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Transmission and reflection of the light in films with helical periodical structure
and enormous anisotropy are studied. We found strong evidence that in MgFs
there is a range (window) of frequencies for the incident light where strong ani-
sotropy takes place. It is shown that in helical periodical media (HPM) with large
anisotropy, the circular dichroism in diffraction (selective) reflection region (DRR)
decreases with the increasing of the parameter of anisotropy 6 = (e1 — e2)/(e1 + &2)
(where &1 and &y are the principal values of the local dielectric constant tensor) and
vanishes in the limit 6> 1. The linear dichroism has the reverse behavior: it is
equal to zero in the limit 6 <1 and increases to the maximum value equal to one
in the limit 6> 1. The DRR’s structures were also found at certain conditions for
HPM calculated in the presence of dispersion for the dielectric permittivity.

Keywords: diffraction; eigen polarizations; large anisotropy; liquid crystals; selective
reflection; transmission

INTRODUCTION

Optical properties of the HPM [cholesteric liquid crystals (CLC), chiral
smectic liquid crystals, chiral sculptured thin films, magnetic heli-
coidal crystals, etc.] have extensively been studied both theoretically
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and experimentally [1-6]. However, these discussions are usually
limited to the case of the weak parameter of the anisotropy (0 < 1).
On the other hand, the recent technological progress in structuring
multilayer systems with given parameters allows us to assume that
there is a real possibility to synthesize and fabricate multilayer period-
ical systems of helical structure, for instance, using the media MgF, or
TiOg with such values of local anisotropy o, which varies greatly. For
instance, it is well known that helical periodical media appear in
nature and also can be synthesized as self-organized CLC [7] or
fabricated by a variety of techniques, for example, by glancing-angle
deposition on a rotating substrate [8]. There exist CLC polymer
networks [9,10], too. CLC elastomers allow for mechanical tuning of
the Bragg reflection region [9,11,12] because of the coupling of the
polymer network and cholesteric structure.

An analogous situation (that is when 6 > 1) is expected for the
artificial ferromagnetic helical structures imitating the behavior of
CLC in the super-high frequency region, because, as is known, the
magnetized ferromagnetics have large (enormous) anisotropy in the
region of super-high frequencies near to ferromagnetic resonance
[13,14].

All these make it urgent to develop the theory of transmission and
reflection of light in the HPM with large anisotropy. Such investiga-
tions were started by Vardanyan et al. [15]. The investigation of the
optical properties of HPM in artificially finely chirally sculptured
MgF, or TiOg (in some ways, for instance, by glancing-angle depo-
sition on a rotating substrate method or simply by uniform mechanical
twisting of the rod form sample of MgF, or TiOg) with relatively large
(6 ~ 1) and huge (6 > 1) anisotropy is also of great interest because of
many practical applications. We study the optical reflection in HPM
with large anisotropy in this article.

The various characteristics of HPMs have recently become very
important for optical applications [16-25]. Taking into account the
experimental data from Refs. 26-28, the authors of those articles
obtained the following dispersion relations of dielectric permittivity
for the film media of MgF, and TiO:
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The constants 47p (oscillator strength), wr (transverse optical phonon
frequency), y/wr (7 is the line-width of the resonance), and ¢, (super-
high frequency dielectric permittivity) were defined experimentally
[26—28]. In Figure 1, the calculated dependences for (1) versus A are
shown for MgF,. As it can be seen from Figure 1, there are some wave-
length regions where ¢, (1) > 0 and ¢, (1) > 0, and vice versa. Thus, if
A = 23.8um, then &, (1) = 2.667, ¢, (1) = — 2.638, and ¢ = 182.93; that
is, these simulations show evidence that in MgF, there is a range of
wavelengths for the light where strong anisotropy (0> 1) is expected.

OPTICAL PROPERTIES OF HPM LAYER WITH
LARGE ANISOTROPY

For simplicity, we first consider the HPM optics with large anisotropy
without taking into account the dielectric permittivity dispersion,
although later we correctly take into account the dispersion and
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FIGURE 1 Dependences of & (4), &,(4),¢/(4), and &/(4) onto /4 for MGFs.
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absorption. This is more convenient, because it allows us to find the
main peculiarities related to the larger values of anisotropy and select
the regions where 0 ~ 1 or 0> 1. Also, it is easier to analyze the influ-
ence of dispersion and absorption on the various optical properties later.

Let us consider light propagation in an HPM along its helix axis.
The dielectric permittivity, ¢, and magnetic permeability, ji, tensors
have the form

1+ 0cos2az +o0sin2az 0 R
éz) =en| +osin2az 1-0cos2az 0 |p(z)=1 (2)
0 0 1-96
Here, a = 2n/0, o is the helix pitch, &, = (¢1 + &2)/2, and I is the unit
matrix. In this case, as is known, the field in the medium has the form
brought in Ref. 4:

4
Z 77, exp(ik;z) + E; "7 exp(ik; z)lexp(—int),
Jj=1

Jj=12..4 (3)

where 7. = (& +iy)/v/2 are the circular polarization unit vectors and
k; and k; are the wave vectors’ z components (k; —k; = 2a). They
are found from the dispersion equation and have the form

kf:2n\/g(xj:bi)//l, kj’:2n@(—xibi)//l. (4)

Here, y=4/(x\/em), 4 is the wavelength in vacuum, b* =

V1+72+n, and n = \/4z2 + 6%. The wave numbers K; = 21b* /&, /.
(j = 1,2), in the system of coordinates rotating with the director, are
real quantities (in absence of absorption), except for DRR where the
resonance wave number K, becomes purely imaginary. The equation
b~ = 0 defines the boundaries of this region:

)»1’2 =0 6m(1 + 5) (5)

At &, > 0 and 0 < 1, there is a finite DRR. At 0 > 1, the equation
b~ = 0 has only one real solution, and this means that DRR begins
at 2 =0 and reaches to 11 = 0/&n, (1 £ 0).

In the case of ¢,, < 0 (also assuming that one of the principal values
of the dielectric tensor is positive and 6 > 1 everywhere), one more
characteristic wavelength (frequency) /1o = a|d|\/|em|/2 appears
defined by the condition n = 0. At wavelengths / > /¢, the quantity 5
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becomes purely imaginary and, therefore, wave numbers & become
complex. The equation b~ = 0, which determines the DRR boundaries,
has only one solution, which is /2 = g+/&n (1 — J), where 1g < 1o. Thus,
the light interaction with the medium has a diffraction character in
the range 0 < A < J3. The range /3 < 4 < 4y defines the transmission
region. At 1 > Ay, all the wave numbers are complex; therefore in this
region the reflection has a nondiffraction character. It has mirror
character and there is a finite region of transmission between the
diffraction and mirror reflection regions.

Now let us consider the light transmission and reflection at its nor-
mal incidence (the incidence angle is zero) on a planer layer of HPM.
The analytical solution of this boundary problem is known [1-5,29],
and using those results we immediately pass to the discussion of the
obtained results.

In Figure 2, the coefficient if reflection R is shown depending on
wavelength A, in the case of ¢,, > 0 and ¢ < 1, when circular polarized
light is falling on HPM layer. The polarization coincides with the helix

1R I
e \5

FIGURE 2 Dependence of the reflection coefficient R on the wavelength A for
the incident light, which has the right (1) and the left (2) circular polariza-
tions; the linear polarizations along the direction of director at the entrance
surface of HPM layer (3) and along the perpendicular direction (4); and the dif-
fract (5) and opposite (6) EPs. Curve 7 presents the dependence of EP ellip-
ticity onto 1 (ellipticity of the second EP has the opposite sign). HPM is
assumed to be right-handed. Ree, = 0.5, Red = 0.95, Imey, =0, Imd = 0.
o =0.42my, and d = 70. Reflection from the HPM layer is considered.
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screw (“a resonance circular polarization,” curve 1); the same is also
shown for the reverse circular polarization (“nonresonance circular
polarization,” curve 2). Those dependences for both linear polariza-
tions are also shown (curves 3 and 4). The case of ¢ = ¢,, (where ¢ is
the dielectric permitivity of the medium, which has boundaries on
both sides of HPM layer) is considered to minimize the dielectric
boundary influence. As it is seen from Figure 2 in the DRR region
A1 < A < Jg, the reflection R sharply differs from zero for the both cir-
cular polarizations of the falling light, whereas at 6 <1 the circularly
polarized light with the same handedness as the structure itself
reflects diffractively (R ~ 1), while the light with opposite circular
polarization is transmitted through the structure without any diffrac-
tion reflection (in DRR range the reflection coefficient practically
vanishes). Therefore, DRR, in the case of HPM, often is called the
region of selective diffraction reflection (for circular polarizations).
Thus, for larger anisotropies, the complete diffraction selectivity (in
the sense that the interaction of the light of one circular polarization
with HPM layer has a diffraction nature, whereas the light with
another circular polarization has no diffraction nature) for circular
polarizations (which is one of the main characteristics of HPM) is lost,
and now the interaction of light with media has a diffraction nature for
the both circular polarizations. Let’s note that the selectivity of reflec-
tion in HPM both for circular and linear polarizations is practically
always present at any value of anisotropy; that is, the curves R(4)
are sufficiently different for both circular and linear polarizations.

Notice that there is a strong diffraction reflection, if the layer is
geometrically thin (d ~ 1 + 30, d is HPM layer thickness), whereas at
0<1it takes place at d ~ 30 + 500. This is because diffraction efficacy
for HPM depends not only on the layer thickness, but also on the para-
meter /0 (i.e., depends onto d 0/ag), which is large in this case because
of the large 9.

In Figure 3, the reflection coefficient R’s dependence on wavelength
J is represented when a transmission region (/g < 1 < 49) between dif-
fraction (0 < 4 < ) and mirror (1y < 4 < o) reflection regions (in the
case of ¢, < 0) are formed. The larger reflection within the trans-
mission region is a Fresnel type and not diffraction one. Here the light
reflection from the half-space is considered.

As the detailed investigations show, these peculiarities are due to
Eigen polarization (EPs) changes connected with anisotropy changes.
As is known, EPs are the two polarizations of incident light that
remain unchanged when light passes through an optical system. In
general, the ellipticities of EPs practically coincide with those of
medium internal waves (eigenmodes). Of course, there are some
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FIGURE 3 Dependence of the reflection coefficient R on the wavelength A.
Numbering of curves is the same as in Figure 2. HPM is assumed to be right-
handed. Reey, = 0.1, Red = 5.0, Imep, =0, Imd =0, ¢ = 0.42mp, and d = 7o.
Reflection from the HPM half-space is considered.

differences between them. In EPs, the influence of dielectric bound-
aries is taken into account. There are only two EPs whereas the eigen-
modes can be more than two and moreover can differ from each other,
for instance, for nonreciprocal media.

Let us introduce a ratio of complex field components of the falling
wave (expanded by basic circular polarizations) as f; = E; /E; and
the same for the transmitted wave as f, = E; /E;. Two EPs f,, are
obtained from condition f; = f3,, and, for the case of light transmission
through a finite HPM layer with ¢ = ¢,, and ad = 2nn (n is integer),
they have the form

2y £
pro ==, (6)

(In the general case, these expressions are rather complicated.) It is
seen from Eq. (6) that EPs are two quasi-circular left- and right-hand
polarizations if the anisotropy is weak (0 <1). These EPs change with
anisotropy, and if the latter increases they turn into elliptic polariza-
tions. The further anisotropy increases brings to the decrease (modulo)
and vanishing of ellipticity for 6> 1. Thus, if at one limit (6 <1) EPs
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are orthogonal quasi-circular polarizations, at the other limit (6> 1)
they are orthogonal but have quasi-linear polarizations.

The HPM EPs have another important property. As was already
mentioned, at weak anisotropy, the HPM layer shows diffraction selec-
tivity in regard to the circular polarizations, in the sense that the
interaction of the light one circular polarization with the HPM layer
has a diffraction nature, whereas the light with another circular polar-
ization has no diffraction nature. If the anisotropy is huge (0>1), it
exhibits diffraction selectivity in regard to the linear polarizations,
in the sense that now the interaction of the light of one linear polariza-
tion with the HPM layer has a diffraction nature, whereas the light
with another linear polarization does not have that nature. For the
intermediate anisotropy values, HPM layers lose their full diffraction
selectivity in regard to these polarizations, and the interaction of the
light with media has a diffraction nature both for circular and linear
polarizations. The EPs’ property analysis shows that at normal inci-
dence diffraction, selectivity is a general property of the HPM layer.
It is to be noted that these media show diffraction selectivity not for
circular or linear polarizations, but only in regard to EPs. The light
with one given EP shows complete diffraction reflection, and the
reflection coefficient in DRR precisely equals to the unit and is inde-
pendent of anisotropy. The light with another EP does not undergo
any diffraction reflection at all. The reason the medium shows diffrac-
tion selectivity in regard to circular polarizations at weak anisotropy is
that at this limit EPs coincide with these polarizations. In the same
way, at huge anisotropy, the HPM layer shows selectivity for linear
polarizations, because at this limit the EPs turn into linear orthogonal
polarizations.

In Figure 2, the reflection coefficient dependence on wavelength is
shown for the light falling on the layer; it has a diffracting EP (curve
5) and a nondiffracting EP (curve 6). The EP ellipticity dependence on
wavelength is also shown (curve 7).

Let’s note that the fact that the internal waves of HPM have ellip-
tical polarization is well known, but the influence of anisotropy on
ellepticity of those waves has not been investigated. Analogical inves-
tigations of the influence of the incidence angle’s changes on the
polarizations of eigenmodes were carried out by Yuvaraj and Suresh
[30]. Endo et al. [31] investigated the absorption peculiarities of
oblique light incidence on the CLC layer found that absorption
suppression is observed only for incident angles of less than 19°.
Yuvaraj and Suresh [30] show that this is connected with those
changes of the polarizations of the eigenmodes, which are due to
the incident angle’s changes [the polarizations of the eigenmodes
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change from the circular polarizations (at normal incidence) to linear
ones (at grazing)].

The circular dichroism D.=(T"—-T")/(T"+7T") and linear
dichroism Dy, = (T* — T%)/(T* + T”) are often measured in the experi-
ment; here T" and T~ are the transmission coefficients for “reson-
ance” and “nonresonance” circular polarizations, and T* and 7Y are
those for the lights linearly polarized along the direction of the director
and polarized perpendicularly to the director, respectively. If ani-
sotropy is weaker (6<1), the HPM layer circular dichrosim in DRR
is practically equal to the unit, and oscillating, it vanishes out of this
region. If the anisotropy ¢ increases, then circular dichroism D,
decreases (in DRR) and vanishes at the limit 6> 1. The HPM with
weak anisotropy does not show any linear dichroism. The increase of
the anisotropy o6 brings to linear dichroism in DRR. Outside of DRR,
it decreases oscillatingly.

So far in discussing the optical properties of HPM with huge
anisotropy, we considered the permitivity tensor principal values to
be constant, that is, independent of frequency, and we assumed the
absorption to be weak. Such an assumption was made to represent
the effects connected with large anisotropy in the simplest way. It is
also natural to take permitivity dispersion into account.

Dispersion causes various effects [32-36, and some others cited
therein]. More than one Bragg regime can exist because of dispersion
[32—35]. We consider one special case at which the huge anisotropy
effects shall also appear. Let us consider light reflection from the
actual material layer, namely from the magnesium fluoride (MgFs)
layer artificially and uniformly sculptured (in some way) into a spiral,
forming the finely structured HPM layer. Moreover, we assume that in
this process its local dielectric properties do not change, and hence the
principal values of the local dielectric-constant tensor of HPM layer
are defined as ¢1 = ¢, +1i¢/, &2 = ¢, +igy, where ¢, ¢/, ¢, ¢; are defined
by dispersion law (1).

Besides, we consider the more general case, ¢ # ¢, because it is
practically impossible to provide the condition ¢ = ¢,, at the dielectric
permitivity frequency dispersion.

In Figure 4a, the reflection coefficient dependence on wavelength /
is shown when circular polarized light is falling on a HPM layer and
the polarization coincides with helix screw (curve 1); the same is also
shown for reverse circular polarization (curve 2); and dependences for
both linear polarizations are also shown (curves 3 and 4). Here the
light reflection from the half-space is considered.

As it is seen form Figure 1, there are three resonance absorption
lines, near A1 =22.2um, Jg = 25.1um, and /3 = 40.5um. Figure 4a
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FIGURE 4 (a) Dependence of the reflection coefficient R on the wavelength
/ in the presence of dispersion, with local dispersion low (1). &° = 2.70,
S 268, 0 =156mp, ¢=1, 4np; =2.21, 4npy =0.19, 4np; =1.14, 4np =
2.70, wr1 = 247cm !, wro = 410 em ™!, wro=450cm !, and wr=399cm 1. Num-
bering of curves is the same as in Figure 2. (b) Dependence of the reflection
coefficient R on the wavelength /, in the absence of dispersion.
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shows the existence of reflection peaks near these lines. High reflec-
tion around these lines does not have a diffraction nature and is con-
ditioned by the high values of imaginary parts of dielectric
permitivities, and it is an analog of the high reflection from metallic
surfaces. High reflection around the wavelenghts 14,/15,16, and 17
(Figures 4a and 5) has a diffraction nature. For comparison, the depen-
dence of R(1) at the absence of dispersion is presented in Figure 4b.

As is seen, the falling light with both circular polarizations under-
goes a diffraction reflection, when there is dispersion. In this case,
another interesting phenomenon appears. Figure 4a shows that in this
case DRR breaks up into four DRRs. It is explained as follows (about
the case of more than one DRR, see also Refs. 32-35).

Let us take the dimensionsless wave numbers b* in the form:

2 »2\2
be — <7bl bty ) . \/(751 rot ) “bibs, (1)

where b9 =1+ d—c?-b; and by have different signs in DRR; hence,
b~ is purely imaginary here. Consequently, it can be asserted that DRR
borders are the abscissas of intersections of points of the straights
y1=v1—0 and ys = v1+ 6 with the straight y = 4. If dispersion is

9_
i, %2, ¥s

Y

FIGURE 5 Dependences y1(4), y2(4), and y3(4), in the presence of dispersion.
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FIGURE 6 Dependences y1(4), y2(4), and ys(4), in the absence of dispersion.

absent, there are two intersection points of y = y with y; = v1 — 6 and
ye =1+ 0, and the abscissas of these points define DRR borders (1;
and /g, Figures 4b and 6. In the region of DRR, y =y is above
y1 =V 1—0 but below ys =+/1+ 0. But, if there is dispersion, then
both 6 and ¢, become functions of wavelength A, and the straight lines

are replaced by complicated curves y(1)= x:#,

ém (4)
y1(4) = /1 —0(4), and ya(1) = /1 + (1), and consequently, depend-
ing on these functions, there can be several new DRRs (Fig. 5). In
our case, new DRRs appear near A4, 15, 4¢, and A7 (Figs. 4a and 5).

Here, it is worth mentioning the influence of dispersion absorption.
Generally, new DRRs do not arise in spectral regions of large absorp-
tion, even when y(i) =y is above y;i(1) =/1-9(4) and below
y2(4) = /14 6(4). Indeed, the intensity of diffraction reflection is
characterized by the parameter do/c. The absorption effectively
decreases this parameter and the diffraction reflection usually takes
place when dd/o ~ 1. But if absorption is strong, the medium absorbs
the radiation at less penetration depth and the absorption saturation
length is less than the diffraction saturation length.

In conclusion, we found that there is a large window of frequencies
in MgF,; where strong anisotropy must be observed. Moreover, the
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DRRs structures are retained also in the presence of dispersion for the
dielectric permitivity. The HPM has wide application, particularly as
laser mirrors, display devices, polarization filters, modulators, and
so forth mainly because of the Bragg diffraction phenomena in such
media [16-25]. The represented results show that by varying the para-
meter of the anisotropy o, we can change the DRR width (within large
limits), and polarization of reflected and transmitted lights in DRR
will give rise to mirror reflection regions and transparency windows
between the mirror and diffraction reflection regions. Naturally, all
these opportunities enlarge the possible limits and regions of appli-
cation of HPM with large anisotropy. In conclusion, let us note that
small geometrical thicknesses of HPM layers are important for design-
ing miniature optical systems with large anisotropy.
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