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Dynamic modulation of Poincaré 
beams
C. Alpmann, C. Schlickriede, E. Otte & C. Denz

Generation of complex Poincaré beams is enabled by amplitude and phase modulation accompanied 
by simultaneous spatially polarization structuring. A holographic system to tailor complex light fields 
and optical angular momentum structures forecasts promising applications in quantum communication 
and optical trapping. Experimental results are presented together with simulations of complex Poincaré 
beams embedding different types of polarization singularities. Additionally, parameters of the dynamic 
polarization modulation system are discussed and analyzed to demonstrate the enormous capability of 
the method.

Polarization is one of the most fundamental yet fascinating properties of transverse waves, as light waves, gravi-
tational waves, and sound waves in solids. For polarization studies, the polarization of light waves is a represent-
ative being accessible easily to experimental demonstrations, and allows characterizing as well as manipulating 
polarization in all its features. While homogeneously distributed states of polarization have been investigated 
comprehensively, recent research focuses on spatially inhomogeneous distributions of polarization, i.e. the 
coexistence of several states of polarization in complex transverse light fields. These so-called Poincaré beams1, 2  
include combinations of linear states of polarization known as vector beams3 as well as elliptical and circular 
polarization states in spatial structures. Moreover, Poincaré beams are strongly connected to singular optics4 due 
to the appearance of different types of vectorial singularities within light fields revealing structured polarization5. 
Different techniques have been proposed to generate inhomogeneous distributions of states of polarization as e.g. 
the superposition of spatial modes6, 7, the application of polarization holograms8, q-plates9, 10, or plasmonic metas-
urfaces11 and dynamic techniques using spatial light modulators12–16 and digital micro-mirror devices17. Recently 
the combination of polarization modulation with amplitude or phase modulation has been investigated18–21 more 
intensively. However, a dynamic technique to modulate extended polarization structures is essential for investi-
gations of advanced polarization singularity formations.

In this paper, we present the experimental realization of dynamically modulated Poincaré beams. Primarily, 
the polarization of Laguerre-Gaussian (LG) beams is designed according to the structure of its amplitude distri-
bution. Furthermore, different combinations of spin and orbital angular momentum are modulated in a helical 
LG beam. Finally, polarization singular structures are enabled which is demonstrated by a spiraling Poincaré 
beam containing various kinds of polarization singularities. All results are experimentally implemented by a 
dynamic modulation technique which is discussed within the method section. It is realized by a single spatial light 
modulator which is in combination with a pair of wave plates capable of generating all kinds of fully-polarized 
polarization states. As we use a pixelated display, various combinations of coexisting states of polarization become 
possible in a spatially highly resolved pattern. To verify high modulation quality of extended polarization pat-
terns, a spatially resolved measurement of Stokes parameters (see method sections) is employed22.

The advantage of our approach is the automatic alignment of horizontal and vertical polarization compo-
nents due to the dynamic modulation technique. Opposed to previous studies23–25, an explicit superposition and 
alignment of orthogonally polarized modes is not necessary. This avoids propagation instabilities of (singular) 
polarization fields due to misalignment and gives the opportunity to investigate the longitudinal evolution of such 
structures.

Results
To access simultaneous holographic modulation of amplitude, phase as well as polarization, we employ a two step 
method experimentally implemented by a split-screen configuration26 of a parallel aligned nematic liquid crystal 
spatial light modulator (SLM) as depicted in Fig. 1(a). In the first step, a combined amplitude and phase encoding 
technique27, 28 allows the realization of e.g. higher order laser modes as Hermite-, Laguerre- or Ince-Gaussian 
beams. However, the method is not restricted to these modes but enables to modulate arbitrary light fields. In 
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the second step, a dynamic polarization modulation system (DPMS) is implemented using the second half of the 
SLM (see Methods below) to realize spatially polarization structured Poincaré beams. Furthermore, our system 
enables to demonstrate orbital and spin angular momentum coupling as well as to create and study polarization 
singularities as V-points, C-points, L-lines and C-lines as discussed in the following.

LG beams exhibiting discrete spatial polarization structures.  Complex light fields is a common 
term in modern optics for a variety of light fields tailored spatially in one or various parameters. In this context, 
generation of extra-cavity higher order light modes is an established field enabled by employment of liquid crystal 
spatial light modulators. We modulate such higher order light modes which are not only structured in amplitude 
and phase, but also in polarization. Therefore, we generate higher order Laguerre-Gaussian (LGn,l) modes and 
simultaneously modulate polarization states spatially29. In Fig. 1 two examples are given: An even LGe

5,3 beam with 
azimuthal variation of six different polarization states shown in (c, e-j), and an odd LGo

7,9 beam with radial varia-
tion of four different polarization states shown in (d, k-p). To verify modulation quality, the state of polarization 
is determined by spatial Stokes parameter measurements (s. method section) and visualized by plotting corre-
sponding polarization ellipses (see Fig. 1(c,d)). To increase visibility, the polarization ellipses are not drawn for 
every but for every fifth pixel and plotted on top of the measured intensity distribution (depicted in gray scale). 
Right-handed, left-handed and linear polarization states are illustrated in red, blue, and green, respectively, as 
indicated in Fig. 1(b). Experimental results show clearly separated areas of different polarization states as intended 
by the applied holograms (Fig. 1(j,p)). Remarkably, measured polarization states are not only resolved in their 
orientation ψ (s. Fig. 1(i,o)) but also in their ellipticity ε = tan(χ) (s. Fig. 1(h,n)) defined by the ratio of semi-major 
and semi-minor axes of the polarization ellipse. In both examples, all states of polarization are chosen to be part 
of a ring-like subspace of the Poincaré sphere (compare details of DPMS in method section) illustrated in 
Fig. 1(b), which means S1 = 0 while S2,3 ∈ [−1, 1]. This is also verified by the experimental results given in 
Fig. 1(e–g,k–m). Corresponding side-by-side holograms for the modulation of higher order Laguerre-Gaussian 
beams with structured polarization are shown in Fig. 1(j,p).

The shown LG-Poincaré beams have not been constructed by aligned superposition of two separately gener-
ated orthogonal modes but by direct modulation enabled by a liquid crystal display. Therefore, the spatial dis-
tribution of phase, amplitude, and polarization values becomes almost independent and gives a new degree of 
freedom to tailor complex light fields, i.e. it becomes possible to determine spatial distributions of polarization 
states within higher order light modes. In addition an auto-alignment is given due to direct polarization modula-
tion by the DPMS. This opportunity can even be used to manipulate secondary parameters connected to certain 
spatial phase or polarization distributions as the optical angular momentum of light. In the following section we 
demonstrate such a case and show the new dimension of singular light patterns.

Figure 1.  Polarization structured LG beams. (a) Experimental setup: polarization measurement system (II) and 
DPMS combined with phase and amplitude modulation (I). C: camera, (H/Q)WP: (half/quarter) wave plate, M: 
mirror, P: polarizer. (b) Schematic of the subspace (θ1 = −45°, θ2 = 90°). (c) LGe

5,3 with azimuthally and (d) LGo
7,9 

with radially modulated polarization structure. Polarization states are depicted by red or blue ellipses/circles 
indicating right and left elliptical/circular polarization, respectively. Linear polarization states are shown by 
green lines. Stokes parameters S1,2,3 ∈ [−1, 1] (e–g,k–m) as well as the ellipticity ε ∈ [−1, 1] (h,n) and the 
orientation ψ ∈ [−π/2, π/2] (i,o) of polarization ellipses are given. Corresponding side-by-side holograms are 
shown in (j,p).
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Spatial modulation of spin and orbital angular momentum.  Independent modulation of phase and 
polarization allows for spatial structuring of angular momentum carrying beams given by combination of spin 
(SAM) and orbital (OAM) angular momentum. We explore this opportunity by investigation of a higher order 
helical LG beam, which is visualized in Fig. 2. Due to its phase structure, the helical LG5,3 beam carries orbital 
angular momentum (OAM, →Lz) proportional to 3ħ per photon30. In addition, we introduce a spatially varying 
spin angular momentum (SAM, →Sz) by spatial polarization modulation of linear (→ =S 0z ), right- (→ = −Sz ) and 
left- (→ = +Sz ) circular polarization states. The handedness of the circular polarization can be seen in Fig. 2(a,b) 
where measured polarization ellipses and the corresponding ellipticity (ε) are shown. Therefore the total amount 
of angular momentum → =

→
+

→
J L Sz z is spatially modulated as indicated in Fig. 2(h) showing a cross-section of 

the beam along the white dashed line in Fig. 2(a). High quality of polarization modulation can also be seen from 
the orientation ψ of polarization states (Fig. 2(c)) as well as the three Stokes parameters (Fig. 2(e–g)).

The given example demonstrates the capability to tailor optical angular momentum structures by spatial phase 
and polarization modulation. Beside a general interest of singular optics to use this opportunity to investigate 
fundamental properties of such light fields, especially domains sensitive to optical angular momentum will profit 
from our investigations, as quantum communication and optical tweezers and its applications in optofluidics and 
biophotonics31.

Holographic modulation of polarization singular structures.  Holographic polarization modulation 
not only allows for spatial variation of different polarization states, but also gives the opportunity to create certain 
polarization structures which reveal a continuous polarization flow field including polarization singularities4, 32, 33.  
In Fig. 3 a polarization spiral embedding a vector singularity (V-point, i.e. point of undefined polarization) in its 
center is realized34. It is surrounded by intertwining lines of linear and left- or right-handed circular polarizations, 
so called L- and C-line singularities. In case of L- or C-line singularities the handedness or orientation of polari-
zation ellipses is undefined, respectively. In between two adjacent line singularities elliptical polarization states 
form a smooth transition required for a continuous polarization flow field. To distinguish between different 
polarization singularities, they are sketched by green (L-line), red (right-handed C-line) and blue (left-handed 
C-line) lines and a black dot (V-point) in Fig. 3(a). To realize the polarization spiral experimentally, the DPMS is 
set to create polarization states on the meridian of the Poincaré sphere of the S2,3-plane (illustrated in Fig. 3(b)) by 
choosing orientations θ1 = −45° and θ2 = 90° for the first and second quarter wave plate, respectively (comp. 
method section). Experimental results of the spiraling polarization field resulting from the phase hologram 
ΔφSLM in Fig. 3(k) are given in Fig. 3(j,l–r) and can be compared to theoretical simulations shown in Fig. 3(a–i). 
The V-point is characterized by a conserved topological quantum number32, namely the Poincaré field index 
σ φ= = −

π ∮ d 2P C
1
2 2,3  estimated (counterclockwise) around the V-point from the phase φ2,3 = arctan(S3/S2) of 

the Poincaré field shown in Fig. 3(i) and (r). In addition the phase φ1,2 = arctan(S2/S1) is shown in Fig. 3(e) and 
(n). Continuity of polarization parameters can be well seen from ellipticity of the polarization distribution 
(Fig. 3(c,l)) as well as the Stokes parameters (Fig. 3(f–h,o–q)). High experimental reproducibility of simulated 
singular structures generated by the DPMS is given in all three coordinates of the Poincaré sphere (i.e. Stokes 
parameter S1, S2, S3) as well as ellipticity and orientation of polarization ellipses (ε, ψ).

The direct modulation of spatial structures of polarization states as demonstrated in this example, allows to 
study complex Poincaré beams and polarization singular light fields. Auto-alignment of polarization components 
enables high modulation quality and enhanced stability compared to interferometric methods. This facilitates 

Figure 2.  Spatial polarization modulation of a helical LG5,3 beam: (a) Polarization ellipses based on measured 
Stokes parameters S1,2,3 ∈ [−1, 1] shown in (e–g). Ellipticity ε ∈ [−1, 1] and orientation ψ ∈ [−π/2, π/2] of 
polarization states are given in (b) and (c). (d) Sketch of employed subspace of DPMS. (h) Distribution of spin 
(Sz), orbital (Lz) and total (J) angular momentum per photon along the white dashed line in (a).
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good comparability of experimental results and simulations. In particular, complex polarization singularity struc-
tures35 become realizable. For example, higher order singularities in form of polarization flowers and webs as well 
as hybrid polarization structures can be generated33, 36. In addition, beside transverse appearance and characteris-
tics, especially dynamics of complex light fields, i.e. their longitudinal propagation, reveal a broad range of inter-
esting findings as the evolution of phase and polarization singularities. As already phase as well as polarization 
singularities reveal interesting evolutions if considered independently, we expect distinctive dynamics if evolving 
polarization singularities are combined with naturally unfolding phase singularities. Dynamics provoked by cus-
tomized light fields, generated by our dynamic holographic method, will be investigated in future.

Methods
Any polarization can be defined by two orthogonal states, e.g. horizontal and vertical linear polarization, and is 
characterized by its amplitude ratio A÷ = Av/Ah and phase shift Δφ = φv − φh between these two components. A 
polarization sensitive device which only affects one of both components can be used to alter A÷ and/or Δφ and 
therefore change the polarization of light. For this purpose, nowadays liquid crystal spatial light modulators 
(SLM) are the device of choice as they allow for a computer controlled and spatially resolved (pixelwise) variation 
of the complex field27. While the polarization component parallel to the liquid crystal director (P||) is shifted in 
amplitude and phase, its orthogonal component (P⊥) is not altered for a phase-only and parallel aligned 
nematic-liquid-crystal SLM as used here29, 33, 34. The relative amplitude and phase also depend on the input polar-
ization (

→
Pin). Accordingly, a dynamic polarization modulation system (DPMS) should consist of a SLM enclosed 

by two rotatable wave plates (WP) as explained in the following.

Dynamic polarization modulation system – DPMS.  A rotatable wave plate is able to transform linear 
polarized light into elliptical or circular polarization states in dependence of the orientation angle θ of the fast axis 
of the wave plate with respect to the initial polarization. In our experimental realization depicted in Fig. 4 the first 
rotatable wave plate WP1 sets an initial amplitude ratio =÷

⊥A A A/WP1
 of P⊥ and P|| and an initial phase shift 

φ∆ WP1
 of the light impinging on the SLM. Thus, the respective orientation angle θ1 defines the size of a subspace 

of states of polarization accessible by the SLM. Subsequently, the second rotatable wave plate WP2 allows to 
choose a set of polarization states determined by its orientation angle θ2 to finally yield the subspace of the whole 
DPMS being accessible at once, as explained later on. Summing up, the parameter of the DPMS are a spatially 
resolved amplitude factor ASLM(x, y) to influence the amplitude ratio A÷, a spatially resolved phase shift ΔφSLM(x, 
y) (both induced by the SLM), retardations of the two wave plates Γ1,2(n) = λ/n with ( ∈n ) and their orienta-
tions θ1,2 of the fast axis. Figure 4(a) shows the setup including the DPMS (III) and a polarization measurement 

Figure 3.  Polarization spiral containing various polarization singularities34: The polarization modulation 
hologram ΔφSLM in (k) results in a polarization field shown in ((a) simulation) and ((j) measurement). 
Appearing polarization singularities are sketched in (a) by green (L-line), red (right-handed C-line) and blue 
(left-handed C-line) lines and a black dot (V-point). The V-point is characterized σP = −2 estimated from the 
phase φ2,3 of the Poincaré field in (i) and (r). (a–i,k) show simulations while (j,l–r) give experimental results of 
Stokes parameters S1,2,3, ellipticity and orientation of the polarization ellipses (ε, ψ), as well as phases of complex 
Stokes fields φ1,2, φ2,3.
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system (II) which is described later on. The orientation θ is defined as the angle between the input polarization 
and the fast axis of the WP (counterclockwise) in the direction of propagation. Exemplary, an orientation angle of 
θ = −45° is depicted in Fig. 4(b).

Mathematical description of DPMS by Jones formalism.  For a comprehensive analysis of accessible subspaces and 
influence of parameters, the resulting states of polarization are represented on a Poincaré sphere which is a unit 
sphere spanned by the Stokes parameters (S1, S2, S3) with all fully-polarized states located on its surface. Linear 
polarization states can be found on the equator, while right circular and left circular polarization states mark the 
north and south pole, respectively. All possible output polarizations 

→
Pout (=subspace) can be calculated with the 

Jones formalism to be

θ φ θ
→

= ∆
→

P M n M A M n P( , ) ( , ) ( , ) , (1)out WP 2 2 SLM SLM SLM WP 1 1 in

where the matrices of the reflective SLM and the two rotatable wave plates are given by
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Spatial phase retardation of polarization components.  We use this formalism to evaluate various combinations of 
parameters and map each corresponding subspace of polarization states in dependence of the phase shift ΔφSLM 
of the SLM on the Poincaré sphere, as shown in Fig. 5. If the amplitude ratio A÷ is not effected by the SLM 
(ASLM(x, y) = 1) the subspace of the DPMS can be described as the intersection of a plane and the surface of the 
Poincaré sphere which gives a circle in a three dimensional space, as illustrated in Fig. 5(a). This circle is uniquely 
describable by the vector →r (r, ϑ, ϕ) = (r(θ1), ϑ(θ2), ϕ(θ2)) from the origin of the sphere to the center C of the 
circle in spherical coordinates and its radius R(θ1). In many applications a 1:1 ratio of P|| and P⊥ (i.e. =÷A 1WP1

) is 
preferred which is facilitated by a retardation of n1 ∈ {2, 4} of WP1. Furthermore a quarter wave plate (n1 = 4) used 
as WP1 shows lower angle sensitivity which simplifies its handling in an experimental setup. In Fig. 5(b,d) several 
subspaces in dependence of θ1 are shown for a combination of two half and two quarter wave plates (used for 
WP1,2), respectively. Although in both cases WP1 is rotated about 45°, the circles are distributed over the whole 
Poincaré sphere for the half wave plates, while for the quarter wave plates only one half is covered, resulting in 
lower aberrations per angle uncertainty. In general, it is possible to access every polarization state by at least one 
combination of wave plates. An overview of all parameters used in Fig. 5 can be found in Table 1. 

To shift the subspace on the surface of the Poincaré sphere the second wave plate (WP2) is used. Its retardation 
determines the trajectory of →r  which follows a characteristic curve depending on n2 and θ2. For a half wave plate 
used as WP2 this trajectory is identical with the equator. Comparable to the longitudes of a sphere, Fig. 5(c) rep-
resents several subspaces of radius R = 1 (θ1 = 45°) for a variation of θ2 in case of WP2 being a half wave plate. If 

Figure 4.  Schematic of (a) an experimental setup including (III) the DPMS and (II) a polarization 
measurement system; (b) the orientation angle θ of a wave plate (WP) defined as the inclination of its fast axis 
to the linear horizontal input polarization, here shown for θ = −45°. C: camera, (H/Q)WP: (half/quarter) wave 
plate, M: mirror, P: polarizer.
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WP2 is replaced by a quarter wave plate, →r  follows a lemniscate trajectory (i.e. figure of eight) projected on the 
surface of the sphere and centered around the input polarization. Thus replacing the half wave plate used as WP2 
enables to shift →r  of the subspace to elliptical and even circular polarization states and the subspace is no longer 
restricted to linear polarization states. For R = 1 a rotation of WP2 (=quarter wave plate) leads to a variable incli-
nation of the circle’s plane with the equatorial plane, as presented in (e). As polarization states can be part of sev-
eral circles, the flexibility of the DPMS is very high to choose between different combinations of parameters to 
spatially control the state of polarization of a light field. Especially a variable wave plate used as WP2 allows 

Figure 5.  Dynamic polarization modulation: (a) Subspace of a DPMS. (b–f) Subspaces in dependence of WP1, 
influencing the radius R of the circle. Position of C depends on WP2 as investigated for different parameters in 
(e–f). Experimental results are shown in (g–i). Parameters for all sub-figures can be found in Table 1.

Fig. 5 n1 θ1 (deg) from:step:to n2 θ2(deg) from:step:to

(b) 2 2.5:5:45 2 90

(c) 4 −45 2 2.5:2.5:45

(d) 4 −90:−5:−135 4 90

(e) 4 45 4 45:5:90

(f) 4 −1 2, 
3, 4 0:2.5:180

(g) 4 −90:−5:−135 4 90

(h) 4 45 4 45:5:90

(i) 4 −1.5 2 0:10:90

(i) 4 −1.5 4 15:15:165

Table 1.  Retardation Γ(n) = λ/n and orientation angle θ1,2 parameters of the two wave plates WP1,2 of 
simulations and experiments shown in Fig. 5.
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shifting →r  to nearly arbitrary positions on the Poincaré sphere, as illustrated in (f), where θ1 = −1° while θ2 is 
varied for n2 = {2, 3, 4}. Advantages of our setup compared to previous methods are the two independently rotat-
able wave plates which allow to tilt a subspace (circle) around the Poincareé sphere (comp. Fig. 5) and gain higher 
flexibility. Further, polarization control by a single SLM and auto-alignment of polarization components are ben-
efits of our method.

Sub- Fig. 5(g–i) show the experimental results of Stokes parameter measurements of polarization states mod-
ulated with the DPMS. In the first example (g) WP1 is rotated in −5° steps by 45° while WP2 is fixed in analogy to 
the simulation in (c). It can be seen, that our measurements match theoretical predictions very well. In (h) WP2 is 
varied while WP1 is fixed. Here some deviations can bee seen which can be explained by an aberration of the 
retardation of the wave plate (within the retardance accuracy of λ/200 of the multi-order wave plate). This is ver-
ified by the measurement in (i) where →r  does not exactly match the S3 axis for θ2 = ±45° as expected for WP2 
being a quarter wave plate, as well. As the retardation of a wave plate typically cannot be influenced, we recom-
mend to use high quality wave plates, only.

Setting a spatial amplitude ratio of polarization components.  In general, any state of polarization is describable as 
combination of a linear horizontal and a linear vertical polarization state and is explicitly defined by their phase 
shift Δφ = φv − φh and amplitude ratio A÷ = Av/Ah. Both parameters can be influenced homogeneously for the 
whole beam profile by setting the orientation of the WPs. In addition, the SLM allows for a spatially resolved 
modification of phase shift of polarization components by introducing ΔφSLM(x, y) as discussed in the previous 
section. By this method already a plethora of polarization structures can be realized as for example all possible 
combinations of linear polarizations, i.e. vector beams. However, it is desired to influence the amplitude ratio 
spatially as well, giving access to almost any polarization structure.

Therefore, we upgrade our method to not only allow polarization states represented on single rings on the 
Poincaré sphere but to enable polarization structures formed by polarization states given by continuous segments 
of the surface of the Poincaré sphere. For this purpose, spatial modulation of the amplitude ratio A÷ of perpen-
dicular polarization components is implemented. We developed a new method, which is related to combined 
amplitude and phase modulation27, but now applied to polarization modulation. More specific, spatially resolved 
variation of phase Δφ and amplitude A÷ ratio of polarization components is realized by a phase-only SLM. 
Therefore, the before mentioned phase ΔφSLM(x, y) is accompanied by an additional amplitude factor ′A x y( , )SLM .

The idea is to employ a blazed grating ϕB to diffract portions of one polarization component to a higher 
diffraction order (i.e. off-axis propagation) to affect the amplitude ratio A÷ of modulated and non-modulated 
polarization components P⊥ and P|| within the zeroth order.

The zeroth order transmission function of the phase-only function = ϕ′f x y e( , ) iA BSLM  is given by

= ⋅ − ′ .π′T x y e A x y( , ) sinc( ( , )) (2)iA x y
0

( , )
SLMth SLM

If we choose = − ′A Asinc( )SLM SLM  with ASLM, ′ ∈A [0, 1]SLM  Equation (2) employs the desired amplitude 
factor ASLM. To eliminate the additional phase term, one has to multiply by its complex conjugate. Employed 
within the DPMS this technique directly effects the amplitude ratio

= ⋅ ⋅÷ ÷ ÷A x y A
A x y

A( , ) 1
( , )DPMS WP

SLM
WP1 2

of the polarization components and can be combined with the modulation of the phase shift

φ φ φ φ∆ = ∆ + ∆ + ∆x y x y( , ) ( , )DPMS WP SLM WP1 2

between polarization components as discussed in the previous section. In Fig. 6 a comparison of subspaces of the 
DPMS is shown (a) with phase retardation only, and (b) with simultaneous modulation of phase retardation and 
amplitude ratio. It can be clearly seen, that the subspace which also effects the amplitude ratio covers a continuous 

Figure 6.  Spatial amplitude retardation of polarization components: Subspace of DPMS with (a) phase 
retardation only, and (b) phase retardation and additional influence to the amplitude ratio of polarization 
components (θ1,2 = −45°).
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segment of the surface of the Poincaré sphere and is not limited to a single ring. The orientation and size of the 
surface depends on Γ1,2(n), θ1,2, ΔφSLM(x, y) and ASLM(x, y).

Spatially resolved Stokes parameter measurements.  In the experiment a reflective SLM is illumi-
nated under a small angle by a linearly polarized laser (λ = 532 nm). A half wave plate (HWP in Fig. 4(a)) allows 
to choose a linear horizontal input polarization which is parallel to the director of the liquid crystal display and a 
polarization measurement system depicted in Fig. 4(a) (II). To evaluate the polarization modulation of the DPMS, 
intensity (I) measurements behind a rotating quarter wave plate (rotation angle θ3) and a fixed linear polarizer are 
related to the corresponding Stokes vector of the polarization state22 by Fourier analysis:

∑ θ= −
=

S
N

I I2 2 cos(4 )
(3a)j

N

j j0
1

3j

∑ θ=
=

S
N

I8 cos(4 )
(3b)j

N

j1
1

3j

∑ θ=
=

S
N

I8 sin(4 )
(3c)j

N

j2
1

3j

∑ θ=
=

S
N

I4 sin(2 ),
(3d)j

N

j3
1

3j

where N > 8 is the number of measurements (minimum given by sampling theorem). To yield normalized Stokes 
parameters S1,2,3 have to be divided by S0. Within the experimental setup, we employed a camera to enable spa-
tially resolved Stokes parameter measurements. While for homogenous polarization distributions it is possible 
to take average values of several camera pixels, for the complex spatially structured Poincaré beams a pixel wise 
evaluation of Stokes parameters is performed. Opposite to other methods frequently used for vector beam anal-
ysis, as e.g. intensity observations behind a rotating polarizer, here beside orientation also ellipticity information 
of polarization states is recorded.

Conclusion
Simultaneous modulation of spatial phase, amplitude, and polarization values by a holographic method enables 
to tailor complex Poincaré beams, advanced optical angular momentum structures and various kinds of polariza-
tion singularities. To show the potential of the method, we demonstrate the generation of higher order LG modes 
combined with spatial modulation of polarization states. However, our holographic modulation system (DPMS) 
is not restricted to LG beams, but allows generating any light mode together with linear, elliptic and circular states 
of polarization in various combinations. Furthermore, spatial combination of spin and orbital angular momen-
tum, as shown for a higher order helical LG beam, can be employed in quantum communication and classical 
entanglement37. Moreover, such polarization tailored light beams are of interest for high NA focusing and its 
applications, where three-dimensional polarization structures including z-polarization components can be tai-
lored38. Of special interest are experimental results and simulations of complex Poincaré beams embedding dif-
ferent types of polarization singularities. Realization of polarization singularities (V-points, L-lines and C-lines) 
and their analysis are of general importance as singular structures are not only present in optics but (among 
others) also occur in astronomy or Bloch walls of magnetic systems. Although already several polarization sin-
gularities have been modulated with the DPMS, our system will lead to experimental realizations of even more 
complex polarization structures32, 33, 35, 36 combining several types of singularities to whole polarization networks. 
Additionally, we expect distinctive dynamics if (unstable) polarization singularities are combined with (unfold-
ing) phase singularities. Finally, capabilities of the DPMS have been evaluated within the method section. It has 
been characterized with respect to the phase of the SLM, the retardation of the wave plates and their orientation 
to demonstrate the enormous flexibility of the method.

References
	 1.	 Beckley, A. M., Brown, T. G. & Alonso, M. A. Full Poincaré beams. Opt. Express 18, 10777 (2010).
	 2.	 Galvez, E. Light Beams with Spatially-Variable Polarization in Handbook of Fundamentals of Photonics and Physics. Ed. by Andrews, 

D. L. Wiley-Wise, Chap. 3, 61 (2015).
	 3.	 Zhan, Q. Cylindrical vector beams: from mathematical concepts to applications. Advances in Optics and Photonics 1, 1 (2009).
	 4.	 Dennis, M. R., O’Holleran, K. & Padgett, M. J. Singular Optics: Optical Vortices and Polarization Singularities in Progess in Optics 

53, Ed. by Wolf, E., Elsevier, Chap. 5, 293 (2009).
	 5.	 Galvez, E. J. & Khadka, S. Poincare modes of light. Proceedings of the SPIE 8274, 82740Y (2012).
	 6.	 Rodríguez-Lara, B. M. & Ricardez-Vargas, I. Interference with polarized light beams: Generation of spatially varying polarization. 

American Journal of Physics 77, 1135 (2009).
	 7.	 Galvez, E. J., Khadka, S., Schubert, W. H. & Nomoto, S. Poincare-beam patterns produced by nonseparable superpositions of 

Laguerre-Gauss and polarization modes of light. Applied Optics 51, 2925 (2012).
	 8.	 Ruiz, U., Pagliusi, P., Provenzano, C. & Cipparrone, G. Highly efficient generation of vector beams through polarization holograms. 

Applied Physics Letters 102, 161104 (2013).
	 9.	 Dudley, A., Li, Y., Mhlanga, T., Escuti, M. & Forbes, A. Generating and measuring nondiffracting vector bessel beams. Opt. Lett. 38, 

3429 (2013).
	10.	 Naidoo, D. et al. Intra-cavity generation of superpositions of Laguerre “Gaussian beams. Nature Photonics 10, 327–332 (2016).



www.nature.com/scientificreports/

9Scientific REPOrtS | 7: 8076  | DOI:10.1038/s41598-017-07437-9

	11.	 Yue, F. et al. Vector Vortex Beam Generation with a Single Plasmonic Metasurface. ACS Photonics 3, 1558 (2016).
	12.	 Yoshiki, K., Hashimoto, M. & Araki, T. Second-Harmonic-Generation Microscopy Using Excitation Beam with Controlled 

Polarization Pattern to Determine Three-Dimensional Molecular Orientation. Japanese Journal of Applied Physics 44, L1066 (2005).
	13.	 Beversluis, M. R., Novotny, L. & Stranick, S. J. Programmable vector point-spread function engineering. Opt. Express 14, 2650 

(2006).
	14.	 Wang, X.-L., Ding, J., Ni, W.-J., Guo, C.-S. & Wang, H.-T. Generation of arbitrary vector beams with a spatial light modulator and a 

common path interferometric arrangement. Opt. Lett. 32, 3549 (2007).
	15.	 Maurer, C., Jesacher, A., Fuerhapter, S., Bernet, S. & Ritsch-Marte, M. Tailoring of arbitrary optical vector beams. New Journal of 

Physics 9, 1 (2007).
	16.	 Kenny, F., Lara, D., Rodríguez-Herrera, O. G. & Dainty, C. Complete polarization and phase control for focus-shaping in high-NA 

microscopy. Opt. Express 20, 14015 (2012).
	17.	 Mitchell, K. J., Turtaev, S., Padgett, M. J., Čižmár, T. & Phillips, D. B. High-speed spatial control of the intensity, phase and 

polarisation of vector beams using a digital micro-mirror device. Opt. Express 24, 29269 (2016).
	18.	 Han, W., Yang, Y., Cheng, W. & Zhan, Q. Vectorial optical field generator for the creation of arbitrarily complex fields. Opt. Express 

21, 20692 (2013).
	19.	 Hao, J. et al. Light field shaping by tailoring both phase and polarization. Appl. Opt. 53, 785 (2014).
	20.	 Rong, Z.-Y., Han, Y.-J., Wang, S.-Z. & Guo, C.-S. Generation of arbitrary vector beams with cascaded liquid crystal spatial light 

modulators. Opt. Express 22, 1636 (2014).
	21.	 Chen, Z., Zeng, T., Qian, B. & Ding, J. Complete shaping of optical vector beams. Opt. Express 23, 17701 (2015).
	22.	 Schaefer, B., Collett, E., Smyth, R., Barrett, D. & Fraher, B. Measuring the stokes polarization parameters. American Journal of Physics 

75, 163 (2007).
	23.	 Milione, G., Evans, S., Nolan, D. & Alfano, R. Higher order Pancharatnam-Berry phase and the angular momentum of light. Phys. 

Rev. Lett. 108, 190401 (2012).
	24.	 Chen, S. et al. Generation of arbitrary cylindrical vector beams on the higher order Poincaré sphere. Opt. Lett. 39, 5274 (2014).
	25.	 Galvez, E. J., Rojec, B. L., Kumar, V. & Viswanathan, N. K. Generation of isolated asymmetric umbilics in light’s polarization. Phys. 

Rev. A 89 (2014).
	26.	 Jesacher, A., Maurer, C., Schwaighofer, A., Bernet, S. & Ritsch-Marte, M. Near-perfect hologram reconstruction with a spatial light 

modulator. Opt. Express 16, 2597 (2008).
	27.	 Davis, J. & Moreno, I. Generation of Laser Beams by Digital Holograms in Laser Beam Propagation – Generation and Propagation of 

Customized Light, Ed. by A Forbes, CRC Press, Chap. 6, 175 (2014).
	28.	 Alpmann, C., Schöler, C. & Denz, C. Holographic modulation of elegant Gaussian beams and their application in optical micro 

manipulation. Applied Physics Letters 106, 241102 (2015).
	29.	 Otte, E., Schlickriede, C., Alpmann, C. & Denz, C. Complex light fields enter a new dimension: holographic modulation of 

polarization in addition to amplitude and phase. Proc. SPIE 9379, 937908 (2015).
	30.	 Allen, L., Beijersbergen, M., Spreeuw, R. & Woerdman, J. Orbital Angular-Momentum of Light and the Transformation of Laguerre-

Gaussian Laser Modes. Phys. Rev. A 45, 8185 (1992).
	31.	 Rubinsztein-Dunlop, H. et al. Roadmap on structured light. J. Opt. 19, 013001 (2017).
	32.	 Freund, I. Polarization singularity indices in gaussian laser beams. Optics Communications 201, 251 (2002).
	33.	 Otte, E., Alpmann, C. & Denz, C. Higher-order polarization singularities in tailored vector beams. J. Opt. 18, 074012 (2016).
	34.	 Alpmann, C. Tailored light fields - Holographic modulation of amplitude, phase and polarization. Phd thesis, University of Muenster, 

(2015).
	35.	 Freund, I. Polarization flowers. Optics Communications 199, 47 (2001).
	36.	 Otte, E., Alpmann, C. & Denz, C. Tailored vectorial light fields: flower, spider web and hybrid structures. Proc. SPIE 10252, 102520D 

(2017).
	37.	 McLaren, M., Konrad, T. & Forbes, A. Measuring the nonseparability of vector vortex beams. Phys. Rev. A 92, 023833 (2015).
	38.	 Otte, E., Tekce, K. & Denz, C. Tailored intensity landscapes by tight focusing of singular vector beams. Opt. Express accepted for 

publication (2017).

Acknowledgements
The authors thank the German Research Foundation (DFG) for financial support of this project in the frame of 
the German-Chinese transregional research project TRR61.

Author Contributions
C.A. and E.O. conceived the experiment and conducted simulations. C.S. and E.O. carried out experiments. All 
authors discussed the results and reviewed the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Dynamic modulation of Poincaré beams

	Results

	LG beams exhibiting discrete spatial polarization structures. 
	Spatial modulation of spin and orbital angular momentum. 
	Holographic modulation of polarization singular structures. 

	Methods

	Dynamic polarization modulation system – DPMS. 
	Mathematical description of DPMS by Jones formalism. 
	Spatial phase retardation of polarization components. 
	Setting a spatial amplitude ratio of polarization components. 

	Spatially resolved Stokes parameter measurements. 

	Conclusion

	Acknowledgements

	Figure 1 Polarization structured LG beams.
	Figure 2 Spatial polarization modulation of a helical LG5,3 beam: (a) Polarization ellipses based on measured Stokes parameters S1,2,3 ∈ [−1, 1] shown in (e–g).
	Figure 3 Polarization spiral containing various polarization singularities34: The polarization modulation hologram ΔφSLM in (k) results in a polarization field shown in ((a) simulation) and ((j) measurement).
	Figure 4 Schematic of (a) an experimental setup including (III) the DPMS and (II) a polarization measurement system (b) the orientation angle θ of a wave plate (WP) defined as the inclination of its fast axis to the linear horizontal input polarization, h
	Figure 5 Dynamic polarization modulation: (a) Subspace of a DPMS.
	Figure 6 Spatial amplitude retardation of polarization components: Subspace of DPMS with (a) phase retardation only, and (b) phase retardation and additional influence to the amplitude ratio of polarization components (θ1,2 = −45°).
	Table 1 Retardation Γ(n) = λ/n and orientation angle θ1,2 parameters of the two wave plates WP1,2 of simulations and experiments shown in Fig.




