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Analogous Optical Activity in Free Space Using a Single
Pancharatnam—Berry Phase Element
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Peng Zhang, Yanqing Lu, Zhigang Chen,* and Jianlin Zhao*

1. Introduction

It is commonly believed that optical activity (OA) is manifested mainly in

chiral media, but rare in non-chiral structures. Here, an analog of OA in free
space is experimentally demonstrated by using a single liquid-crystal
Pancharatnam-Berry phase element (PBPE), for which the mechanism is
highly consistent with that of the traditional OA. The specifically designed
PBPE supports the direction-dependent polarization rotation of a Bessel beam
with controllable “rotatory power.” Such a polarization rotation can be
revoked by another PBPE with the same structure. Unlike in a chiral medium,
this scheme shows simultaneous realization of equivalent leverotation and
dextorotation merely by switching the optical element orientation, promising
for applications non-magnetic optical devices such as optical isolators.
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Optical activity (OA) commonly refers to
the ability of an optical medium to ro-
tate the polarization of light during prop-
agation. It is now being extensively stud-
ied due to its important applications in
analytical chemistry, biology, and crystal-
lography. Traditionally, it was considered
that OA occurs in natural media includ-
ing chiral molecules. The chiral struc-
tures of molecular units, associated with
the mirror asymmetry, are crucial in ex-
hibiting the OA. Recently, several types of
synthetic metamaterials with strong chi-
rality have been constructed, exhibiting
broadband and nondispersive characteristics, or gigantic polar-
ization rotatory power.['3] In particular, it has been demonstrated
that non-chiral metamaterials can also display OA, by introduc-
ing extrinsic chirality with oblique incidence,!®”! or by manipu-
lating the phase difference between the two circularly polarized
components.!®]

In principle, OA is considered as a product of circular birefrin-
gence, relying much on the optically active materials. The circu-
lar birefringence is essentially a performance of extrinsic orbital
angular momentum (OAM) variation affected by the spin states
(circular polarizations), attributed to the spin-orbital interaction
(SOI). The SOI of light has been extensively investigated for man-
ifesting the spin-dependent variation®'°! through, for example,
the spin Hall effect!!"1*] and spin-controlled shaping.[**!5 One of
the effective techniques to realize and even to enhance the SOI of
light is to explore the Pancharatnam-Berry phase arising in polar-
ization manipulations.>2% An enhanced SOI enables a greater
variation between the wave vectors of the two spin states, which
guides the modulation of the extrinsic OAM. As such, OA is also
artificially manifested by utilizing the SOI, for instance, by intro-
ducing topological Berry phase during trajectory variation(21-2]
in helical coiled optical fibers, or other twisted structures.[2>2]

As neutral particles, photons can perform the SOI only by re-
course to the media or structures. Until now, most of the reported
OAs have been realized in specific materials, which have inher-
ent constraints and limitations for many applications. There is
no evidence that free space can support OA. However, in re-
cent years, several ideas have been proposed to realize the po-
larization rotation or variation of light beams in free space, such
as using radial-to-longitudinal mapping of axicon phase,!?’! su-
perposing the modulated beams,®-*") manipulating the focal
fields of metalens,*! and utilizing the nonlinear Gouy phase

© 2021 Wiley-VCH GmbH
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Figure 1. Schematic illustration of analogous optical activity (OA) of a Bessel beam in free space, as compared to that of a Gaussian beam in an active
medium. a) Sketch of the traditional medium-based (top) and unusual free-space (bottom) OA, where the blue double-arrows denote the polarization
orientations. b) Spin-orbital interaction of the Bessel beam triggered by a conical-wave plate (CWP), where |o, ) and |o_) denote the spin states, the

cones depict the spin-related change of wave vectors of Bessel beams.

difference.[3?] These proposed schemes bring about the possibil-
ities to realize analogous OA in free space. However, the above
work about free-space polarization rotation requires complicated
optical setups, which hampers the controllability of OA analog
and even limits the related applications.

In this work, we propose and demonstrate the analog of OA
in free space by using a single liquid-crystal (LC) Pancharatnam—
Berry phase element (PBPE), for which the mechanism of polar-
ization rotation coincides well with the theory of circular birefrin-
gence. The PBPE is specifically designed to modulate an optical
Bessel beam according to the spin-introduced wave vector bifur-
cation. After passing through the element, the linearly polarized
Bessel beam exhibits direction-dependent polarization rotation
during its subsequent propagation in free space. As such, it is
transformed into a beam with equivalent OA which possesses the
ability to rotate the polarization plane by itself. Comparing to the
traditional OA in the active media, the analogous OA can remain
intact in principle during subsequent free-space propagation, un-
til it is unloaded by another PBPE (see Figure 1a). The optical
rotatory power can be enhanced or reduced via specific optical el-
ements placed at the input, or even after the polarization-rotating
beam (PRB) is generated. Based on the direction-dependent po-
larization rotation, we also discuss the scheme for production of
nonmagnetic optical components resembling polarization rota-
tors, isolators, and circulators. Our scheme could be adopted for
realization of medium-free OA with other transverse waves rang-
ing from radio to optical frequencies.

2. Results and Discussion

2.1. Analogous Theory of Optical Activity

To resemble the circular birefringence of light in free space, we
first need a solution to adjust the velocity of the spin states. It
is easy to associate with a plane wave with a tilted wave vector, of
which the phase velocity is determined by the axial component of
the wave vector.®2] While for a symmetric system, the wave with
a conical wave vector, for example, a Bessel beam, is preferred, of
which the velocity can be varied by manipulating the wave vector
cone. A light wave with a Bessel profile J,(k,p) (or with a conical
phase exp(ik,p), equivalently) can be considered as a superposi-
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tion of a series of plane waves with wave vectors all located on a
cone with a radius k, (see Section S2, Supporting Information).
The dynamic phase delay of the Bessel beam along the propaga-
tion axis is determined by the wave vector components k,, which
directly decides the phase velocity. Such a relation is expressed as

@, (k) =k.z= [k — k22 (1)

where k,=2x /A is the wave vector. This is also consistent with the
theory of Gouy phase shift.*}] From the above equation, it can be
concluded that a spin-dependent change of k, would lead to the
bifurcation of ¢, for different circular polarizations.

The spin-dependent change of wave vector could be realized by
the Pancharatnam-Berry phase, which is a phase shift acquired
by an optical wave during the polarization transformation. Based
on the theory of Pancharatnam-Berry phase, different PBPEs
have been proposed to control the wavefront and polarization
state,[117193435] to enhance the SOIL['® and even to exploit
applications such as measurement of rotational speed!'®3¢]
and super-resolution image.[?l Here, we introduce a specially
designed PBPE—the conical-wave plate (CWP, see Section S1,
Supporting information). This element can be considered as a
half-wave plate with its local fast axes arranged conically, that
is, ®=—6,p/2, where §, is a constant describing the varying
frequency along radial coordinate p. The CWP can mediate the
exchange between the spin and orbital parts of the angular mo-
mentum of light by inducing the spin-related geometric phase.
It reverses the spins and attaches different Pancharatnam-Berry
phases to them. For instance, the right- (|o)) and left-handed
(lo_)) spin states are transformed into left- and right-handed
ones (jo_) and |6 )), with appended phases exp(+ié,p), respec-
tively (see Section S1.3 Supporting information for details). Thus,
the corresponding conical wave vectors are changed to k, + §;.
The wave vector cones for left- and right-handed spins expand
and contract, respectively, with their slant heights keeping a
constant k,, as shown in Figure 1b From another perspective,
this is a manifestation of photonic SOI induced by the CWP. It
is widely known that the OAM of light consists of the intrinsic
and extrinsic parts, which are relative to the center of the light
beam (independent on the axis location, e.g., vortex beam) and a
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chosen spatial axis (describing the motion of photons), respec-
tively. The spin-dependent bifurcation of wave vector changes
the local motions of the spin states, representing a typical spin-
related transformation of local extrinsic OAM. Namely, a change
of the spin angular momentum will modify the extrinsic OAM
of light.

Therefore, the two circularly polarized components of the
Bessel beam acquire a z-dependent difference of dynamic phase
delays

€p.= 0. (k) - 0. (k) = -4k,5,2/ (\/kg — K[k -k )
(2)

where k, =k, + 6,. Under the paraxial condition, this phase dif-
ference exhibits a nearly linear variation with propagation dis-
tance if 6, is small enough, revealing the circular birefringence
of light exhibited in free space.

For a monochromatic zero-order Bessel beam with linear po-
larization propagating along z-axis, the complex amplitude is de-
scribed by E; =], (k,p)|L(6,)), where |L(6,))=[cos,, sinf,]” de-
notes the linear polarization along angle 6,. When it enters to
the CWP, the resulting field presents polarization rotation due to
the circular birefringence as schematically shown in Figure la.
In the near-axis region, and under the approximation condition
8, <<k, <<k, it can be expressed as (see details in Section §2.3,
Supporting information)

kﬂ6k
L < w7 90> (3)

This key relation indicates that a rotating polarization is intro-
duced for subsequent propagation to the otherwise linearly polar-
ized Bessel beam by the CWP. It has striking similarities with the
traditional OA: 1) Linear rotation: the rotation angle of polariza-
tion direction is proportional to the propagation distance. Here,
we introduce and define a term “the specific rotation (SR)” as the
rotation angle in unit propagation length, that is, [a]=k,é, /k,, to
characterize the quantitative rotation. 2) Circular birefringence:
the SR is proportional to the radial frequency of the CWP §,,
which can be viewed as a description of the amount of circular
birefringence for the medium. 3) Optical rotatory “dispersion”:
the SR is proportional to the wave vector k, of the Bessel beam
which decides the phase velocity, representing the response dif-
ference of the CWP with respect to different spatial spectrum. 4)
Non-reciprocal-like propagation (see Figure 3 : unlike in an opti-
cally active medium, different launching directions of a beam to
the same CWP result in opposite polarization rotations, that is,
optical dextrorotation and levorotation.

|Eout %]0 (kpp)

2.2. Polarization-Rotating Beam

The above analogous OA can be considered as an intrinsic nature
of this type of Bessel beam. Once such a beam exits the CWP, the
wave packet will never be restrained in free space, and its subse-
quent evolution just depends on its internal parameters such as
complex amplitude and polarization. In other words, this beam
itself has the optical rotatory power, and can be termed as a PRB.
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Under ideal condition, a stable PRB is expressed by the interfer-
ence of two Bessel spin states with different radial wave vectors,
written as

€
|EPRB =9,T <_ (;Z> [ic;i\{/] 4)
where 9, = 1/ Jo(k,p)* + Jo(k_p)’ /2, ©=arctan]y(k_p)/Jo (k. p)] -

7 /4, T(—A@,/2) is a matrix denoting an anticlockwise rotation op-
eration with rotation angle Ag, /2 (see Equation (S9), Supporting
Information). Obviously, the polarization of the PRB is not exactly
a uniform linear one. It has the hybrid elliptical polarization with
radially varied ellipticity (tan®) and same orientation (Ag,/2) in
a transverse plane, due to the mismatching between the left- and
right-handed polarized components (see Figure 2a). The purity of
linear polarization along A¢, /2 is related to the value of 5, (~91%
for 7 central rings when 6, = k,/20). The polarization orientation
integrally rotates with propagation distance, as also shown in Fig-
ure 2b and the polarization rotation direction is determined by
the sign of §, (see Equation (2)). It should be noted that, even
though the non-uniform polarization mainly dominates the free-
space polarization rotation, it needs to match the Bessel profile
indispensably to introduce the difference of dynamic phase.

More importantly, due to the Bessel profile, the PRB also
exhibits the non-diffraction and self-healing properties during
propagation as does the Bessel beam. The non-diffraction prop-
erty provides a perfect model that the only variable is the z-
dependent phase difference between the two spin states (see
Equation (S5), Supporting Information). Hence, the PRB can be
considered as a solution of Helmholtz equation, which possesses
the z-invariant complex amplitude and the linearly rotated polar-
ization along z-axis in theory. The self-healing property guaran-
tees the stability of SR of the PRB. Figure 2c shows the calculated
rotating angle of polarization of the main lobe versus propaga-
tion distance for the PRB with and without a blocker. It reveals
that the PRB can preserve its linear rotation after a certain dis-
tance of propagation even when it is blocked partially.

2.3. Experimental Demonstration

To experimentally demonstrate the free-space polarization rota-
tion, a collimated laser beam (He-Ne laser, 632.8 nm) is trans-
formed into a Bessel mode via an axicon (Ax) lens, and then
passes through the CWP (§,=7 mm™!) made of LC, as shown
in Figure 3a. Considering that the non-diffracting distance of
the axicon is finite, the CWP is put close to the axicon to guar-
antee a long effective distance as much as possible for observ-
ing the polarization rotation. To monitor the dynamical propaga-
tion of the PRB, the intensity distribution of the output beam is
recorded by a CCD camera moved along the propagation direc-
tion step by step. Figure 3b shows the propagation process of the
beam to a distance of 16 cm, which is displayed by the 3D inten-
sity distribution of the recorded beam profiles. It exhibits a non-
diffraction Bessel profile. When this propagation process is ana-
lyzed by an analyzer P,, the resulting Bessel beam undergoes a
periodic variation in intensity. Figure 3c shows the intensity varia-
tion along propagation direction after passing the horizontal (top)
and vertical (bottom) analyzers, which describe the horizontally
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Figure 2. Properties of polarization-rotating beam (PRB). a) Amplitudes profiles of the PRB and its left- and right-handed polarized components (L- and
R-components). Inset: the amplitude (background) and polarization (ellipses) distributions of the PRB, where yellow and green ellipses denote right-
and left-handed polarization, respectively. b) Polarization rotation of the PRB during propagation within half period of rotation (z;/2). White arrowheads
denote the polarization orientation. c) Rotating angle versus propagation distance for the PRBs with and without a blocker.

(E,) and vertically (E,) polarized components of the light beam,
respectively. The anti-phase intensity extinction in these two pic-
tures reveals clearly the polarization rotation associated with the
PRB.

To measure the rotation angle precisely, we increase the expo-
sure of the CCD to obtain an over-saturated picture, and rotate
the analyzer P, to detect the angle for extinction perpendicular to
the polarization angle. The rotation angle versus propagation dis-
tance is shown as the yellow circles in Figure 3e changing in a per-
fectly linear fashion. The pink solid line in Figure 3e shows the
data fitting, where the slope [«] is measured to be 1.117° mm™!,
coinciding well with the theoretical prediction (see Section S3,
Supporting information). It is noted that this rotation is compa-
rable to that in bulk materials such as quartz crystals or sucrose
solutions, although nowadays giant OA can be achieved in engi-
neered planar metasurfaces.!!]

Conventional optically active materials show reciprocity for
which dextrorotation or levorotation of a light beam is indepen-
dent of the propagation direction, unless the reciprocity is bro-
ken as with the Faraday effect. Interestingly, the proposed CWP
provides an opportunity to induce the magnetic-free direction-
dependent polarization rotation (see Figure 3d), since the rota-
tion of polarization plane closely depends on the direction of
propagation. From the view of the front and back sides of the
CWP, the axis orientations are —&,p/2 and 6,p/2, respectively.
It means that the sign of the radial frequency is reversed when
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changing the input direction, and, consequently, so is the SR
[a]. To experimentally verify this direction-dependent polariza-
tion rotation, the CWP is flipped to change the input direc-
tion of the Bessel beam. The measured rotation angle versus
propagation distance behaves a reverse trend of linear varia-
tion in comparison (Figure 3e) with the case before flipping the
CWP. The SR is measured to be [a]=—1.103° mm™!, showing
dextrorotation.

It is notable that in Figure 3e the polarization rotation shows a
perfect linear trend within 16 cm. However, the distance for po-
larization rotation is mainly determined by the non-diffraction
distance of the input Bessel beam (20 cm in this experiment),
which could be made much longer by proper initial truncation.
In addition, the measured SRs for leverotation and dextrorotation
are both slightly different from the theoretical value 1.19° mm~1.
This discrepancy might be caused by the process error of CWP,
the measuring error of rotation angle, and even by the beam qual-
ity and alignment. If only comparing the measured SRs, the rel-
ative uncertainly is acceptable (~1.2%).

2.4. Control of Specific Rotation
There are two key parameters deciding the appearance of the

PRB: the radial wave vector k, of input Bessel beam and the
radial frequency &, of the CWP, mainly determining the complex
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Figure 3. Experimental demonstration of direction-dependent analogous OA in free space. a) Experimental setup. b) Non-diffraction propagation of

a Bessel beam captured by CCD. c) Side-view of x- (top) and y-polarized (bottom) components of the beam corresponding to b). d) Schematic of the
levorotation and dextrorotation obtained with opposite inputs to the CWP. €) Measured polarization angle versus propagation distance for the two cases.
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Figure 4. Control of the rotatory power of PRB. a) Measured specific rotation (SR) of the PRB with different 5, and k. b) Schematic of the magnification
of SR via an optical element (top) and the list of measured SR [a’] and magnification M (bottom table); A minus M means the opposite rotation of
polarization.

amplitude and polarization profiles, respectively. The optical
rotatory power of the PRB (rested with the SR [a]) also depends
linearly on k, and §,. Here, we employ another axicon (with
physical angle 0.5°) and other two CWPs (§,=2x and 0.57 mm™1)
to generate the PRB with different rotatory powers. According
to the linear variation of polarization angle with distance, we
can quickly measure the SR by recording the rotation angle in
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a certain distance. Figure 4a depicts the measured SR versus k,
and §,, supporting the expected conclusion above.

Interestingly, the rotatory power is also tunable even after the
PRB is already formed, by employing a special optical element
(see Figure 4b), such as a beam expander, an axicon, or the CWP.
When a PRB with [a]=2.277° mm™! (generated by axicon of
1°and CWP with §,=27 mm-—1) passes through a reversed 2x
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Figure 5. An example of proposed application of the PRB. a) Schematic of
a polarization rotator consisting of a pair of CWPs. b) Output intensities
of the beam passing through the rotatable analyzer P for the second CWP
moved to the positions |, II, and Ill, where the double-arrows denote the
analyzer orientation.

beam expander, the measured SR is 9.007° mm™!, increasing

up to ~4 times. It means that the SR can be magnified with
micrographics. When an additional axicon or CWP is inserted,
the parameter k, or §, is modified, and thus the SR is changed.
The magnification M of [a] equals to the product of the magni-
fications of k, and 6, (see Section S4, Supporting information).

2.5. Polarization Rotator

The most widely used device based on non-reciprocal OA is the
Faraday rotator—the key component of optical isolators and cir-
culators. We illustrate here above demonstrated free-space polar-
ization rotation also has the capacity to form a polarization ro-
tator owing to its direction-dependent property. The challenge is
that the polarization of the PRB tends to be rotated without stop-
ping during propagation because of the intrinsic polarization ro-
tating feature of the beam. To unload the polarization rotation,
another CWP identical to the one used to generate the PRB has
be employed to slow down and eventually stop the polarization
rotation, as shown in Figure 5a. Movie S1 (Supporting Informa-
tion) clearly demonstrates the comparison between the dynamic
evolutions of the PRB passing through an analyzer before and af-
ter its rotating feature is unloaded. From the analyzed images, it
experimentally verifies that the PRB is reduced to a linearly polar-
ized Bessel beam, which no longer rotates. The output polariza-
tion orientation can be controlled by the distance between the two
CWPs. Figure 5b shows the analyzed results by moving the sec-
ond CWP, and reveals the controllable output polarization. The
pair of CWP forms a typical direction-dependent polarization ro-
tator for the Bessel beam: inputting from different sides leads to
polarization rotation in different directions. By adjusting the out-
put polarization along 45°, we can construct an isolator and a cir-
culator as illustrated in Figure S4, Supporting Information. The
isolator is formed by inserting two polarizers with axis along 90°
and 45° before and after the rotator, respectively. The vertically po-
larized input beam obtains a polarization rotation of 45° through
the rotator, while the back-propagating beam encounters an ad-
ditional 45° rotation, and is isolated by the front polarizer (see
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Figure S4a, Supporting Information). The insertion loss and iso-
lation of this system are measured to be ~2.08 and ~13.3 dB, re-
spectively. The high losses mainly come from the transformation
between the transmission modes. Besides, since the polarization
rotation is realized by the PBPE, it is only for monochromatic
light. The change of the working wavelength would lead a compli-
cated polarization transformation. Thus, the isolator could hardly
be applicable for the broadband incident light. Although the per-
formance indices of the proposed isolator are not comparable to
those of the commercially available ones, it offers a possibility
for exploring novel applications based on non-reciprocal-like po-
larization rotation without media.

2.6. Discussion

We point out that, in order to generate the proposed PRBs, one
need to carefully match the centers of the input beam, axicon,
and CWP, but only the axicon and CWP need to be aligned.
The shift of input beam just reduces the purity of linear polar-
ization without affecting the polarization rotation much. As to
other input beams with circular symmetry, such as a vortex beam
or a cylindrical vector beam, the free-space polarization rotation
would also happen, and the polarizations integrally rotate. Fur-
thermore, higher-order Bessel beams and vector Bessel beams
can also be formed after going through the axicon, which would
have the same wave vector cone as that of the zero-order one, with
the same SR discussed above.

3. Conclusion

In conclusion, we have demonstrated a method to endow a light
beam with polarization rotating feature by utilizing SOI of light
with a CWP, leading to polarization rotation in free space with-
out requiring any active media or specially designed materials.
OA phenomenon leads to direction-dependent propagation of
light as its polarization rotation depends on the propagation di-
rection. The polarization rotating feature of the beam can be
selectively switched on or off by another CWP, which supports
the realization of direction-dependent polarization rotators. Our
work brings about the possibilities to develop medium-free non-
reciprocal-like photonic devices such as optical isolators and cir-
culators.
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