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Abstract. The helical nanowires of a chiral sculptured thin film (CSTF) were taken to be made from a weakly
dissipative material while the void regions between nanowires were filled with an active material, and the planewave
reflection/transmission characteristics were investigated numerically. The CSTF was found to simultaneously amplify
left-circularly polarized incident light and attenuate right-circularly-polarized incident light, or vice versa, depend-
ing upon its structural handedness. This polarization-state-dependent attenuation and amplification phenomenon is
sensitive to the direction of incidence and the thickness of the CSTF. Furthermore, the presence of both dissipative
and active materials allows the high reflectance to exceed unity across a substantial proportion of the circular Bragg
spectral regime for incident light of one circular polarization state but not of the other circular polarization state. That
is, the CSTF functions as a circular Bragg supermirror for one, and only one, circular polarization state.
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1 Introduction

By combining materials in a judicious manner, unusual and potentially useful optical properties
may be realized.! In particular, theoretical studies in the past few years have revealed that exotic
optical response characteristics can be exhibited by certain engineered composite materials aris-
ing from a combination of active and dissipative component materials. For example, a uniaxial
dielectric material, in which plane waves traveling in one direction are amplified but plane waves
traveling in another direction are attenuated, can be conceived via the homogenization of a random
mixture of active and dissipative oriented spheroidal particles that are electrically small.” In a sim-
ilar vein, a periodic multilayer comprising alternate active and dissipative layers may be optically
equivalent to a birefringent material which allows arbitrary control over polarization states.® Also,
the homogenization of a composite material with active and dissipative component materials can
give rise to an isotropic chiral material that amplifies left-circularly polarized (LCP) light but at-
tenuates right-circularly polarized (RCP) light (or vice versa).* Parenthetically, active component
materials are also extensively used to combat intrinsic dissipation in a wide variety of metamateri-
als.>™?

A columnar thin film comprising both dissipative and active component materials can attenuate
light of one linear polarization state but amplify light of the other linear polarization state.'® Fur-
thermore, the reflectance of an adequately thick periodic multilayer with a unit cell consisting of
two different columnar thin films — each constructed from dissipative nanocolumn materials but
with active materials filling the intercolumnar regions'! — exceeds unity for s-polarized incident
light but not for p-polarized incident light (or vice versa) in the Bragg regime.'>!® This structure is



referred to as a Bragg supermirror for the linear polarization state whose the reflectance exceeds
unity, but not for the other linear polarization state.

In the present study, we theoretically explore the prospects for a chiral sculptured thin film
(CSTF) to function as a Bragg supermirror for circularly polarized light. We note that engineered
materials comprising helical structures have been proposed and investigated for a variety of elec-
tromagnetic purposes for over 150 years,'*?° based on their ability to discriminate between LCP
light and RCP light, and this area of research still remains active.”!>” However, the prospect of
supermirror behavior has not previously been investigated for such materials.

2 Constitutive parameters of infiltrated CSTF

Consider a CSTF of thickness L, whose helical nanowires are aligned parallel to the z axis. The
periodically nonhomogeneous relative permittivity dyadic of the CSTF may be expressed as>’
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where the local orthorhombic symmetry of the helical nanowires is characterized by the reference
relative permittivity dyadic®®

Eep = Ca WUz + & U, + €Uy, )

whereas the rotational nonhomogeneity and the rise of the helical nanowires along the z axis are
captured by the dyadic functions

éz(C) = (u,u,; + yyu,) cos ¢ + (uyu, — w,uy)sin¢ + w,u, 3)
and

éy(x) = (uyu, + u,u,) cos x + (w,u, — u,u,)siny + uyu,, 4)
respectively. Here, the structural handedness parameter 2~ = 1 for right handedness and h = —1

for left handedness, 22 is the structural period, Y is the rise angle of the helical nanowires, and ( is
the orientation angle with respect to the x axis in the xy plane. A schematic illustration of a single
helical nanowire in a CSTF is provided in Fig. 1. The three unit vectors aligned with the Cartesian
axes are denoted by u,, u,, and u..

The relative permittivity scalars ¢,, €,, and €, were estimated using a homogenization pro-
cedure based on the Bruggeman formalism (and its inverse),”=! as follows. Helical nanowires
occupy a proportion f € (0,1) of the CSTF’s total volume; i.e., the volume fraction of the CSTF
not occupied by nanowires is 1 — f. Every helical nanowire is regarded as a string of highly elon-
gated ellipsoidal inclusions wound end-to-end around the z axis.?’ The shape of each ellipsoidal
inclusion is prescribed by the dyadic

g:unun+77u7u7+76ubub7 (5)

wherein ;- and -y, are positive-valued shape parameters, and the unit vectors

u, = —u, siny + u, cosy,
u, = u, cosy + u, siny, . (6)
Up = —Uy



In order to impose an aciculate shape on the inclusions, the shape parameters are taken to satisfy
v 2, 1 and 7, > 1. Indeed, since increasing 7, beyond 10 does not give rise to significant effects
for slender inclusions,*? we fixed ~, = 15.

The homogenization procedure involved three steps: First, the nanowires of CSTF were taken
to be made from zirconium oxide. By means of the inverse Bruggeman homogenization formal-
ism,* using experimental data on £, . at the free-space wavelength A\, = 633 nm,* the refractive
index of the nanowire material was estimated to be 2.266 when x = 37.105 deg. The inverse
Bruggeman formalism simultaneously yielded -, = 2.535 and f = 0.430. Second, the nanowires
of the CSTF were taken to be impregnated with 0.2% v/v silver nanoparticles. By means of the
Biot-Arago formula,* the refractive index of the nanowire material was revised as 2.261 +0.0093,
after using the bulk refractive index of silver for A\, = 633 nm.> Third, the inter-nanowire void
regions of the CSTF were modeled as filled with a mixture of thodamine 800 and rhodamine 6G.
Such a rhodamine mixture has a relative permittivity whose real part lies in the range (1.8, 2.3) and
whose imaginary part lies in the range (—0.15, —0.02) over the 440-500-THz frequency range,
depending upon the relative concentrations and the external pumping rate.® For definiteness, the
relative permittivity of the rhodamine mixture was fixed at 2 — 0.02:. By means of the forward
Bruggeman homogenization formalism,*? the relative permittivity scalars for the zirconium oxide
CSTF — whose nanowires are impregnated with silver nanoparticles and whose inter-nanowire
regions are filled with a rhodamine mixture — were then estimated to be ¢, = 3.135 — 0.002¢,
ep = 2.865 — 0.0127, and e, = 3.321 4 0.005%.

Notice that the particular choices of the rise angle x, volume fraction f, and concentration
of silver nanoparticles result in the imaginary parts of ¢, . having different signs, from which
it may be inferred that planewave propagation in different directions in the CSTF can be simul-
taneously attenuative and amplifying.? Also, in order to highlight the reflectance/transmission
properties of the CSTF, the gain properties of the rhodamine mixture are held constant across the
free-wavelength range 550 nm < A\, < 800 nm. If known, the frequency dependence of constitu-
tive parameters can be easily accommodated in our calculations.?*?’

3 Reflection—-transmission investigation

Suppose that the CSTF occupies the region 0 < z < L, the regions z < 0 and z > L being
vacuous. An incident plane wave of arbitrary polarization state illuminates the face z = 0 of the
CSTEF, with angle of incidence 6 with respect to the z axis and angle of incidence ) with respect
to the x axis in the xy plane, as illustrated schematically in Fig. 2. A 4 x4-matrix—based procedure
to calculate the remittances of the CSTF is explained elsewhere? in detail. Using this procedure,
we calculated the four circular reflectances (Rrpr rr,rrr) and the four circular transmittances
(Trr.rr Lr.or) as functions of A\, € (550, 800) nm for wide ranges of the angles of incidence ¢ and
v. Here, Ry is the fraction of the incident power reflected via a Left-circularly polarized plane
wave when the incident plane wave is Right-circularly polarized, and so on.

If the CSTF were to be wholly dissipative (i.e., in the absence of amplification), then the prin-
ciple of conservation of energy would require the inequalities
RLL‘f‘RRL'f‘TLL‘I—TRL <1 } (7)
Rir+ Rrr+Trr+Trr < 1



to be satisfied. Conversely, if the CSTF were wholly active then the inequalities

(8)

Ri, +Rrr, +1r, + Tk > 1
Rir+ Rrrp +Trr +Trr > 1

would apply.

For illustrative results, the CSTF thickness was taken to be L = 2QN with structural half-
period €2 = 200 nm and N being a positive integer. The structural-handedness parameter was set
ath = +1.

We begin with N = 25 and azimuthal angle ¢y = 0°. The remittance sums R;; + Rr; and
111 + Try for LCP incident light, and R.r + Rrr and 11 r + Trr for RCP incident light, are
plotted against ), in Fig. 3 for the polar angle # € {5 deg, 30 deg, 60 deg}. The plot of Ry r + Rrr
for # = 5 deg exhibits a distinct window 670 nm é Ao g 732nm of high reflectance, which
is matched by a distinct window of generally very low Tz + Trg (albeit there is a substantial
spike in 17 r + Ty at the shortest wavelength edge of the spectral window). As the polar angle 6
increases, the spectral regime of high R+ Rrr and very low 17 p + Tz blue shifts substantially.
Specifically, when # = 60 deg the spectral regime for high Rz + Rrr and very low Ty r + Trr
is 588nm < A, < 648nm. This circular Bragg phenomenon®® — characterized by a spectral
regime of high reflectance and low transmittance — is not apparent in the plots of R;; + Rz and
Ty1, + Try for LCP incident light.

Most significantly, within the circular Bragg regime there a exists spectral regime for which
Rir + Rgrr > 1. For example, Ry g + Rgr > 1 for 684nm < A, < 696 nm when 6 = 5 deg.
Thus, not only does the CSTF function as a good circular Bragg mirror for RCP incident light, but
for a substantial proportion of the circular Bragg regime it functions as a circular Bragg supermirror
since the reflected light is amplified in this portion of the circular Bragg regime.

The remittance sums Ry ;+ Rgrp+711+1gr for LCPincident light and Ry p+ Rrr+Trr+TrR
for RCP incident light are also plotted in Fig. 3 as functions of A, for § € {5 deg, 30 deg, 60 deg}.
For all values of )\,, the remittance sum Rr; + Rrr + 1rr + Trr > 1. Thus, incident LCP
light is amplified inside the CSTF. The situation is mixed for incident RCP light. The remittance
sum Rpr + Rrr + Trr + Trr exceeds unity for most values of )\, but is less than unity on the
long-wavelength side of the circular Bragg regime Thus, incident RCP light is amplified inside the
CSTF at wavelengths shorter than those of the circular Bragg regime, but attenuated at wavelengths
in the vicinity of the long-wavelength limit of the circular Bragg regime.

In order to further highlight the competing effects of gain and loss, we considered the CSTF
to be made only of zirconium oxide and infiltrated by air. Then, as both silver nanoparticles and
the rhodamine mixture are absent, the CSTF is wholly lossless (and wholly inactive). Thus, in
Fig. 4 the remittance sums Ry + Rgy and Ty 1, + Ty for LCP incident light, and Rz + Rrr and
Trr + Trg for RCP incident light, are plotted against A\, for the CSTF specified by ¢, = 3.135,
gy, = 2.865, and €. = 3.321. Asin Fig. 3, 6 € {5 deg, 30 deg, 60 deg}, v» = 0 deg, and N = 25.
The circular Bragg phenomenon manifests itself as a window of high reflectance sum R;p + Rrpr
and low transmittance sum 77,z + Trr Which is blue shifted as the angle # increases. And this
phenomenon is not observed for LCP incident light. Most significantly, all the remittance sums
presented in Fig. 4 are less than or equal to unity for all values of \,, which is in stark contrast to
the case presented in Fig. 3 wherein the active nature of the rhodamine mixture leads to remittance
sums that exceed unity. Plots of the reflectance—transmittance sums R, + Rgy + 11 + Trr and



Rir+ Rrr+Trr + Trr are not presented in Fig. 4 as these quantities are both equal to unity, for
all values of \,.

By varying the azimuthal angle v, qualitatively similar results to those presented in Fig. 3 for
1 = 0 deg emerge. For a representative example, in Fig. 5 plots analogous to those of Fig. 3 but
for ¢y = 90 deg are presented. As in Fig. 3, the Bragg phenomenon is clearly observable in the
plots of the reflectance sum Ry r + Rrr and transmittance sum 77z + Trg for RCP incident light,
but there is no Bragg phenomenon in the case of LCP incident light. Furthermore, the circular
Bragg regime substantially blue shifts as the polar angle 6 increases. Also, at v = 90 deg the
CSTF functions as a circular Bragg supermirror for incident RCP light. To wit, Ry r + Rrr > 1
for 682nm T A, < 694nm when § = 5 deg. And, similarly to the case for ¢y = 0 deg, when
1 = 90 deg LCP incident light is amplified by the CSTF, and so largely is RCP incident light with
the exception of wavelengths in the vicinity of the long-wavelength limit of the circular Bragg
regime.

The spectral regime, within the circular Bragg regime, in which the CSTF functions as a circu-
lar Bragg supermirror may be enlarged by increasing the thickness of the CSTF. In Fig. 6 plots anal-
ogous to those in Fig. 3 but computed with N = 50 are presented. The circular-Bragg-supermirror
regime, apparent from the plots of the reflectance sum R;r + Rgrr in Fig. 6, extends over the
range 676 nm < A\, 5 700nm when ¢ = 5 deg, for example, which is slightly larger than is the
case observed in Fig. 3. Furthermore, the average magnitude of Ry r + Rgrg in Fig. 6 over the
circular-Bragg-supermirror regime is larger than the corresponding average magnitude in Fig. 3.
The other remittance-sum plots in Fig. 6 are qualitatively similar to those in Fig. 3 but with the
plots in Fig. 6 generally exhibiting higher-frequency Fabry—Perot oscillations than those in Fig. 3.

4 Closing remarks

Our numerical study has revealed that a CSTF infiltrated with an active material simultaneously
amplifies left-circularly polarized incident light and attenuates right-circularly-polarized incident
light, or vice versa, depending upon the CSTF’s structural handedness. This polarization-state-
dependent attenuation and amplification phenomenon is sensitive to the direction of incidence
and the thickness of the CSTF. Furthermore, the presence of both dissipative and active materials
allows the high reflectance to exceed unity across a substantial proportion of the circular Bragg
spectral regime for incident light of one circular polarization state but not of the other circular
polarization state. Hence, the CSTF functions as a circular Bragg supermirror for one, and only
one, circular polarization state. It is notable that spectral regime in which the CSTF functions as
a circular Bragg supermirror here is much larger than reported for other configurations of CSTFs
involving active materials. For example, if a CSTF is infiltrated with a Raman-active liquid then
the CSTF functions as a supermirror only for a very narrow spectral range (i.e, approximately 0.1
nm), albeit this very narrow spectral range can be positioned anywhere within the circular Bragg
regime.”’ Also, if the CSTF is made entirely from an active material then it can function as a
circular Bragg supermirror across two very narrow spectral ranges, at the two edges of the circular
Bragg regime.*®
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Fig 1 Schematic representation of a helical nanowire in a CSTF, with the structural period 2¢2 and the rise angle y
indicated.



incident
light

y
CSTF

Fig 2 Schematic representation of the reflection—transmission problem for a CSTF of thickness L, illustrating the

angles of incidence v and 6.
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