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State-of-the-art nanostructured chiral photonic crystals (CPCs),
metamaterials, and metasurfaces have shown giant optical rota-
tory power but are generally passive and beset with large optical
losses and with inadequate performance due to limited size/inter-
action length and narrow operation bandwidth. In this work, we
demonstrate by detailed theoretical modeling and experiments
that a fully developed CPC, one for which the number of unit cells
N is high enough that it acquires the full potentials of an ideal
(N - o0) crystal, will overcome the aforementioned limitations,
leading to a new generation of versatile high-performance polar-
ization manipulation optics. Such high-N CPCs are realized by field-
assisted self-assembly of cholesteric liquid crystals to unprece-
dented thicknesses not possible with any other means. Character-
ization studies show that high-N CPCs exhibit broad transmission
maxima accompanied by giant rotatory power, thereby enabling
large (>n) polarization rotation with near-unity transmission over
a large operation bandwidth. Polarization rotation is demon-
strated to be independent of input polarization orientation and
applies equally well on continuous-wave or ultrafast (picosecond
to femtosecond) pulsed lasers of simple or complex (radial, azi-
muthal) vector fields. Liquid crystal-based CPCs also allow very
wide tuning of the operation spectral range and dynamic polari-
zation switching and control possibilities by virtue of several
stimuli-induced index or birefringence changing mechanisms.

polarization rotation | chiral photonic crystal | liquid crystal |
laser vector field

Optical vector field (more commonly called polarization) ro-
tators and switches are essential components of all modern
optical and photonic systems for communications, ellipsometry,
metrology, biological/chemical detection, and quantum process-
ing/computing (1-10). There are, however, some inherent limita-
tions. Wave plates made with birefringent crystals, for example,
require strict alignment of the optic axis with respect to the po-
larization orientation of incident light and generally do not work
with laser vector beams of complex polarization fields; Faraday
rotators that do not have this requirement are generally too
cumbersome and bulky due to their weak optical rotatory powers.
One promising approach to circumvent these limitations is to
employ chiral optical materials such as chiral photonic crystals and
metasurfaces. Nevertheless, structural chirality, such as chiral
metamaterials, metasurfaces, and photonic crystals that are ca-
pable of very large optical rotatory power (up to ~100,000°/mm),
are inevitably accompanied by large absorption losses (11-15). In
metamaterials/surfaces, the intrinsic noncircular absorption and
nanofabrication difficulty also add to the limitation of their
practical scalability in the interaction length, resulting in small
(<m) net polarization rotation angle, very small aperture, and
narrow operating spectral bandwidth (11-13). Similar issues con-
front most chiral photonic crystals (CPCs) due to the limitations of
molecular self-assembly or nanofabrication/processing technique
and high transmission loss associated with operation near the
Bragg reflection band (14, 15).
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Here, we show by theory and experimental corroborations that
a fully developed liquid crystal-based CPC, one for which the
number of unit cells N approaches that (N — oo) of an ideal crystal,
can circumvent all the aforementioned limitations and possess
several advantageous characteristics impossible with conventional
low-N thin counterparts. Such high-period-number chiral photonic
crystals (HN-CPCs) are achieved by fabricating cholesteric liquid
crystals (CLCs) to thicknesses several hundred times that of con-
ventional ones using a refined field-assisted self-assembly (FASA)
technique (16, 17; see SI Appendix, Note 1, for more details).
Optical properties of CLCs as CPCs arise from complex “collec-
tive” responses from many unit cells. While thicker crystals obvi-
ously give rise to larger effects, the resulting properties as the
crystal thickness or period number N evolves from low values to a
very high value do not lend themselves to such simple linear ex-
trapolation; as a function of N, pleasant surprises and new insights
and possibilities abound. Our studies show that for N > 500, these
CLC:s exhibit simultaneously broad transmission maxima and large
polarization rotation power in the off-Bragg-resonance spectral
regime. Polarization rotation is independent of input polarization
orientation and acts equally well on simple or complex vector fields
(18-22) of continuous-wave (CW) or ultrafast pulsed laser beams.
Liquid crystal-based CPCs also allow dynamic polarization
switching and control by virtue of field-induced index/birefrin-
gence changing mechanisms at modest or ultrafast (picosecond to
femtosecond) speeds (23-34).

Significance

We demonstrate by theory and experiments that a liquid
crystal-based chiral photonic crystal (CPC), fabricated with a
field-assisted molecular self-assembly technique to an unprec-
edented number (N > 1,000) of unit cells, will achieve the full
potentials of an ideal (N — o0) CPC. Such high-N CPCs possess
large optical rotatory power with near-unity transmission,
work equally well on lasers of simple or complex vector fields,
and allow dynamic polarization switching and control by virtue
of field-induced index/birefringence changing mechanisms at
modest or ultrafast speeds. They are highly promising alter-
natives to current state-of-the-art polarization manipulation
optics that exhibit giant optical rotatory power but are gen-
erally passive and beset with large optical loss.
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CPC Properties of CLCs Revisited

In a CLC, the birefringent optic axes naturally self-assemble in a
helical manner (Fig. 14). Along the helix, a circularly polarized
probe of the same handedness as the CLC “sees” a sinusoidal
Bragg grating, whereas its opposite-hand counterpart sees a uni-
form medium with an averaged refractive index nayy ~ (e + 1,)/2
(Fig. 1B), where n. is the extraordinary index and n, is the
ordinary index. Optical rotation is enabled by the circular bi-
refringence An.—the index difference experienced by left (c_)
and right (o) circular polarizations [An. = n_ — n.]. Since any
polarization can be seen as a coherent superposition of the
circular eigenpolarizations, their phase retardation (I') accu-
mulated during propagation produces a rotation of the polar-
ization vector by an angle Ag =I7/2 = An.zL/\ (Fig. 14), where
L is the interaction length and X is the optical wavelength in
vacuum. Ag@ is, in general, independent of the input vector
orientation. Multiple local reflections occur in the medium if
the wavelength of the same-hand probe is comparable to the
helical pitch (p, twice the grating period A), giving rise to in-
terference of the forward and backward propagating waves and
resulting in a photonic bandgap (PBG) and strong band-edge
dispersions typical of a CPC.

Following standard treatment, a (say, right-handed) CLC is
divided into N/2 lamellae; each lamella comprises a complete
helicoidal twist of LC director with a thickness given by the pitch
p = 2A. The coupled equations of the forward-propagating [trans-
mitted; denoted by superscript (f)] and backward-propagating
[reflected; denoted by superscript (b)] o.-polarized waves at the
j™ and (j+1)™ lamellar interfaces can be rewritten as (35, 36)

EN _ [exp(—iﬁ) —iQexp(~i25) ][ E” [1]
E® —iQ exp(=id) || E®, |

where § is the accumulated optical phase per lamella without the
chiral Bragg resonance (CBR) in effect, —iQ ~—i[n(n. — 15)/Maye]
sin(e)/e is the reflection coefficient per lamella, and e =8 — 2n =

1000’s of
periods (A\)

U intime
EO 4——0 k
U in time

E.

2n(Amia — ho)/Ao describes the phase difference (per lamella) be-
tween the lights at the operating wavelength (39) and midgap
wavelength (Apg). From Eq. 1, the accumulated o, phase
throughout the CLC can be deduced (detailed in SI Appendix,
Note 2). From the total phase retardation I' (= 2zLAn./Ay as
mentioned earlier) and the polarization rotation angle Ag, the
optical rotatory power (ORP) can be derived:

_ aA\(ne — no)2 e—y
ORP = 27 YT [2]

where

w= ]%tan‘l{s / [\/QZ e coth(N\/QZ 2 2)]} + ZmT” 3]
and m =0, 1, 2, ... (SI Appendix, Note 2). For practical imple-
mentation, a polarization rotation A¢p = ORP-N-A of at least ©
with near-unity transmission is needed. In CPCs, the primary loss
mechanism is the Bragg reflection of circularly polarized light
near the PBG, characterized by the o reflectivity

R+=‘Q/(x/§7—?—s)

and R, = 1 within the PBG (SI Appendix, Notes 2 and 3). The
total transmission is therefore given by: Ty, = 1 — 1/2R, and the
polarized transmission Ty is given by

2
outside the PBG, [4]

Tpor = (1 — Ry)cos*(pa + Ap) + R, /4. [5]

Here, A is the polarization rotation by the CLC and @4 is the
angle made by the transmission axis of the analyzer with the
input polarization. We also define a polarization figure of merit,
PFM, to characterize the degree of polarization contrast of the
output from the analyzer:

o: light at LWE

0. light at SWE
LC director

o- light at mid-gap

Fig. 1. (A) Schematic of an HN-CPC as a chiroptical rotator. Ag: optical rotation angle, L: thickness, p: helical pitch, A: grating period, EY®: incident (input)
and transmitted (output) linear polarizations, E,,_: right circular (c,) and left circular (c_) polarizations, k: wavevector of light, O: clockwise, O: counter-
clockwise. (B) Orientational relationships between optical electric field and LC director under three different conditions: left circular polarization at the mid-
gap (Left), right circular polarization at short-wavelength edge (SWE) (Middle), right circular polarization at long-wavelength edge (LWE) (Right).
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PFM = Tmax - Tmin — 1 _R+ :
Tmax + Tmin 1- %R+

(6]

where Tihax and Ty, are the measured maximum and minimum
values of Ty,

Eqgs. 2-6 form the basis of our theoretical simulations of var-
ious optical properties of CLCs as N is increased from low to
very high value. Fig. 2 shows exemplary plots of the transmission
Tiot, PFM, ORP, and Ag as functions of the detuning from the
band edge. A unique advantage of an HN-CPC is that it can
produce large polarization rotation A¢ with near-unity Ty, and
PFM at detuning beginning from ~50 nm to several hundred
nanometers from the band-edge, in stark contrast to the low-N
CPC, which generally yields much smaller A of <=n (Fig. 2B).
These and other extraordinary characteristics of HN-CLC are
borne out in detailed comparison between experiment results
and theoretical simulations in the following sections.

From these and other simulations (see SI Appendix, Note 2 for
more details), one could conclude that the overall response of
the CLC for n > 500 is to all intents and purposes equivalent to
the limiting case of N - oo, when Eq. 2 becomes (35)

TA(e —1o)  7(hmia — Ao) [0
RP = 1—4/1-=1.
© 225 MV &’ 7

It is clear from Eq. 7 that the overall ORP is ultimately de-
termined by the material birefringence [An = n. — n,] which
appears in the first term and in the second term through the
dependency of Q on An.

Cell Fabrication and Characterizations

Conventional thin CLCs are fabricated using molecular self-
assembly and rely on the surface anchoring forces to align the
helical axis perpendicular to the cell window. This process works
for sample thicknesses up to about tens of microns, but for thick
(>100 pm) cells, molecular self-assembly alone tends to produce
randomly aligned defects (oily streaks) and highly scattering fo-
cal conics as the surface anchoring forces become too weak to
influence the bulk; these oily streaks and other highly scattering
defects (SI Appendix, Fig. S1) could be partially eliminated by a
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Fig. 2.

strong applied field, but they returned when the applied field
is removed.

The strategy of the FASA technique (16, 17) is to prevent the
impossible-to-remove oily streaks and defects from ever forming
in the first place. The procedure is to begin applying a strong
electric field [from an alternating-current (AC) voltage source]
when the CLC mixture is still in the isotropic phase; the applied
field is continuously maintained during the molecular self-assembly
process when the sample cools down to below the transition
temperature and long (~3 h) after the self-assembly process was
completed, as schematically depicted in Fig. 34 (see also Movie
S1). Here, we present a summary of all pertinent information for
fabricating stable, well-aligned HN-CLC with thicknesses in the
range of several hundreds of microns (N ~ 1,300 to over 3,000).
The starting CLC is prepared by mixing a dielectrically negative
nematogen [Ae (= g — £,) < 0] with a trace amount (1-2 wt%) of
chiral agent (SI Appendix, Note 1). The grating period is con-
trolled by modifying the mixing ratio, A ~(2pw)~", where § and w
are the twisting power and mass fraction of the chiral agent,
respectively.

The sample (cell with a CLC mixture) is first heated to 10 to
30 °C above the clearing point (~80 °C) to completely randomize
molecular orientations and then allowed to cool down to the
final (room) temperature during which the sample underwent
molecular self-assembly. An AC field is applied across the cell
windows throughout the cooling period and maintained for an-
other 3 h at room temperature to ensure that the molecular
assembly reaches the steady state. Detailed characterization
studies that include measurements of the photonic-crystal prop-
erties and polarized microscope images of the texture at different
planes inside the approximately millimeter-thick CLCs have
shown that such HN-CLCs fabricated with the FASA technique
are very stable and retain their optical clarity and CPC properties
over a long time (more than two years now since they are fabri-
cated) (Fig. 3 B and C; see also SI Appendix, Fig. S2, for more
photos and micrographs). Such stability and robustness are also
borne out by the consistent reproducibility of the experimental
data/results on polarization rotation measurements detailed in the
following sections.
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(A) Total (unpolarized) transmission Ty, polarization figure of merit (PFM), and ORP as functions of wavelength in the vicinity and far off the

photonic band-edge of CPC. Parameters: A = 268.4 nm, n. = 1.5358 + 7,329.8/A¢’, N, = 1.4655 + 5,359.1/A¢%, and Aswe ~ 790 nm. (B) Comparative plots of
polarization rotation angle (Ag), Tior, and PFM of typical conventional low-N (n = 50 and 300) and high-N (n = 1,677, experimental value) CPCs.
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(A) Schematic of FASA process. (B) Total transmission (T.) spectra of a 0.4 mm-thick sample captured just after fabrication and 16 mo later, showing

long-term stability. (C) Polarized microscope images of a 0.3 mm-thick sample at different object planes.

Experimental Verification of Large Polarization Rotation
and High Transmission

Fig. 44 shows the experimental setup and the measured polar-
ized transmission spectrum as the analyzer is rotated by an angle
¢a relative to the input linear polarizer. From these data, the
spectral dependencies of T, PFM, Ag, and other characteris-
tics are extracted and compared with theoretical predictions.
Substantial oscillations in the polarized transmission spectrum
are indicative of very large optical polarization rotation by the
HN-CPC. To fit the experimental data, we first estimate the A
from the concentration and twisting power of the chiral agent in
the nematic host and estimate N from the cell thickness L (=
NA). The extended Cauchy model (37) is applied to describe the
optical dispersions of n. and n,, in which the coefficients are
obtained by fitting the refractive indices of the host LC measured
at three wavelengths by an Abbe refractometer. Since the sample
thickness is in the high-N regime (n > ~500), it is deemed well
developed, allowing us to use Eqs. 4, 5, and 7 to fit the measured
copolarized transmission spectrum (7,p, Which is Ty, at @a =
0°); very good agreement is obtained with the 2parameters ne =
1.5358 + 7,329.8/M% 1o = 1.4655 + 5,359.1/A%, A = 268.4 nm,
and L = 0.45 mm (equivalent to n = 1,677) (Fig. 4B).

The spectrally resolved rotation angle A¢ (Fig. 4C) can be
extracted by applying Ag = cos_l[(Tpol = Tonin) "/ (Trmax — Tnin)
1 2] — @a, Where Ty and Ty, are the maximum and minimum
transmittances measured at each wavelength. Near the PBG,
where the chiral Bragg resonant effect is intense, the rotation
angle A@ varies sharply with wavelength Ag; at ~10 nm away from
the short-wavelength edge (SWE), the total rotation angle is
~1,350°, and the variation rate [d(A@)/dly] is >100°/nm. At
larger detuning, the total rotation angle becomes smaller but is
still very large; the smallest rotation angle in the entire spectrum
below the SWE occurs at Ay ~600 nm (a detuning of ~200 nm) is

40f9 | PNAS
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~217°. Consistent with the theoretical prediction (Fig. 3B), the
minimally dispersive regime occurs at which the CBR dispersion
is compensated by the AR dispersion. The rotation angle and
variation rate increase again for shorter wavelength as the AR
begins to dominate the rotatory dispersion.

From the polarized transmission spectra (Fig. 44), one can
plot out the polar pattern of the rotation angle (Fig. 4D) expe-
rienced by the incident light at each wavelength through the HN-
CLC and compare it with the case without the CLC. The CLC
causes a clockwise rotation of an incident linear polarization
from horizontal to almost vertical (88°); the actual total rotation
of the polarization in the CPC is found to be 268° (= 88° + n)] by
theoretical fitting with Eq. 7. The polar pattern also reveals a
large contrast between the maximal and minimal transmittances
(Tmax and Tryin), with a measured PEM ~ 99.4%). Fig. 4E shows
the PFM spectrum obtained by taking the difference between the
Tmax and T, measured at each wavelength (from Fig. 44) and
normalized the difference by their sum (Thax + Tmin) (Eq. 6).
The PFM rises steeply from ~0% at the band-edge to almost
100% when 1 is 60 nm away from the photonic band edges; the
corresponding total rotation angle is very large (~430°). The
well-preserved degree of linear polarization even upon large
rotation is attributed to the ultrawide operation spectrum
(hundreds of nanometers) away from the PBG of HN-CPCs,
where the total transmittance 7Ty, is maximized as the Bragg
reflectivity R, is negligible (also evident in Fig. 4B).

Polarization Rotation of Complex Vector Fields of CW and
Femtosecond-Pulsed Lasers

One of the main advantages of CPCs over conventional wave-
plates is that the polarization rotation process is generally in-
dependent of the incident polarization angle (¢g) with respect to
the azimuthal orientation of the helices, and therefore it works
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(A) Experimental setup and polarized transmission spectrum as a function of analyzer angle g5 of a 0.45 mm-thick sample. (B) Measured and

theoretical copolarized transmission (T.p) spectra exhibiting substantial oscillations. (C) Spectrally resolved wrapped rotation angle (Ag) of incident linear
polarization: theory and experiment. All data points are constrained to the interval (0, =) (i.e., wrapped angle equals to total rotation angle modulo 180°). (D)
Polar plots of polarized transmission captured without and with the HN-CPC sample. (E) Spectral dependence of polarization figure of merit (PFM): theory

and experiment.

well with simple (linear or elliptical) or complex (radial, azi-
muthal, etc.) vector fields of lasers. Fig. 54 shows the copolar-
ized transmission spectra of a linearly polarized light at different
incident polarization angles g; the spectra exhibit extrema
(peaks and valleys) corresponding to wrapped rotation angle Ag
of 0° and 90°, respectively. The vertical solid and dashed lines
connecting respective local extrema clearly shows perfect matching
of the polarization rotation A@(}g) for different incident polari-
zation orientations @q [i.e., A@(Ao) is independent of ¢, and
therefore, HN-CPC should be able to simultaneously rotate (by the
same angle) all the local polarizations of more complex vector
fields, such as briefly demonstrated previously (17) with a CW laser
exhibiting cylindrical polarization (CP) mode |I) = |-2) (22)].
Further confirmations are obtained by examining the pattern
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rotations of |+1) and |+2) cylindrically polarized lasers with two
HN-CPC samples, CPC-1 (A¢ = 72° at 633 nm) and CPC-2 (Ag =
49° at 633 nm) (Fig. 5B). The analyzer-filtered |+1) pattern ex-
hibits two lobes, while the |+2) and |-2) patterns exhibit four lobes.
With the CPC-1 inserted in the path of the probe beam, the |+1)
pattern is preserved and rotated by 72° clockwise when viewed
along the propagation direction of light, which is the same angle as
the polarization rotation by CPC-1 but in the opposite direction.
With the CPC-2 inserted in the |+2) beam path, the four-lobed
pattern is also preserved but rotated by ~25° clockwise. Using
similar theoretical fitting with Egs. 5 and 7, we deduce that all the
transverse vectors are rotated counterclockwise by the same angle,
and the rotation angle of the analyzer-filtered pattern is [-Aq//] for
cylindrically polarized light.
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HN-CPCs can also be used to rotate the polarization of short
(picosecond, femtosecond) laser pulses. In the experiment shown
in Fig. 64, horizontally polarized 300-fs pulses at 686.2 nm are
sent through a 0.44 mm-thick CPC (N ~ 1,600) characterized by
the following parameters: A ~ 265.8 nm, Apiq ~ 803 nm, and
Aswe ~ 784 nm. Experimental results depicted in the polar plots
of Fig. 64 show that the horizontally polarized input laser pulse
is rotated clockwise by ~130°; this is in good agreement with the
expectation (129.6°) from the A spectrum measured at this
wavelength (Fig. 68). The PFM values obtained from the polar
plots for the input (99.9%) and the output (97.7%) also demon-
strate very good preservation of the degree of linear polarization
after passage through such a thick CLC (HN-CPC). Nevertheless,
it is important to note here that all wavelength components of the
300-fs laser experience the same polarization rotation angles with
the same near-unity 7y, and PFM values simply because of its
relatively narrow bandwidth (~2.4 nm). This would not be the case
if the pulse duration is much shorter, (e.g., a 100 fs laser with much
broader bandwidth). (Note: the minimum transform-limited
bandwidth of a 100-fs pulse is ~5.4 nm.) In that case, polariza-
tion rotation should be conducted in the spectral region where the
variation in A¢ is practically “flat,” as depicted in Fig. 6C (blue
solid curve); within a spectral range of nearly 20 nm (much
broader than the laser bandwidth), all wavelength components of
the laser would experience the same polarization rotation angle
with near-unity Ty, and PFM. In Fig. 6C, we have also plotted the
spectral dependence of the rotation angle if the birefringence An
of CLC is changed by —0.0227, showing the resulting 0° to 90°
polarization rotation/switching of all wavelength components
within the laser bandwidth.

Tuning and Reconfiguration of the HN-CPC and Polarization
Switching

LC-based photonic crystals, whether in 1D (CLC) or 3D (blue-
phase liquid crystals), are well known for tunability owing to the
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availability of a large assortment of liquid crystals with specially
designed physical properties to suit application throughout a very
wide spectral regime from visible to near infrared. The wavelength
locations of photonic bandgap and band-edges and the dispersion
characteristics and related optical properties of CLCs (e.g., spectral
dependence of polarization rotation) can all be tailored-made
through synthesis or electrically tuned by virtue of the easy sus-
ceptibilities of the LC constituents to external stimuli (23-34).

In the case of CLCs, direct tuning of the grating period (or,
pitch) can be realized by electrically induced helix deformation
or by incorporating photoisomeric constituents in the CLC (25,
26); other means of changing the order parameter (e.g., by
changing the temperature), thereby changing the refractive in-
dices or birefringence, could also be employed to tune the CLC
characteristics. Grating period modulation can also be accom-
plished without lattice distortion. According to the Bragg’s law,
the grating period experienced by light is related to the angle of
incidence 6 (measured from normal) by A = Ancos6, where Ay is
the grating period as seen by the light incident at normal.
Reorienting the grating vector by tilting the helical axis will thus
alter A. For the exemplary HN-CPC and the experimental con-
dition mentioned above, the required tilt of the helices to enable
90° switching is ~15 to 20°. Such helix tilting can be achieved
mechanically, photomechanically, or through electrically induced
undulation instability (27, 28).

These mechanisms for tuning CLC properties and dynamic
control/switching of the polarization state of the transmitted light
through CLCs are characterized by a wide range of response
times. Manual or automated mechanical tilting of the sample
orientation clearly take (many) seconds but may be a required
procedure in the initial optical setup with the HN-CLC in place.
Others that involve distortion of the lattice spacing to tune the
photonic bandgap are also quite slow with response times ranging
from seconds to milliseconds. As a feasibility demonstration of
polarization switching with HN-CLCs, we conducted an experiment
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Fig. 6. (A) Schematic of polarization rotation of 300-fs laser pulse by HN-CPC (Left). Polar plots of polarized transmittance measured with and without the
CPC of 300-fs laser pulses (Right). (B) Spectrally resolved wrapped rotation angle (A¢) of incident linear polarization obtained with continuous-wave white
light source. Sample parameters (obtained through curve fitting): n. = 1.5358 + 7,329.8/A>, N, = 1.4655 + 5,359.1/A%, A = 265.8 nm, and L ~ 0.435 mm
(equivalent to N ~ 1,636). Spectrum of the ultrafast laser shown in red is for viewing purposes only, not plotted to scale. (C) Theoretical simulation of the
spectral dependence of the polarization rotation (blue solid curve) with similar CLC parameters to those used in B. Red dashed curves are also plotted for the
case in which the birefringence An of CLC is changed by —0.0227. Laser spectrum corresponds to a transform-limited Gaussian pulse of 100 fs, bandwidth
~ 5.4 nm. (Upper) Normalized total transmission (norm. T,.) spectrum showing the change of PBG by An modulation. (Lower) Close-up norm. T, and A
spectra in the targeted operation range.

in which the birefringence change (which causes an order param- down to the initial temperature, the polarization is observed to
eter modification) and slight elongation of the grating period are  revert to its original (180°) direction.

produced by heating. Using a setup and procedure like the one that In this experiment, the temperature of the HN-CPC sample is
yields experimental results reported in Figs. 4-6, we have measured  controlled by a heating stage, but a more compact setup could be
spectral dependence of the transmittance and polarization rotation  realized by exploiting the dielectric heating of LC with an electric
angles of a linearly polarized probe light (from 650 nm to 1,000 nm)  field at a frequency that corresponds to a dielectric absorption
by a 0.3 mm-thick CLC (N ~ 1,000, A ~ 292 nm, and An =n. —n, peak (39). While the demonstrated switching process is slow, it
~ 0.07 at 25 °C) as a function of temperature. As depicted in  nevertheless illustrates how the birefringence or refractive indi-
Fig. 74, when temperature is raised from 25 °C to 53 °C, the width ~ ces of the HN-CLC can be modulated to enable polarization
of the photonic bandgap is shrunken from ~39 nm to ~36 nm  switching.

because of a drop in birefringence An, and the band-edges (more We close this section with a note on the possibility of very fast,
so the operation short-wavelength side) are both red-shifted be-  though transient, polarization switching with ultrafast (picosec-
cause of a slightly elongated grating period A (originating from the  ond to femtosecond) laser pulse-induced perturbation of the
weakened twisting power of R5011 at high temperature (38) CLC molecules’ electronic wave functions (31-34). Such inter-
(Fig. 74; see SI Appendix, Note 1, for experimental details). These  action gives rise to, among other nonlinear optical responses, an
changes in the bandgaps and band-edges give rise to large changes  intensity-dependent refractive index of the form n./, = n1¢/0(0) +
in the spectral dependance of the polarization rotation angles, as  n¢0l, Where n.,(0) is the unperturbed index value [n. or n,],
shown in Fig. 7B. At the probe wavelength A = 793 nm, the hori-  n,¢, is the corresponding nonlinear index coefficient, and [ is
zontally (180°, or 0°) polarized output probe light experiences a 90°  the intensity of the laser. Typical LC molecules in CLCs possess
switching to the vertical (90°) state. When the sample is cooled  a nonresonant 7, [3>1,,] value on the order of 107"* cm?/W in
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Fig. 7. Experimental switching results obtained by changing the order pa-
rameter through heating of a 0.3 mm-thick CLC. (A) Measured spectral
dependence of the total transmittance through the CLC showing photonic
bandgap and band-edge shifts at initial (solid blue and dotted black curves)
and elevated (dashed red curve) temperatures. (B) Measured spectral de-
pendence of the polarization rotation angles at the initial temperature of 25
°C (solid blue curve) and the corresponding values at elevated temperature
53 °C (dashed red curve); circle and square dots at Ao = 793 nm show a 90°
rotation of the probe beam polarization.

magnitude; near the photonic band-edges (i.e., in the vicinity of
the circular Bragg resonance), the increased optical density of
states gives rise to a large enhancement, and 7n,. of CLC can be
as large as ~107'° cm?/W. Therefore, a pump laser (wavelength
tuned to the band-edge) of modest peak intensity on the order of
a few 100 MW/cm? could produce sufficient index change to shift
the photonic bandgap and band-edges and therefore switch the
polarization state of a probe laser, cf. simulation presented in
Fig. 6C. This is corroborated in a recent experimental observa-
tion (33); using a femtosecond pulsed laser to create the index
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change and photonic band-gap shift in a 9 pm-thick CLC, the
polarization state of a femtosecond probe pulse is switched be-
tween linear and circular polarizations, and its transmission
through a g-plate is switched between a vortex field and a vector
field. Although the exact working of such polarization switching
in ref. 33 (where the probe wavelength is initially situated near
the band-edge and the initial transmission is small) is different
from the present case (where the probe wavelength is further
away from the band-edge and the transmission is near unity),
they utilize the same underlying mechanism of ultrafast laser—
induced index change. Nevertheless, an inherent drawback of
such ultrafast polarization switching schemes is the requirement
of two sophisticated ultrafast (pump and probe) laser systems
working in synchrony and the transient nature of the on-off
switching following the pump-pulse temporal profile. It is
therefore more suited for very fast on—off type of switching ap-
plications in advanced photonic switching platforms/systems
rather than in conventional or everyday kind of settings that
usually need longer hold in the on-state.

Conclusion

Theoretical and experimental studies of fully developed CPCs—
realized by field-assisted self-assembly of CLCs to thicknesses
several hundred times their conventional counterparts, exhibiting
many broad transmission maxima in the off-Bragg-resonance re-
gime, and capable of large polarization rotation with near-unity
transmission—have been carried out. Polarization rotation by such
an HN-CPC is independent of the orientation of the input po-
larization, and the degree of linear polarization is well preserved
owing to the high transmission far from the photonic band gap.
HN-CPCs work well with continuous-wave as well as femtosecond
pulsed lasers of simple (linear, elliptical) or complex (radial, high-
order cylindrical, etc.) vector fields. Results obtained here
will provide guidelines to identify optical parameters and exploit
the unique attributes of their liquid crystal constituents for opti-
mal performance of HN-CPC as polarization manipulators and
switches.
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