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The transmittance spectrum of a slab of an electro-optic structurally chiral material (SCM) that is helicoidally non homogeneous in the
thickness direction and is endowed with a central 9o°-twist defect, shows evidence of an ultranarrowband spectral hole when a sufficiently
high dc electric field is applied between the entry and the exit planes and the incident light is circularly polarized in opposition to the
structural handedness of the SCM. This spectral hole migrates on the wavelength axis as the applied dc electric field is altered in magnitude,
thereby suggesting the possible use of a centrally defective, electro-optic SCM slab as an electrically tunable, circular-polarization rejection
filter with ultra narrow bandwidth. [DOI: 10.2971/je0s.2006.06006]
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1 Introduction

Volume gratings are generally made of isotropic dielectric ma-
terials. The relative permittivity of a volume grating varies
periodically in the thickness direction from the entry plane
to the exit plane [1, 2], and therefore it exhibits the Bragg
phenomenon: the existence of a high-reflectance wavelength-
regime, provided the grating thickness spans a large num-
ber of relative-permittivity periods. Haus and Shank [3] pro-
posed the insertion of a phase defect half-way along a vol-
ume grating, in order to create a spectral hole in the reflection
spectrum — a transmission feature in the center of the Bragg
regime which is useful for narrow-bandpass filtering [4].

On normal illumination, the Bragg phenomenon is insensi-
tive to the polarization state of the incident light, because the
volume gratings are made of isotropic materials. However,
structurally chiral materials (SCMs), being anisotropic and pe-
riodically non homogeneous, exhibit a circular—polarization—
sensitive Bragg phenomenon even on normal illumination.
SCMs are exemplified by cholesteric liquid crystals [5, 6] as
well as chiral sculptured thin films [7]. As the relative permit-
tivity matrix of a SCM varies helicoidally in the thickness di-
rection, the high-reflectance characteristic of the Bragg regime
is observed only when the incident light is circularly polarized
(CP) in such a way that its handedness matches the structural
handedness of the material; but incident CP light of the other
handedness is mostly transmitted. This distinction suggests
that the term circular Bragg phenomenon (CBP) be used for the
most important optical characteristic of SCMs.

The introduction of a phase defect half-way inside a SCM slab
also gives rise to a spectral hole — but only when the CP state
of the incident light matches the structural handedness [8, 9].
This spectral hole in the co-handed reflectance spectrum of a
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SCM slab can be exploited for narrow-bandpass filtering [10]
as well as for sensing fluid infiltrants [11].

The CP-sensitivity of structurally chiral spectral-hole filters
can not, of course, be exhibited by isotropic spectral-hole fil-
ters. Even more interestingly, as the SCM slab with a cen-
tral phase defect becomes thicker, but with its period fixed,
the spectral hole in the co-handed reflectance spectrum di-
minishes steadily and eventually vanishes. Simultaneously, a
spectral hole appears, grows, and eventually matures in the
transmittance spectrum for incident light of the other CP state.
The bandwidth of the second spectral hole is a tiny fraction of
the bandwidth of the first spectral hole, according to theoreti-
cal calculations [12]-[14].

The two spectral holes and the crossover from one to the other
have been taken to indicate the arousal of a defect mode. The
defect mode has been subjected to several theoretical studies
with both exact and approximate analytical techniques [15]-
[19]. The possibility of exploiting the defect mode for emis-
sion of narrow band CP light is also very attractive [20, 21].
However, the second spectral hole (in the cross-handed trans-
mission spectrum) has yet not been experimentally realized —
possibly, because the SCM thickness required is so large that
the presence of even small dissipation is ruinous [13, 22].

The key then to realize the ultranarrowband spectral hole in
the cross-handed transmission spectrum is to somehow re-
duce the thickness of the SCM slab with the central phase de-
fect. Such a reduction could be possible if the SCM were to dis-
play the Pockels effect [23], which thought was examined and
validated for a SCM endowed with a local 42m point group
symmetry [24]. That validation necessarily led to the issue of
SCMs with other local point group symmetries being more
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suitable than the one with local 42m point group symmetry,
and engendered this more comprehensive report on the pos-
sible use of a centrally defective, electro—optic SCM slab as an
electrically tunable, CP rejection, ultranarrowband filter.

The plan of this paper is as follows: Section 2 contains a de-
scription of the boundary-value problem when a CP plane
wave is normally incident on a SCM slab with local point
group symmetry of one of 20 types and containing a central
phase defect. Although the phase defect can be in several dif-
ferent forms [25, 26], here we take it as a 90°-twist defect
about the thickness axis. Section 3 contains numerical results
that theoretically demonstrate the feasibility of exploiting an
electro—optic SCM slab with a central 90°—twist defect as an
electrically tunable, CP rejection filter with ultra narrow band-
width.

A note about notation: Vectors are denoted in boldface; the
Cartesian unit vectors are represented by 1y, fi,, and d; sym-
bols for column vectors and matrices are decorated by an over
bar; and an exp(—iwt) time-dependence is implicit with w as
the angular frequency, ¢ as time, and i = v/—1. The wavenum-
ber and the intrinsic impedance of free space (i.e., vacuum)
are denoted by ko = w,/€pig and 179 = /}io/ €0, respectively,
with pg and €y being the permeability and permittivity of free
space.

2 BOUNDARY-VALUE PROBLEM

Suppose that an electro-optic SCM slab with a central 90°-
twist defect occupies the region 0 < z < 2L, the half spaces
z < 0and z > 2L being vacuous. The SCM slab has the z axis
as its axis of helicoidal non homogeneity, and is subject to a
dc electric field E% = E°@,. An arbitrarily polarized plane
wave is normally incident on the device from the half space
z < 0. In consequence, a reflected plane wave also exists in
the same half space and a transmitted plane wave in the half
space z > 2L.

The total electric field phasor in the half space z < 0 is given
by

E(r) = (ap Gy +aga_) exp(ikoz)+
(rp - +rrty) exp(—ikoz), z<0, 1
where uy = (i, +ity)/ V2. Likewise, the electric field pha-
sor in the half space z > 2L is represented as
E(r) = (fp G4 +tr0-) exp[iko(z—2L)], z>2L. (2)
Here, a; and ag are the known amplitudes of the left- and
the right-CP (LCP & RCP) components of the incident plane
wave; rp and rg are the unknown amplitudes of the reflected
plane wave components; while 7 and ¢ are the unknown am-
plitudes of the transmitted plane wave components. The aim

in solving the boundary value problem is to determine 71
and t; g for known ay, and ag.

Relative
the SCM

2.1 Optical
Matrix of

Permittivity
Slab

In line with the optical relative permittivity matrix of non—
electro-optic SCM slabs with central 90°—twist defects [7, 10,
11] that of the electro—optic SCM slab may be stated as follows
[24]:

&M (z) = 8. [hS +mp(2)] - Ry (1) - pe

Ry(x)-8:1 [h% +hp(z)], 0<z<2L. @)

The tilt matrix
—siny 0 cosy
Ry(x) = 0 -1 0 )
cos x 0 siny

depends on the angle x € [0, 7t/2] with respect to the x axis in

the xz plane; it contains a rotation about the y axis for general-

ity, thereby letting Eq. (3) mimic the morphologies of both chi-

ral smectic liquid crystals [6] and chiral sculptured thin films
cos(

[7]. The use of the rotation matrix
—sing 0
S;(Q)=| sinf cosC O (5)
0 0 1

in Eq.(3) involves the half—pitch Q) of the SCM along the z axis.
In addition, the handedness parameter # = 1 for structural
right-handedness and h = —1 for structural left-handedness.
The angle ¢(z) delineates the central 90°—twist defect as

0, 0<z<lL
Wﬂ_{7ﬁm L<z<2L.

As the two halves of the SCM slab are supposed to be identi-
cal, the ratio L/} is conveniently taken to be an integer.

(6)

Correct to the first order in the components of the dc electric
field, the approximation

ego)(l - €§0>51) —650)6956 —ego)eé0>55

€pg ~ —€§O)e§0)56 ego)(l - €§0>52) —€£0)€§0>S4 ,
_ego)ego) Ss —e§0)€§0>54 ego)(l — eéo) S3)
@)
where S; = Z‘%Zl ik Ede, emerges from the reciprocal of the

optical relative permittivity matrix of a homogeneous electro—
optic material. This latter matrix is usually reported as [23]

1/€§0) + 5 Se S5

et = S 1/ +s, s, ®)

S5 Sy 1/ 6g0> + S3

in the principal Cartesian coordinate system (with axes la-
beled 1, 2, and 3) relevant to the crystallographic structure of
a homogeneous material displaying the Pockels effect. Here,
6%?2),3 are the three principal relative permittivity scalars in the
optical regime, whereas rjx (with1 < J < 6and1 < K < 3)
are the electro—optic coefficients in the traditional contracted
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fé’xit:ﬁ _l(tL_tR)/r]O

(tr +tr) /10

emerge from the electromagnetic field phasors at the entry
and the exit planes, respectively. The 4 x4 matrix

M = B(hmt/2) - [B (h%) -exp (iA'L)] .
B(—hm/2)- {B <h%L> exp (iA’L)} (13)

captures the optical response characteristics of the centrally
defective SCM slab, where

0 fi%” 0 Wiy
jh _
A/ = ! Q 0 w”lo Ohn 7 (14)
—WEYEE —WEHER 0 —i'g
WELED WELEE ihﬁ” 0
cos{ —sin{ 0 0
= sin{ cos( 0 0
B(¢) = 1
() 0 0 cos{ —sinZ |’ (15)
0 0 sin{ cos(
(0)
€
€ = Ego) — % €m, (16)
€1
el
€Ep = €4 — 0 [el cos x+
€
sin 2, .
(€j+e€r) 5 X4 €k smx} , (17)
0
€ = % (ee+€p), (18)
€
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or abbreviated notation for representing symmetric second-
order tensors [23]. Finally, . ego)ego) (19)
d = 7
0) (a2 (0) 2
€] COs“ X + €5 sIn” x
Efc = Ef cos 1
ng =0 . ) € = Egcego)ed(nn cos? X — 763 sin? X), (20)
Eg’fc = E¥ siny
' o €y = Egcego)ed sin x cos x(r43 —761), (21)
are the components of the applied dc electric field.
d ego) 2 2 2
. _ C :
2.2 Reflectances and Transmit- €z—EzE€d(r31COS X —rs3sin” x), (22)
tances 2
(0)
The proce.dure to' obtain the unknown r'eﬂectio.n and transmis- ¢ = EZC% 2sinx(r11 —rs3), (23)
sion amplitudes involves the 4 x4 matrix relation [7, 24] €
7 LF (0)
L= M- , 10 €
Jexi Jentry (10) € = EZC%—O) €5(riasin® x — rs1 cos” x), (24)
€
where the column 4-vectors 2
(0)
€
‘ (ro +rr) + (ar + agr) € = E‘Z’I”% €2 cos x(ra3 —1351), (25)
f ty = i Z[_(rL_rR)+(aL_aR)] (11) €
ry — .
entry V2 —i [(rL — rR) + (aL — aR)] /Mo de (0)_(0) _
—[(rp +rr) — (ap +agr)] /1o em = E°€) '€y ' (ra1cos x +rozsiny) . (26)
The foregoing expression for A’ is correct to the first order in
and Edc
t; +tr z
1 i (tL — tR)
(12)  Parenthetically, although Eq.(3) is naturally independent of

the direction of propagation of the incident plane wave, the
matrix A’ becomes a function of z for oblique-incidence con-
ditions. However, the normal-incidence case appears to be the
most application-oriented one, and therefore is focused upon
this paper.

The reflection amplitudes r; g and the transmission ampli-
tudes t; g can be determined for specified incident amplitudes
(ar and ag) by solving Eq.(10) to yield:

(2) - (i) ()
TR TRL TRR ar
t t t
Ge) = G (G) e
tr trL  tRR aR
Both 2 x2 matrices in these equations are defined phenomeno-
logically. The co—polarized transmission coefficients are de-
noted by t;; and fgrgr, and the cross—polarized ones by
trr and tgp; and similarly for the reflection coefficients in

Eq.(27). Reflectances and transmittances are denoted, e.g., as
Tir = |tr|*

2.3 Circular Bragg phenomenon

For definiteness, let us set h = 1, i.e., the chosen SCM slab is
structurally right-handed. Suppose the central 90°—twist de-
fect were to be absent. Then the matrices B(£hm/2) would
have to be removed from the right side of Eq.(13). With the
twin assumptions of the absence of dispersion and the neg-
ligibly small dissipation, an incident RCP plane wave would
be highly reflected and an incident LCP plane wave would be
highly transmitted in the Bragg regime, provided the thick-
ness ratio L /() were to be sufficiently high.
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By comparison to extant results for non—electro—optic SCMs
[7], the center-wavelength of the Bragg regime for normal in-
cidence is given by [27]

M =0 (Ve + vere) )

and the corresponding full-width-at-half-maximum
(FWHM) bandwidth by

(820)™" =20 /g — /eg (30)
where

=

es; = 5 {eB +ep+ 1/ (eB _GD)2+4E%:| ,  (31)

€p; = 5 [eB—l—eD— \/((—:B—(—:D)Z—l—éle%} . (32)

—_

3 NUMERICAL
DISCUSSION

RESULTS AND

The central 90°—twist defect is responsible for the produc-
tion of the two spectral holes centered at ABr, according to
exact calculations [16]-[19], whereas the prediction of the ap-
proximate coupled-wave theory is very slightly different [17].
There are 20 classes of point group symmetry: cubic 23, 43,
tetragonal 4, 4mm, 422, 4, 42m, hexagonal 6, 6mm, 622, 6, 6m2,
trigonal 3, 3m, 32, orthogonal 222, mm2, monoclinic 2, m, and
triclinic 1. For each point group symmetry, A5 was expanded
in a three—term Maclaurin series with respect to EZ. From the
results, the 20 point group symmetries were classified into two
groups:

¢ Group A: /\gr has zeroth-, first— and second—order de-
pendences on Efc for tetragonal 4, 4mm, 4, hexagonal 6,
6mm, 6, trigonal 3, 3m, 32, orthogonal mm?2, and triclinic
1;

e Group B: A5 does not have the first- but has zeroth—
and second-orders dependences on EZ¢ for cubic 23,
43m, tetragonal 422, 42m, hexagonal 622, 6m2, orthog-
onal 222, mm2, monoclinic 2, and m.

There ought to be pronounced differences between the re-
sponses of centrally defective SCM slabs with local point
group symmetries belonging to Groups A and B, which in-
deed turned out to be true.

Figures 1 and 2 contain the spectrums of all four reflectances
and all four transmittances, as functions of Eg’f, of a SCM slab
with local point group symmetry of the trigonal 3m class and
without a central defect. The relative permittivity scalars and
the electro—optic coefficients used are those of lithium niobate
[28], and Q) was chosen so as to position /\gr in the neighbor-
hood of 650 nm. The Bragg regime is evident through the ele-
vated X-shaped feature in the plot of Rgr and the absence of
that feature in the plot of R, in Figure 1. The transmittance
plots in the next figure contain complementary signatures of
the CBP as well, due to the satisfaction of the principle of con-
servation of energy [7] by all presented calculations.

FIG. 1 Reflectances of a SCM slab of thickness 2L as functions of the free-space

wavelength Ag and the dc electric field ES. The SCM slab does not have a central de-
fect. The local crystallographic class of the SCM is trigonal 3m. Other parameters are:
e — el — 548 €l =504 rp = —rp = —rg = 68x 1072 m v,
fi3 = 13 = 9.6x1072 m vVl 13 = 309x 1072 m VL, = 1y =
32.6 x 1072 m v=1, all other rjx = 0, h = 1, QO = 140 nm, L = 40Q, and
X = 45°.

Oy
Wl

ES(GV/m)

FIG. 2 Transmittances of a SCM slab of thickness 2L as functions of the free-space

wavelength Ay and the dc electric field E?C. The SCM slab does not have a central

defect. Other parameters are the same as for Figure 1.

Close examination of Figures 1 and 2 reveals that the Bragg
regime expands as EZ° becomes more negative. However,
as EZ increases positively from zero, the Bragg regime first
contracts (as the CBP is not well-developed for E4 ~
0.5 GV m~!) and then expands. This asymmetry with respect
to the direction of the applied dc electric field is characteristic
of Group A, and is engendered by the first-order dependence
of )\g’ on EZ°. Significantly, the plots indicate clearly that the
Bragg regime can be manipulated with sufficiently large |E4°|.

The introduction of a central 90°—twist defect gives rise to
spectral holes. For moderate values of | EZ°|, a spectral hole ap-
pears in the spectrum of Rgg, but it wanes as |EZ| increases.
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This is evident in the somewhat magnified spectrums of Rgrr
and Trr presented in Figure 3 for a SCM slab with a central
defect. The plot of Rgg clearly indicates a spectral hole for
E% € [0,2] GV m~!, the FWHM bandwidth of the spectral
hole being on the order of 1 nm. Parenthetically, the broad
ridges in these plots for E¥ ~ 0.5 GV m~! simply signify a
poorly developed CBP.

FIG. 3 Reflectance Rgr and transmittance Trg of a SCM slab of thickness 2L as func-
tions of the free-space wavelength Ay and the dc electric field E‘ZC. The SCM slab has
a central 9o°-twist defect. Other parameters are the same as for Figure 1. The plot
of Rrr presents a spectral hole for roughly Ezdc € [0,2] v m~L. The fine structure
evident in this figure as well as in the following three figures is due to the finite

number of points chosen for the Ag and EZ¢ axes.

As the first spectral hole (in the spectrum of Rgr) wanes with
increasing |EZ°|, the second spectral hole (in the spectrum of
Tr1) develops and matures. The FWHM bandwidth of this
spectral hole is on the order of 0.1 nm and increases with |ES°|,
as the spectrums of Ry in Figure 4 show. Most importantly,
the location of the second spectral hole varies smoothly with
Ef* for sufficiently high values of |ES|, blue shifting for nega-
tive EZ° and red shifting for positive ES°. Very precise tunabil-
ity of the second spectral hole is indicated by the plots pre-
sented, and the feasibility of exploiting an electro—optic SCM
slab with a central 90°~twist defect as an electrically tunable,
CP rejection, narrow band filter is thereby established.

FIG. 4 Reflectance Ry of a SCM slab of thickness 2L as a function of the free-space
wavelength Ao and the dc electric field EZ. The SCM slab has a central go®-twist

defect. Other parameters are the same as for Figure 1.

Electrical control appears to require high dc voltages to be ap-
plied across SCM slabs, but the magnitudes of the dc voltages
are comparable with the half-wave voltages of electro—optic
materials, which are often in the 1-10 kV range [28, 29]. Fur-
thermore, the required magnitudes of EZ° are much smaller
than the characteristic atomic electric field strength [23]. The
possibility of electric breakdown exists, but it would signif-
icantly depend on the time that the dc voltage would be
switched on for.

FIG. 5 Reflectance Ry of a SCM slab of thickness 2L as a function of the free-space

wavelength Ag and the dc electric field EZC. The SCM slab has a central 9o°-twist
defect. The local crystallographic class of the SCM is orthorhombic mm2. Other pa-
rameters are: e\’ = 472, el”) = 520, ¢ = 543, 113 = 34 x 10712 m v,
r3 = 6x107 2 mvVl 133 =634 x1072 mvVl, ryy =450 x 10712 m v,
51 =120 x 10712 m v~1, all other rjx = 0, h = 1, Q = 150 nm, L = 240, and
X =90°.

One way to reduce |EZ°| is to use materials with larger electro—
optic coefficients. Figure 5 contains spectrums of Ry; com-
puted with the relative permittivity scalars and the electro-
optic coefficients of potassium niobate [28]. For positive as
well as negative EZ of sufficiently large magnitude, a linear
relationship between the dc electric field and the location of
the second spectral hole is obvious. In particular, the dc elec-
tric field’s magnitude is about half of that in Figure 4 when
Ed > 0. Parenthetically, with increasing |ES|, the second
spectral hole redshifts for negative E but blue shifts for pos-
itive E¢, in contrast to Figure 4.

All five figures presented thus far exemplify local point group
symmetries in Group A. The plots of Ry, in Figure 6 were
computed with the permittivity scalars and the electro—optic
coefficients of ammonium dihydrogen phosphate [28], which
has a tetragonal 42m point group symmetry and thus belongs
to Group B. Once again, the second spectral hole, captured in
this figure, shifts with increasing |EZ|; however, the shift is a
blue shift regardless of the sign of EZ¢. This insensitivity to the
direction of the applied dc field is characteristic of SCM slabs
with local point group symmetries in Group B.

FIG. 6 Reflectance Ry of a SCM slab of thickness 2L as a function of the free-space
wavelength Ay and the dc electric field E;’C. The SCM slab has a central 9o°-twist
defect. The local crystallographic class of the SCM is tetragonal 42m. Other param-
eters are: €\ = el”) = 234, €l =220, ry = rsy = 245x 10712 m v,
763 = 8.5 x 10712 m V=1, all other rjx = 0, h = 1, Q = 210 nm, L = 40Q, and
x =30°.

All other factors the same, cross-handed-transmittance spec-
tral holes in centrally defective SCM slabs with local point

06006- 5



Journal of the European Optical Society - Rapid Publications 1, 06006 (2006)

group symmetries belonging to Group A will shift for mod-
erate values of EX, whereas those in centrally defective SCM
slabs with local point group symmetries belonging to Group B
will shift for higher values of EZ°. Moreover, the spectral holes
will either redshift or blue shift — depending on the sign of
EZ and the relative strengths of the first- and second-order
dependences of A§" on EZ — for Group A, but the shifts will
be insensitive to the sign of EZ for Group B. It is even possible
for the Bragg regime to be greatly diminished and even elimi-
nated, along with the spectral holes, for Group A because the
first-order and the second—order dependences of A5" on Ede
could offset each other such that epz ~ ep¢ for physically rel-
evant values of EZ°.

4 CONCLUDING REMARKS

The spectrum of the cross-handed transmittance of an electro—-
optic SCM slab that is helicoidally non homogeneous in the
thickness direction and is endowed with a central 90°—twist
defect, shows evidence of an ultranarrowband spectral hole
when a sufficiently high dc electric field is applied between
the entry and the exit planes. This spectral hole migrates on
the wavelength axis as the applied dc electric field is altered,
thereby establishing the use of a centrally defective SCM slab
as an electrically tunable, circular—polarization rejection filter
with ultra narrow bandwidth. The tunability may or may not
depend on the direction of the applied dc electric field, de-
pending on the local point group group symmetry of the cho-
sen SCM. Materials with higher electro—optic coefficients are
preferable, as lower dc electric fields have to be applied. The
presented theoretical results are expected to encourage exper-
imentalists to fabricate, characterize, and optimize the pro-
posed device.
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