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Photonic defect modes of cholesteric liquid crystals
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We investigate defect modes of cholesteric liquid crystals as photonic band gap materials. For normal
incidence of light, cholesteric liquid crystals exhibit total reflection for the circular polarization with the same
handedness as that of cholesteric helix. However, the other orthogonal component is completely transmitted.
When we replace a thin layer of liquid crystal by an isotropic material as a defect, defect modes are induced
for both polarizations of incident light. We analyze the wavelength and reflectivity of the defect modes in terms
of the refractive index of defect lay€iS1063-651X99)09312-5

PACS numbes): 42.70.Qs, 42.70.Df

Systematic studies of light propagation in a medium withindex of refraction,n,=/e, the ordinary one, and,=
a spatial periodic modulation of dielectrics have been carried=)2x/P,, where () represents the handedness of ChLC.
out widely. As in the electronic bands of a solid, a periodiclt was shown that ChLC has, in general, two propagation
array of dielectrics forms forbidden photonic bands whichmodes, but only one mode is allowed in the frequency range
are called photonic band gaf®BG’s) [1,2]. But, in general, given above9]. This mode is circularly polarized with the
when u#1, the wave impedance is the relevant quantityopposite handedness to that of ChLC. In the strict sense,
instead of the dielectric constant for PBG’s to eXi3t. In  ChLC is not a PBG material because the stop band exists
photonic crystals, defects can be introduced by replacing anly for one circular polarization and that is caused by the
part of the host medium with a material that has a differentoptical anisotropy. In this respect, we may expect that opti-
dielectric constant, and can make defect modes in the forbidsally anisotropic systems have new interesting phenomena
den bands. It was shown that the origin of defect modes ithat isotropic ones do not.
the phase change due to the change in the optical path length In this paper, we investigate defect modes of ChLC that
caused by the defect medium]. Recently, interest in syn- come about when one part of ChLC is replaced by an opti-
thesizing PBG materials that can be spontaneously formedally isotropic material as a defect. Reflection spectra for
has been raised. Studies of self-assembled colloidal particlesprmal incidence is studied to obtain the wavelengths and
nanoparticles, or nanostructured films are good examples

[5-7]. incident reflected
Here, we theoretically study the reflection and transmis- light light

sion of light from a one-dimensional system consisting of

two layers of cholesteric liquid cryst@ChLC) sandwiching

a thin layer of isotropic mediunisee Fig. 1L ChLC is an n;

organic self-assembled material. It has one-dimensional pe: ﬁ

riodic modulation of dielectric constant and a stop band in )

visible range. The spatial period can be easily varied by add{ 5 c'holiesterlc

ing dopants and changing temperature. € _ liquid crystal
ChLC is composed of optically anisotropic and uniaxial 772,42 _ _

elementg[8]. One major and two minor principal axes are ny 27241 isotropic defect

mutually perpendicular locally and the corresponding dielec- z=2,+d2 }

tric constants are; ande, . The major and one minor prin- QhOI_CStefIC

cipal axes are helically twisted along the other minor axis| e Mo liquid crystal

retaining their orthogonality. This way, ChLC has one- z=L

dimensional periodic modulation of dielectric constants. The n,

pitch P, is the period of helical twist, but the true period of k,

dielectric tensor function i®,/2, not P,, by the head-tail transmitted

symmetry of liquid crystals. Owing to the optical anisotropy light

and helical twist, ChLC has an interesting reflection property !

which a conventional quater-wave stack does not; this is the z

selective reflection. For the light incident along the helical G, 1. Schematic drawing of liquid crystal cell used in the
axis, the circularly polarized light with the same handednessgalculation for normal incidence. The cell is filled with cholesteric
as that of ChLC is totally reflected in the frequency range ofiiquid crystal except for the defect layer. Values of the parameters
|dol/Ne< w/c<|0o|/N,. Here,ne=1/¢ is the extraordinary used in this work are listed in Table I.
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TABLE I. Values of the parameters used in the calculation. " T N T T T T T T
Symbol Value T

refractive index of surroundings of cell n; 1.6 t
extraordinary refractive index Ne= \/e—” 1.7 > 06k A (U 1Y VT e ,
ordinary refractive index Ne=1e, 1.5 = TNy}
pitch of ChLC P, 0.345um §
maximum wavelength of band n.P, 588 nm 5
minimum wavelength of band noPo 518 nm =
cell gap L 21P,
thickness of defect layer d (200/256P,,
thickness of artificial slab P,/256 . L . \ . L . \ .
position of defect Z4 10.5P, 450 500 550 600 650 700
wavelength range Ao 400-700 nm wavelength (nm)
incident angle 0,9) (0.0, 0.0

FIG. 2. Reflection spectra for incident waves of right and left
circular polarizationRg (solid) and R, (dotted represents the re-
intensities of defect modes when refractive index and thickflectivity for incident polarization of RCP and LCP, respectively.
ness of defect layer are varied. Following the 4 Berreman  Reéfractive index of defect layery is 2.04.

numerical method, the equation of light propagation with o o ) .
angu'ar frequencyd is given by[lo] cular pOlarlzatlon(LCP). The incident I|ght of RCP is re-

flected, while that of LCP is transmitted, in the wavelength
d¥(z) o region of n,P,<\,<n.P, (frequency range ofg,/ne
i, | cA@Y(2), (1) <wlc<qg,/n, with g,=27/P,). This region behaves as a
photonic band gap for the incident wave of RCP which is the
whereW (z) = (E,,Hy ,E,,—H,)". A(2) is Berreman matrix assumed handedness of ChLC in the cell. As one can see in

which depends on both the dielectric function and the incithe figure, a sharp dip fdR and a peak foR, are induced
dent wave vector. IA is constant inz, the solution of the by the introduction of a defect layer; each defect mode
above equation is propagates through the corresponding stop gap. As shown in
the inset, the defect mode for RCP and that for LCP have the
same wavelength with the same value of reflectivity at the
W (0). (2)  center of the peaks.

Figure 3 shows the behavior of defect modes as a function
of the refractive index of defect layey, . Defect modes have
donor-(acceptorfike behavior whemy is greater(lesg than
that of the host ChLC, and their wavelengths increase from
the minimum to the maximum value of a forbidden gamas
increases. However, two defect modes momentarily appear

\If LW
(2)=ex IEAZ

Equation(2) is used to get the approximate solution of Eq.
(1). ChLC is virtually sliced into a large number of thin
slabs. BecausA can be treated as a constant in every slab
one calculates transfer matrix with E@). According to the
Cayley-Hamilton theoremil1], Eqg. (2) can be expressed by .
a third-order equation i, and then the thicker slab can be N€ar both ends of the gdp.g., whem is around 2.5§ then

chosen, still achieving the same degree of accuracy whicH€ longer-wavelength mode leaves out of and the other
one usually obtains in the truncated Taylor expansiorﬁhorter—wavelength mode moves into the forbidden gam,as
method [12]. This so-called “faster Berreman method” 'Ncreases _further. The wavelength of defect mﬂ@wane;s
[13,14, whose results agree well with experimental datalin€arly with ng near the center of the gap but deviates
[15], is thus employed for this study. slightly near band edges. All these behaviors repeat in se-

Figure 1 depicts the cell structure and the coordinate sysduence as increases. If the thickness of defect lagiegets
tem. ChLC is distributed over the cell except for the region
where the defect is present. We choose Zlaxis to be the
twist axis of ChLC. The handedness of the host ChLC is
assumed to be right. The liquid crystal director is represented

by n=[cos@,2),sin(.2),0], and its dielectric tensor function
€(2) by €j=€, 6;j+Aen;n;. Here, {,]) e{Xx,y,z}, §; is the
Kronecker delta, and\e=(¢—€,) [8]. We only consider
here the case oft=1 since we are dealing with optically
visible region. It should be noted that the defect layer is
located at the center of the cell, i.e4=L/2. The parameters
used in this study are summarized in Table I.

Figure 2 shows the reflection spectra of ChLC cell for
each polarization of incident wave when the defect layer is
introduced Rz andR, mean, respectively, the reflectivity of FIG. 3. Wavelengthgsquare and reflectivity(circle) of defect
the light of right circular polarizatiodRCP and of left cir-  modes as a function of the refractive index of the defect layer.

590 T T T T T T
580 7
570
560
550
540
530

520

reflectivity of defect modes

wavelength of defect-modes (nm)

1.0 1.5 2.0 2.5 3.0 3.5

510 . L

refractive index of defect layer



6854 YANG, KEE, KIM, PARK, LEE, AND CHON PRE 60

larger(smallep, the slope oh 4 vs ng graph becomes steeper lights passing through a defect layer are not reflected, but

(flatten. only get the phase factor which results in defect modes. If
We find that when the defect mode exists at the center ofhere is a partial reflection from the defect layer, the reflec-
forbidden gapny satisfies the relation tivity of such Ay does not vanish.
Since no forbidden gap exists for the light of LCP, we
_ 1\ \g 1 Fpo cannot apply the concept of PBG, in the strict sense, to this
[ng—n|d=| m+ E) 5= m+ 5) 5 (3)  case. Nevertheless, we can arrange two ChLC cells of oppo-

site handedness in series at a distance much longer than the
— coherence length of light. They behave as a PBG material. In
wherem=0,1,2 ..., andAq=Po(net no)/2=Pon, so that some cases, gCJZhLC ig more )llJSEfU| than conventional PBG
the effective refractive index of ChLC may be takenras materials. ChLC is a good circular polarizer in wide spectral
Then, the phase slip due to the defect layer isr[®2;)(ng  ranges. One can use either the transmitted or the reflected
—F)d, Equation(3) tells us that the phase slip is odd mul- light at one’s convenience. Defect modes can have extremely
tiples of /2, i.e., a quarter wavelength. It is well known that harrow spectral width in the order of few A.
the phase slip ofr/2 in a quarter-wave stack makes a defect In conclusion, we studied photonic defect modes of cho-
level at the center of the forbidden gl lesteric liquid crystals as a new type of material giving pho-
We can also notice in Fig. 3 that the reflectivity becomestonic band gaps. ChLC exhibits such stop gaps that no propa-
zero at certain values ofy. It is found to occur when the gation mode is allowed for one polarization, but the other

condition orthogonal polarization propagates through. The light of cir-
cular polarization with the same handedness as that of ChLC

g is forbidden. A defect layer introduces defect modes not only

ngd= ?I (4) for the forbidden polarization, but also for the allowed po-

larization. Their wavelengths and reflectivity are the same at
is satisfied. Herd,=1,2,3, . .. . This is the condition for the the centers of the two defect peaks when a defect layer is
complete transmittance through a thin filfk6]. So, the located at the center of the cell.

[1] E. Yablonovitch, Phys. Rev. Leth8, 2059(1987). [9] H. de Vries, Acta Crystallogi4, 219 (1951).

[2] S. John, Phys. Rev. Lets8, 2486(1987). [10] D. W. Berreman, J. Opt. Soc. A3, 1374(1973.

[3] C. S. Kee, J. E. Kim, H. Y. Park, S. J. Kim, H. C. Song, Y. S. [11] William L. Brogan,Modern Control Theory2nd ed(Prentice-
Kwon, N. H. Myung, S. Y. Shin, and H. Lim, Phys. Rev58, Hall, Englewood Cliffs, NJ, 1985
4695(1999. [12] H. Woler, G. Haas, M. Fritsch, and D. A. Mlynski, J. Opt. Soc.

[4] E. Yablonovitch, T. J. Gmitter, R. D. Meade, A. M. Rappe, K. Am. A 5, 1554(1988.

D. Brommer, and J. D. Joannopoulos, Phys. Rev. L&f;. [13] W. D. St. John, Z.-J. Lu, and J. W. Doane, J. Appl. Pi#g.
3380(1991. 5253 (1995.

[5]R. Biswas, M. M. Sigalas, G. Subramania, and K.-M. HO, 114\, p. st. John, W. J. Fritz, Z. J. Lu, and D.-K. Yang, Phys.
Phys. Rev. B57, 3701(1998. Rev. E51, 1191 (1995.

[6] J. H. I‘:rendler,NanopartlicIes and Nanostructured Filmgst [15] M. Xu, F.-D. Xu, and D.-K. Yang, J. Appl. Phy83, 1938
ed. (Wiley-VCH, Weinheim, 1998 (1998

[7JR. D. Pradhan, I. I Tarhan, and G. H. Watson, Phys. Rev. B4 5 o “paity £ 3. Milford, and R. W. Christffoundations of

54, 13 721(1996. _ . .
[8] P. G. de Gennes and J. Prashe Physics of Liquid Crystals Electromagnetic Theory3rd ed.(Addison-Wesley, Reading,
MA, 1979), pp. 401—407.

2nd ed.(Clarendon Press, Oxford, 199%p. 271-280.



