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Abstract. We demonstrate both theoretically and experimentally that a linearly polarized optical beam 
incident on a linearly dichroic nematic liquid crystal cell with a topological defect of the topological strength q 
and linear dichroism, transforms into a composite vector beam consisting of elementary vector beams with the 
polarization singularity orders m=2q and m=q. Consequently, it has been proved that due to the linear 
dichroism a liquid crystal defect of the topological strength q=1 transforms an incident circularly polarized 
beam into a composite vortex beam consisting of the double-charged vortex beam and vector-vortex beam 
with polarization order and topological charge that are equal to unity. 
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1. Introduction 
Optical vortices are among the intriguing objects for study in the last few decades [1]. The 
beams that bear optical vortices are characterized by a helical wavefront, vanishing intensity 
and phase uncertainty at the beam center. The azimuthal index, which is the number of 
phase rotations per period, is the quantized value called the topological vortex charge. 
Optical vortex beams find their application in novel branches of optical technologies such as 
microparticle manipulation [2,3], acute focusing beyond the diffraction limit [4], quantum 
computing [5-7] etc. Recently, a considerable attention was drawn to the composite vortex 
beams (CVB). The composite (also called mixed) vortex beams consist of several coaxial 
vortex beams of different topological charges [8]. Due to the interference, the profile the 
resulting beam represents quite an unusual intensity pattern built of azimuthal and radial 
bright and dark regions. The CVBs belong to the type of structured light beams and are more 
flexible in their application in comparison with single-charge optical vortex beams. A CVB 
can be applied for multiple particle trap [9], electromagnetically induced transparency [10], 
in optical communication with enhanced communication bandwidth and data transmission 
speed with multiplexing/demultiplexing by the orbital angular momentum [11]. One of the 
simplest methods of CVB generation is the method of coaxial superposition of two or more 
beams of different vortex charges [8]. However, in such a case, special attention should be 
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paid to the common alignment of their waist position and parameters. The CVB can be 
efficiently generated using spatial light modulators [12] and metasurfaces 
[13].Unfortunately, the corresponding devices are quite expensive. For this reason, the 
method based on the hybrid binary fork gratings seems attractive [14]. However, in the last 
case, the optical beam changes the direction of propagation since the CVB appears in one of 
the diffraction maximums. Recently, we have analyzed the formation of vortices behind a 
dichroic nematic liquid crystal (NLC) cell with the topological defect in the director field [15]. 
In particular, the theoretical consideration suggests that at the half-wave phase retardation 
by the NLC cell and the strength of topological defect q, the emerged optical beam consists of 
the optical vortex beam with the charge l=2q and vector-vortex beam with l=q, and the 
polarization order m=q and, thus, can be considered a CVB. The present work aims to prove 
this prediction experimentally. 

2. Method of study 
To be on the same page with a reader, let us briefly recall the results recently reported by 
our team [15]. When an NLC cell with a topological defect of the topological strength q is 
illuminated by a circularly polarized plane optical wave described by the Jones vector  
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where 0E  is the wave amplitude, and   q    is the angle of optical indicatrix rotation 
around the topological defect,   is the tracing angle, then the Jones vector of the exiting light 
beam is of the form 
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where    exp –2 /d k     is the relative light absorption, k1, and k2 are the extinction 

coefficients of the two eigenwaves, Δk = k2 – k1, d is the NLC cell thickness,   is the light 
wavelength, Г = 2πdΔn/λ is the phase difference and Δn is the optical birefringence. At σ = 1 
the contribution of the dichroism (Δk = 0) is absent and σ → 0 corresponds to the case when 
the dichroism contribution dominates (Δk → ∞). It is seen from Eq. (2) that the first and 
second terms respectively describe the incident and vortex modes under the conditions of 
absence of dichroism. The vortex charge is 2q. The third term is nonzero only when 1  , 
i.e., in the presence of linear dichroism. This term describes a vector-vortex beam with the 
topological charge l=q and polarization order m=q. In the present work, we employ the 
polarimetric technique to check whether the CVB forms in the exiting beam. We find that for 
the circularly polarized incident beam, the azimuthal and ellipticity angles of the exiting 
beam are not sensitive to the presence of dichroism, while the situation is different for the 
linear polarization of the incident light. 
Let the optical beam incident onto a dichroic NLC cell be linearly polarized. Due to the 
symmetry of the problem, the orientation of the light polarization plane can be arbitrary. For 
the sake of simplicity, the Jones vector of input linearly polarized light can be written as 
follows: 
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Then the Jones vector of the beam exiting the cell (denoted by the subscript out in the 
sequel) is of the form  
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Eq. (4) suggests that the exiting beam is a result of the superposition of three beams. Namely, 
the first one, E0, corresponding to the initial linear polarization, superposes with two vector 
beams, E1 and E2. It is evident, that the term E2 expresses the contribution of the 
dichroism since it approaches zero at 1   when the dichroism vanishes. Remarkably, the 
amplitude of the term E2  vanishes also at q=nπ+π/2 (n is an integer. 

When the phase retardation of the dichroic NLC cell is Г = π (half-wave), the term E0 is 
zero, and Eq. (4) simplifies to the form 
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If the dichroism is absent, which corresponds to σ = 1, the term E2 is zero, and only the term 
E1 remains in Eq. (5). In such a case, only one vector beam expressed by the term E1 forms 
behind the NLC cell. For the general case of a dichroic NLC cells, all three terms in Eq. 4 are 
nonero, thus, the reasonable question arises: how to confirm the presence of the two vector 
beams in the light beam exiting the studied NLC cell? To answer it using the polarimetric 
method, we need to calculate the 2D distribution of the polarization parameters at the exit of 
the dichroic NLC cell and compare the obtained maps with those acquired experimentally. 

To derive the azimuth and ellipticity of the polarization ellipses behind the dichroic NLC 
cell we rewrite the expression for the outgoing Jones vector (Eq. 4) to the form: 
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Because of the considerable complexity of analytical expressions, further analysis implies 
numerical computation. The appropriate technique used for numerical calculations is based 
on the approach described in detail in [16]. Following this approach, first for the known 
Jones vector of the polarized light one calculates the so-called complex polarization variable  
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Then the azimuth ζ of the major axis and ellipticity angle ε of the polarization ellipse are  
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We have calculated the dependences of the azimuth ζ and the absolute value of the ellipticity 
angle |ε| as functions of the tracing angle φ for the cases with and without the dichroism for 
the same phase retardation value of the NLC cell with the topological defect of the strength 
q = 1 (see Fig. 1).  
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 a)     

 b) 
Fig. 1. Computed dependences of the azimuth ζ (a) and absolute ellipticity angle |ε| (b) on the tracing 
angle φ for the NLC cell with topological defect of the strength q = 1 and phase retardation Γ = 40 deg. 
Solid lines correspond to the absence of the dichroism (σ = 1), and dashed lines correspond to the the 
nonzero dichroism (σ = 0.85).  

As seen from Fig. 1b, the maximal absolute value of the ellipticity angle |ε| reaches exactly 
the value of the half of retardation, namely, Г/2. This fact is very useful since it allows for the 
experimental acquisition of the actual retardation of the LC cell from the measured map of 
the absolute ellipticity angle |ε|. Unfortunately, the difference between the dependences of 
the absolute ellipticity angle |ε| with and without the dichroism is relatively weak, and thus 
they cannot be used to detect two vector beams in the output light. In contrast, the 
dependences of the azimuth ζ distinct significantly for the cases with and without the 
dichroism, as it is well seen in Fig. 1a. 

We prepared a mixture of optically transparent nematic E3100-100 (from Merck) with 
0.8 wt. % of fluorescent dye Nile Red. To perform optical characterization of this dichroic 
nematic material, we filled it into a cell of the thickness d=20.0 μm assembled of glass 
substrates covered with a mechanically circularly rubbed Kapton polyimide alignment layer. 
The spectral dependence of the linear birefringence and dichroism has been experimentally 
studied by our team [17]. According to our data [17], for the used nematic Δn = 0.15 at the 
wavelength  = 632.8 nm and Δn = 0.18 at  = 532 nm. The relative absorption  at 
 = 632.8 nm and  = 0.85 at  = 532 nm. The experimental set-up used in the present work 
is the imaging polarimeter described in our previous works (see e.g. [18]). The polarization 
of the incident light of wavelengths of  = 632.8 nm and  = 532 nm was linear or circular 
depending on the experiment.  
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3. 3. Results and discussion 
The measured distribution of the azimuth ζ of the polarization ellipse orientation and 
ellipticity angle ε within the cross-section of the collimated beam exiting the NLC cell is 
presented in Fig. 2. A topological defect showing up as the uncertainty of the azimuthal angle 
ζ is clearly seen in (Fig. 2 a, c) in the center of the beam. At the circumnavigation along a 
closed contour with the tracing angle varying by 360 deg, the azimuth ζ of the polarization 
ellipse varies by 720 deg.  
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(c)     (d) 

Fig. 2. Distributions of the azimuth ζ of the polarization ellipse orientation (a, c) and ellipticity angle ε 
(b, d) measured at =632.8 nm (a,b) and =532 nm (c,d) within the cross-section of the collimated 
beam exiting the NLC cell. 

The distribution of the ellipticity angle ε within the cross-section of the wide beam is 
presented in Fig. 2 b, d. An uncertainty of the ellipticity angle is observed in the central 
region of the beam cross-section. Four arms of the cross expected to be observed on the 
maps of ellipticity angle ε are evidently distorted in the vicinity of their intersection. Observe, 
that at of =532 nm, the visibility of the arm, directed to the bottom right corner of the 
appears to be considerably worse in comparison with the other three arms. At =632.8 nm 
similar situation is for the arm in the left top and bottom quadrants (Fig. 2 b). The 
inhomogeneity in the brightness of the arms can be attributed to the inhomogeneity of the 
in-plane director distribution across the cell Nevertheless, the overall distribution of the 
ellipticity angle ε and azimuth of polarization ellipse orientation ζ suggests that we deal with 
the topological defect with a strength equal to unity. 
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Fig. 3. Dependence of the azimuth of polarization ellipse orientation ζ on the tracing angle φ (a) and 
difference of the angle of the azimuth of polarization ellipse orientation ζ and the doubled tracing angle 
2φ on the tracing angle φ for =632.8 nm. Full circles depict experimental data, solid curve – fitting by 
the Eqs. 6-8 (the radius of the data collection ρ = 0.73 mm). 

It is seen that the dependence of the azimuth of polarization ellipse orientation ζ on the 
tracing angle for =632.8 nm (Fig. 3 a) is close to a linear dependence, though with a slight 
deviation. The corresponding deviations show up in the oscillations of the value (ζ – 2φ) with 
the variation of the tracing angle φ (Fig. 3 b, solid curve). The amplitude of these oscillations 
is relatively small and does not exceed 2 deg, which is close to the accuracy limit of the used 
polarimetric method. Nonetheless, the tendency of the variation of the experimental data at 
the variation of the tracing angle is close to the theoretically calculated dependence. Besides, 
the range of tracing angle where the maximal deviation of the experimental and theoretical 
data is observed corresponds to the range where the ellipticity angle acquires irregular 
values due to the inhomogeneity of the LC cell. 
The dependencies of the absolute ellipticity angle |ε| on the tracing angle for the wavelengths 
632.8 nm and 532 nm (Fig. 4) are well-fitted by the corresponding theoretical dependence 
defined by Eqs. 6, 7, 9. For the studied NLC cell, the relative absorption, which characterizes 
the linear dichroism, is σ = 0.85 for the wavelength 532 nm and approaches the unit value for 
632.8 nm. Accounting for the dichroism leads to certain asymmetry of the position of 
maxima of ellipticity angle (Fig. 5 a) and the sufficient inharmonicity in the dependence of 
the value (ζ – 2φ) on the tracing angle φ (Fig. 5 b). 
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Fig. 4. Dependence of the absolute ellipticity angle |ε| on the tracing angle φ for the wavelengths 
632.8 nm (a) and 532 nm (b). Open circles depict experimental data, solid curves correspond to the 
fitting by Eqs. 6, 7, 9 (ρ = 0.73 mm). 
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Fig. 5. Theoretical dependence of ellipticity (a) and the azimuth of polarization ellipse orientation (b) 
for the wavelengths 632.8 nm (solid curves) and 532 nm (dashed curves). 
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Fig. 6. Dependence of the azimuth of polarization ellipse orientation (angle   ) on the tracing angle 
for =532 nm. Full circles correspond to the experimental data, solid curve corresponds to the fitting 
by the Eqs. 6–8 (ρ = 0.73 mm). 

 

It is seen in Fig. 6 that the experimental data for the dependence of the azimuth of 
polarization ellipse orientation on the tracing angle well agree with those predicted 
theoretically when accounting for the linear dichroism. This result evidences the existence of 
the composite vector beam, which consists of vector beams with polarization orders m=2q 
and m=q. Therefore, we prove that in the case of a circularly polarized beam incident on a 
q=1 defect, the linear dichroism leads to the formation of a CVB consisting of the double-
charged vortex beam and vector-vortex beam with the polarization order and topological 
charge equal to 1. 

4. Conclusions 
In the present work, we have theoretically shown that at the incidence of a linearly polarized 
optical beam on the LC cell with a topological defect with the strength q, in the case of 
existing dichroism, the exiting beam is a composite vector beam consisting of elementary 
vector beams with the polarization orders m=2q and m=q. For experimental proof of this 
effect, we have used the polarimetric technique, based on which one can distinguish the 
behavior of polarimetric parameters with and without the dichroism. In conclusion, we have 
experimentally shown that the presence of the dichroism leads to the formation of a 
composite vector beam, which consists of the vector beams with polarization orders m=2q 
and m=q. Consequently, we prove that the existence of the dichroism and incidence of 
circularly polarized beam leads to the appearance of CVB consisting of the double-charged 
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vortex beam and the vector-vortex beam with polarization order and topological charge 
equal to unity for q=1. 
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Анотація. Теоретично та експериментально показано, що при падінні лінійно поляризованого оптичного 
пучка на рідкокристалічну комірку з топологічним дефектом з силою, рівною q та лінійним дихроїзмом, 
пучок, що виходить, містить композитний векторний пучок з елементарними векторними пучками з 
порядками поляризації m=2q і m=q. Таким чином, доведено, що при q=1 для падаючого циркулярно 
поляризованого пучка наявність дихроїзму приводить до появи композитного вихрового пучка, що 
складається з вихрового пучка з подвійним зарядом та векторно-вихрового пучка з порядком поляризації та 
топологічним зарядом, що дорівнюють одиниці. 
 

Ключові слова: композитний вихровий пучок, композитний векторний пучок, топологічний дефект, 
дихроїзм, рідкі кристали 


