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SPECIAL TOPIC — Optical field manipulation

Creation of topological vortices using Pancharatnam—Berry phase
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Recently, physical fields with topological configurations are evoking increasing attention due to their fascinating
structures both in fundamental researches and practical applications. Therein, topological light fields, because of their
unique opportunity of combining experimental and analytical studies, are attracting more interest. Here, based on the
Pancharatnam-Berry (PB) phase, we report the creation of Hopf linked and Trefoil knotted optical vortices by using phase-
only encoded liquid crystal (LC) holographic plates. Utilizing scanning measurement and the digital holographic inter-
ference method, we accurately locate the vortex singularities and map these topological nodal lines in three-dimensions.
Compared with the common methods realized by the spatial light modulator (SLM), the phase-only LC plate is more effi-
cient. Meanwhile, the smaller pixel size of the LC element reduces the imperfection induced by optical misalignment and
pixellation. Moreover, we analyze the influence of the incident beam size on the topological configuration.

Keywords: topological vortices, Pancharatnam—Berry phase, liquid crystal, phase singularity, hologram

PACS: 03.65.Vf, 42.79.Hp, 42.40.Eq, 42.70.Df

1. Introduction

With the development of laser technology in various
realms, exploring light fields with ingenious spatial struc-
tures and intriguing evolution features is becoming a hot
spot of optics and photonics. In recent years, optical vor-
tices carrying orbital angular momenta (OAM) and two-
dimensional phase singularities have drawn extensive atten-
tion and been exploited in various applications, including op-
tical imaging,[!-?! particles manipulation,>*! optical informa-
tion storage,®! communication,!®”! and so on.[3-1% Recently,
a special kind of optical fields, whose vortex singularities
are three-dimensionally connected as isolated loops in the
forms of topological configurations such as vortex knots and
links, ['=15] has aroused great concerns.

Since the theoretical proposal of Lord Kelvin,!'® the
knots and links have been demonstrated playing a funda-
mental role in a wide range of physical branches such as

(16,17 19201 4d Tig-

plasmas, ] quantum field,['81 classical fluid, !
uid crystals.?1-?2] In optical regime, the model in which the
vortex lines (connected vortex singularities) can be knotted or
linked and show topological structures was first theoretically
reported by Berry and Dennis in 2001,1*3! and experimentally

constructed by Leach ef al. based on the linear superposition
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of Laguerre—Gaussian (LG) beams with optimized intensities

24,25

and phases.[?*?3! Such vortex lines in light fields can be poten-

tially applied as a topological waveguide for quantum mechan-
ical matter waves, such as Bose—Einstein condensates.!20-27]
Furthermore, because the light fields exhibit an unique op-
portunity of combining experimental and analytical studies,
the optical topology is attracting more attention for studying
topological fields and furthermore understanding the common
topological configurations in disparate matter systems. To pre-
cisely create topological vortices, the holographic reconstruc-
tion based on a spatial light modulator (SLM) is a common ap-
proach. However, for this method, the disadvantages induced
by the relatively large pixel size of the SLM, such as misalign-
ment and pixellation, limit the construction perfection. There-
fore, an efficient optical device with smaller pixel is necessary
to overcome such issues.

In this paper, we report the creation of topologi-
cal vortices by using liquid crystal (LC)™8! holographic

(29301 plates fabricated via

Pancharatnam-Berry (PB) phase
sulphonic azo-dye SD1 based photoalignment technology and
digital micro-mirror device (DMD) based dynamic exposure
process. The continuous orientation of the LC molecules
in such a PB phase plate reduces the imperfection arising

from pixelated SLM, allowing the precise reconstruction of
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three-dimensional (3D) vortex singularities, namely, topolog-
ical vortices. Moreover, we adopt the scanning measurement
and the digital holographic interference methods to accurately
map the topological configurations, locating the vortex singu-
larities in 3D space. These designed LC plates with high per-
formance provide a way to extend further fundamental study
and applications of topological vortices.

2. Design and experiment

To design and fabricate LC plates, we start from the con-
figuration of isolated topological structures. The common re-
alization method is the linear superposition of LG fields with
optimized coefficients and beam widths according to the Mil-
nor polynomials.[>>! Theoretically, considering the 3D topo-
logical field as a solution of the Helmholtz equation, we de-
compose the topological fields at the z = 0 plane into multiple
LG fields, i.e., y = Za;LG(w). Wherein LG, (-) denotes the
LG fields characterized by indices (/, p), with [ and p corre-
sponding to the azimuthal and radial indices, respectively, a; is
the coefficient of the LG field, and w denotes the waist width
that determines the 3D scale of the isolated topology. Here, we
select the Hopf link and Trefoil knot as topology examples,[!!]
as shown in Figs. 1(a) and 1(b). After the optimization of the
coefficients, the corresponding fields at the z = 0 plane can be
expressed as

Vink = —6.32LG{(1.4) +4.21LG9(1.4)
—5.95LGj(1.4) +2.63LGy(1.4),

Vinor = —5.66LG] (1.2) +6.38LG3(1.2) ~ 2.3LG5(1.2)
—4.36LGj(1.2) + 1.71LGJ(1.2), 1)

whose amplitude and phase distributions are shown in
Figs. 1(c) and 1(d).

(a)

L
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Fig. 1. (a), (b) The 3D views of isolated Hopf link and Trefoil knot. (c),
(d) The amplitude and phase (insets) distributions of the Hopf linked
and Trefoil knotted fields at the beam waist (z = 0) plane. (e), (f) Phase-
only holograms generated by the inverse sinc functional phase-only en-
coding technique corresponding to the Hopf linked and Trefoil knotted
fields.

In order to simultaneously control the amplitude and
phase of the light fields shown in Eq. (1), we use the effi-

cient phase-only hologram. To generate a phase-only holo-
gram, we employ the inverse-sinc functional phase-only en-
coding technique®!! to encode the amplitude profile as a mask
into the phase function. For this scheme, the target field can
be obtained from the first-order spatial spectrum. Figures 1(e)
and 1(f) show the phase-only holograms corresponding to the
linked and knotted fields, respectively.

Next, we map the holograms into LC plates by using
sulphonic azo-dye SD1 based photoalignment technology and
DMD based microlithography system 3233 with a spatial res-
olution of 1.08 umx1.08 pm. Via an eighteen-step five-time-
partly-overlapping exposure process,>*3! a director variant
LC PB phase plate can thus be formed. The corresponding
polarized optical microscopic images are shown in Figs. 2(a)
and 2(b), respectively. It can be seen that the structures of
these samples match well with Figs. 1(e) and 2(f). Conse-
quently, such LC elements will impose PB phases expressed
as +260 onto the transmitted field under the illumination of
left/right-handed circular polarization.*®! Wherein 6 = ®/2
is the orientation angle of the LC directors according to the
phase function ®, and + are the phase shift symbols intro-
duced for the incident left- and right-handed circular polar-
izations, respectively. Thanks to the excellent electro-optical
properties of LCs, this device can operate over a wide range of

spectrum. 737381

However, according to the inverse-sinc en-
coding principle, the phase retardation depth will influence the
ratio of the first order component. This means that for an un-
matched wavelength (birefringent retardation is not equal to

1), the generation efficiency would be reduced.

input
I |

linear
\ / translation stage
M1 M2

Fig. 2. (a), (b) Micrographs of fabricated LC holographic plates corre-
sponding to Hopf link and Trefoil knot, respectively. The sizes of the
pattern areas are both | mmx 1 mm. (c) Experimental setup for config-
uring and detecting vortex links and knots. The CCD is fixed on a linear
translation stage to implement the scanning of the output field along z
direction. BS; and BS,, beam splitters; L and L,, lenses; M; and M>,
mirrors; PH, pinhole; P, polarizer; LC, liquid crystal holographic plates;
A /4, quarter wave plate.

beam expander
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The experimental setup to observe the topological vor-
tices generated from the LC plates is shown in Fig. 2(c). In
experiments, the input linearly polarized Gaussian beam (He—
Ne laser, 633 nm) is firstly split into two constituents by a
beam splitter (BS1). The reflected constituent is expanded by a
beam expander and used as a reference beam. The transmitted
one is incident on the LC plate after passing through a quarter
wave plate, which is used to adjust the polarization state of the
input beam. The transmitted beam imposed with desired phase
then passes through a 4 f filter system consisting of two lenses
(focal lengths are both 15 cm) and a pinhole (PH) with only
the first diffractive order passing through. The transmitted or-
der finally overlaps with the reference constituent via the BS,.
At the back focal plane of the 4 f system, where we define as
the z = O plane, we can observe the light fields correspond-
ing to the distributions of the linked and knotted fields at the
beam waist plane. The polarizer (P) is used to adjust the po-
larization state to obtain a high quality interferogram, and the
charge-coupled device (CCD, pixel size is 3.75 umx3.75 pm)
is fixed on a linear translation stage along the z direction, al-

lowing a 3D scan of the output field.

3. Results

Figure 3(a) shows the interferogram of the Hopf linked
field and the reference field recorded at z = O plane, and
figures 3(b) and 3(c) display the amplitude and phase dis-
tributions demodulated from the interferogram by the digital
holography.3%! Clearly, compared with the target field shown
in Fig. 1(c), the experimental results are consistent well with
the theory. According to this phase distribution, we fur-
ther accurately locate the phase singularities by utilizing a
special algorithm,*) which separates these points from the
background by means of the high frequency characteristics
of phase singularity. In contrast to the traditional overexpo-
sure intensity method,!?>*!l which locates the phase singular-
ities through an optimization algorithm of the intensity dark-
ness, our method is simple and accurate. The four dark points
mapped in Fig. 3(d) depict the locations of the phase singular-
ities obtained by this method. The corresponding results of the
Trefoil knotted field are shown in Figs. 3(e)-3(h).

(c)

(d)

(h)

Fig. 3. (a), (e) Interferograms of the Hopf linked and Trefoil knotted fields with the reference field recorded at the z = 0O plane, respectively.
(b), (f) Intensity and (c), (g) phase distributions reconstructed from the interferograms. (d), (h) Phase singularities mapped by the location

algorithm based on the spatial spectrum of the phase pattern.

Further, we measure the distribution of phase singular-
ities in 3D space by scanning different planes along the z
direction.[*"! The left charts of Figs. 4(a) and 4(b) show the
phase singularity locations of the Hopf link and Trefoil knot
in five different x—y planes, respectively. It is clear that, in
Fig. 4(a), two singularities appear in the z; plane, indicating
that four vortex lines connect into two loops at this plane.
Comparing with the overexposure intensity method, this al-
gorithm provides precise separate points, instead of wide low-
intensity regions in the plane near the inflexion of the vorticity
lines. It should be noted that, in Fig. 4(b), these six phase

singularities in the Trefoil knot are not composited simulta-
neously at the same plane, as five singularities appear in this
plane, due to experimental errors such as beam tilt or air distur-
bance. By connecting these phase singularities in 100 planes,
isolated topological configurations are obtained as shown in
the right charts of Figs. 4(a) and 4(b). For comparison, the the-
oretical configurations are shown in Figs. 4(c) and 4(d). Intu-
itively, intact Hopf link and Trefoil knot are successfully gen-
erated from the LC plates. The measured diameters of these
configurations are about 660 pwm, and the longitudinal lengths
are about 10 cm. The generation efficiency is about 10%.
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Fig. 4. (a), (b) Phase singularity locations at five different transverse
planes and isolated Hopf link and Trefoil knot configured from the
phase distributions measured by the scanning method. Insets: Top
views of the topological configurations. The measured diameters of
these configurations are about 660 pum, the longitudinal lengths are
about 10 cm. (c), (d) Isolated Hopf link and Trefoil knot configured
from numerical calculation.

4. Discussion

The above experimental results demonstrate the success-
ful generation of topological vortices by using PB phase LC
plates. Compared with the configurations constructed from
SLM, here reported ones have smaller geometry and therefore
enable the more perfect construction of the vortex links and
knots. Actually, the geometric size of the topological config-
urations is directly dependent on the scale of the hologram.
Here, the size advantage of the LC molecules enables the more
perfect construction. Besides, it is noteworthy that, the inci-
dent beam waist can also affect the topological configurations.
Therefore, we further explore the influence of the size of the
incident beam on the constructed configuration. Figure 5 dis-
plays the numerically configured Hopf link under the illumina-
tions of Gaussian beams with different waists. The hologram
has a phase-only distribution as shown in Fig. 1(e).

Figure 5(a) corresponds to the incidence of a plane
wave. An obvious vortex link is obtained because of the pre-
modulated waist in the hologram shown in Eq. (1). It is clear
that, with the decrease of the waist of the incident beam, extra
vortex lines appear and come near the isolated vortex link. The
isolated vortex link remains until the waist reduces to 6, and
the geometric size of the vortex link does not change. With
the further decrease of the incident beam waist, extra vortex
lines reconnect with the isolated vortex lines gradually, and
then the isolated topological link is broken. The configura-
tion variation of the vortex line arises from the Gouy phase!*?!
of the LG field.[*3*# That is, with the decrease of the waist
of the incident beam, the varying period of the z-dependent
Gouy phases of the LG components consequently decreases,
resulting in the longitudinal variation of the interference field
and the vortex lines. From the above results, we can find that

the configurations of the topological vortices generated from
the PB phase LC plates are robust as long as the waist of the
incident beam is big enough.

z/mm

Fig. 5. Variation of 3D vortex lines with the decrease of the waist wy
of the incident Gaussian beam: (a) wg — oo; (b) wg = 8; (¢) wg = 6; (d)
wo = 4. The vortex lines are mapped from the connection of phase sin-
gularities. wy is a normalized waist with respect to the pre-modulated
win Eq. (1).

5. Conclusion

We constructed two typical topological vortices of Hopf
link and Trefoil knot via phase-only LC holographic plates,
and accurately mapped the topological configurations by ex-
perimentally measuring the complex amplitude and phase dis-
tributions of 3D fields. Compared with the traditional meth-
ods using SLM, the PB phase LC plate has great advantages in
size and cost, which ensures the generation quality and diver-
sity. Moreover, the PB phase LC plate can operate in a wide
spectrum range. This work supplies a versatile candidate for
creating high quality topological vortices and may pave a way
to extend further fundamental study and applications of topo-
logical vortices.
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