/γ and transverse radial coordinate 
ρ/λ in 2D space. Also the magnitude of left circular polarized vector field of optical force Fሬ⃗  is a 
function of Rabi frequency control field |Ωc|. The horizontal axis displays the detuning parameter 
Δm/λ, which affects the resonance conditions within the medium. The vertical axis shows the 
normalized radial coordinate ρ/λ, illustrating how the optical force changes radially from the beam 
axis. The color-coded optical force curves indicate different intensities of the control field |Ωc|. The 
peak of the orange curve corresponds to a control field strength of ∣Ωc∣=2γ, the yellow curve peak 
represents a control field strength of ∣Ωc∣=3γ, and the peak of the green curve corresponds to a control 
field strength of ∣Ωc∣=4γ, respectively. In this case, the strength of control field |Ωc| varies/increases from 
2γ to 4γ for left circular polarized vector field of optical force. The optical force exhibits sharp peaks 
at specific values of Δm/λ, indicating resonance effects. These peaks shift slightly as ∣Ωc∣ increases, 
suggesting that the control field alters the resonance conditions. The optical force also varies with the 
distance from the beam axis, being strongest near the center (ρ/λ≈0) and gradually decreasing as 
normalized radial coordinate ρ/λ increases. This indicates that the optical force is more concentrated 
around the beam’s core, which is crucial for optical trapping applications. Increasing the strength of 
the control field ∣Ωc∣ results in an overall rise in force magnitude from 2γ to 4γ for the left circularly 
polarized vector field of optical force across all ρ/λ values. However, this effect is more significant 
near the resonance conditions in Δm/λ. The magnitude of optical force in an electromagnetically chiral 
medium for RCP field of detuning ∆m/γ and normalized radial coordinate ρ/λ varies from 0pN to 
0.2pN as shown in FIG 6(a). In FIG 6(b), the plots are traced for magnitude of optical force Fሬ⃗  in an 
electromagnetically chiral medium for RCP field along ∆m/γ and ρ/λ in 2D space. Also the magnitude 
of RCP field of optical force Fሬ⃗  is a function of Rabi frequency control field |Ωc|. The axes and overall 
setup are the same as in FIG. 6(a), but here the probe field is RCP instead of LCP. In this scenario, the 
strength of the control field |Ωc| ranges from 2γ to 4γ, with the color code reversed for the right 
circular polarized vector field of optical force compared to FIG. 6(a). The peak of the optical force 
curve for |Ωc|=2γ is represented by the green color code, while the yellow color code peak curve 
indicates the strength of the control field. The orange color code peak curve corresponds to the control 
field strength at |Ωc|=3γ and |Ωc|=4γ, respectively. In this case, |Ωc| varies from 2γ to 4γ for RCP 
field of optical force. The optical force shows distinct peaks at certain values of Δm/λ, resembling the 
resonance behavior found with LCP. These peaks shift with an increase in ∣Ωc∣ from 2γ to 4γ for the 
RCP field of the optical force, indicating that the control field impacts the resonance conditions. The 
optical force is strongest near the center of the beam (ρ/λ≈0), with a gradual decrease outward, 
demonstrating radial symmetry. However, the force distribution is slightly different from what is 
seen in FIG. 6(a) due to polarization effects. As shown in FIG. 6(a), increasing the strength of the 
control field from ∣Ωc∣ 2γ to 4γ enhances the magnitude of the optical force. While the peak positions 
shift, the overall pattern of the force still differs from the LCP scenario. The magnitude of optical force 
in electromagnetically chiral medium for right circular polarized field detuning ∆m/γ and ρ/λ 
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increases from 0pN to 0.015pN as shown in FIG 6(b). The comparison of FIG. 6(a) and FIG. 6(b) 
shows that the optical force's magnitude is influenced by polarization. The patterns of optical 
force in FIG. 6(a) (LCP) and FIG. 6(b) (RCP) are similar, yet not identical. The force magnitude 
varies slightly at certain Δm/λ values, indicating a polarization-dependent response from the 
chiral medium. This difference arises from the interactions between chiral light and matter, where 
the medium reacts distinctly to left- and right-handed circularly polarized light. Additionally, a 
reversed color mapping can be seen as the control field strength ∣Ωc∣ increases. In FIG. 6(a) (LCP 
case), stronger optical forces are represented by green (∣Ωc∣=4γ), while in FIG. 6(b) (RCP case), the 
strongest forces appear in orange (∣Ωc∣=4γ). This indicates that although the force profiles exhibit 
similarities, there remains an inherent asymmetry in how the chiral medium responds to the two 
types of polarization. The resonance peaks in Δm/λ do not align perfectly between the two figures, 
suggesting that the optical force behaves differently based on whether the probe field is LCP or 
RCP, thus highlighting the influence of chirality on force dynamics. In both scenarios, the optical 
force is stronger near the center of the beam and diminishes as normalized radial coordinate ρ/λ 
increases. However, the rate of decrease in force is slightly different between the LCP and RCP 
cases, implying that chirality also impacts the radial force profile. 
 

Figure 6. a-b): Magnitude of optical forces in electromagnetically chiral medium, (a) for left and (b) for right 
circular polarization probe field versus ∆m/λ and ρ/λ. The chosen parameters for left circular polarization 
probe field are |Ωc|=2γ (orange), |Ωc|=3γ (yellow), and |Ωc|=4γ (green). (c) The chosen parameters for 
right circular polarization probe field are |Ωc|=2γ (green), |Ωc|=3γ (yellow), |Ωc|=4γ (orange). The common 
parameters are γ43 = γ42 = γ32 = γ31 =1γ, ∆c = 0, ∆p = 0.2γ, xො = x/λ, yො = y/λ, zො = z/λ, z=20, l=1, s=1, m=1, and 
ϕ=π/4. 

4. Conclusion 

In summary, the control and modification of the vector fields of optical force both for left and right 
circular polarized fields are achieved through variation and strength of control derived field applied 
at the level of an electromagnetically chiral media. The probe coherence term and associated 
susceptibility and polarizability for an electromagnetically chiral media are assessed using the density 
matrix approach. The polarizability is used to compute the energy and momenta densities. In an 
electromagnetically chiral medium, the left and right circularly polarized vector fields of the optical 
force are exactly connected to the energy and momenta densities. Using spatial coordinates, probe 
and control field detuning, and decay rates, the variation and dependence of the left and right 
circularly polarized optical force vector fields are examined and tracked. Optical force’s left and right 
circularly polarized vector fields are functions of magnetic, orbital as well as spin quantum numbers. 
The measured maximum magnitude of optical force for the left and right circular polarized vector 
fields with variation in the probe detuning of control field’s Δp/γ and normalized spatial coordinate 
z/λ is 0.04pN and 0.003pN respectively. For both left and right circular polarized vector fields, the 
maximum optical force magnitude varies according to the detuning of control field’s Δm/γ and 
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normalized radial coordinate ρ/λ is respectively 0.2pN and 0.015pN. The direction and strength 
(magnitude) of the optical force increases with the sign and values of the orbital quantum number 
(topological charge) along with their corresponding orbital angular momentum (OAM) in chiral 
medium. The findings point to possible uses in the fields of high precision sensing, quantum 
information, fundamental optics, atomic physics, optomechanics, material science, nano science, 
quantum physics, radar, waveguide, antennas, and optical tweezers technology.  
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