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Abstract: The structure consisting of alternating uniaxial dielectric layers is known to produce
reflection of the same polarization as the incident field; e.g., the right-hand elliptically polarized
light preserves this right-handedness and ellipticity of polarization at reflection. The parameters
permitting the properly-polarized reflectance to exceed 99% in a wide frequency range were
considered both analytically and numerically. The mirror with tuned top-layer thickness is shown
to have several times less polarization losses than the uniform mirror. The hybrid mirror with
metallic bottom layer has a considerably reduced thickness.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Among the variety of optical elements and devices, mirrors or reflectors have been most widely
used and have the richest history. Optical mirrors are essential parts of the most complex units of
almost all modern optical equipment. Optical devices with diverse characteristics are required
to fully penetrate in the nature of new extraordinary physical phenomena and to make them
work in novel engineering systems [1, 2] To overlap the range of possible applications, mirrors
with various properties are needed. Therefore, novel optical units are currently designed using
different metamaterials [3].
At reflection of the incident wave, a mirror isotropic with respect to the light polarization

changes the sign of circular polarization of the reflected light to the opposite one. We will call the
mirror that does not change the sign of polarization of the reflected light a polarization-preserving
anisotropic mirror (PPAM) [4], also known as handedness-preserving mirror [5]. Furthermore,
PPAM can be defined as a reflector with the effect of a half-wave phase plate [6].
For instance, if the right-hand circularly polarized light falls on a crystal, the reflected light

also has the right-hand circular polarization. This distinguishes the PPAM from the isotropic
mirror. We will call the conventional metal mirror an electric mirror, since it reflects light via
interaction with the electric component of the electromagnetic wave and changes the phase of the
latter to the opposite one. The resulting standing wave has an electric field node at the mirror
boundary. In contrast to the electric mirror, the magnetic mirror reflects light by affecting its
magnetic field; in this case, the initial electrical properties remain invariable. Such a mirror
does not change the electric field vector of the incident light wave field, but reverses its magnetic
field vector. As a result, the magnetic mirrors can fully reflect electromagnetic waves without
changing the phase of electric field at the boundary [7]. To form the PPAM, it is necessary to
combine the properties of the electric and magnetic mirrors.

Themagnetic mirrors can have different structures and can be formed of different materials. The
metamaterial magnetic mirror occupies a special place among all mirrors [8–14]. Metamaterials
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allow forming the mirrors reconfigurable from an ideal magnetic mirror to an ideal electric
mirror [15]. The common drawback of such mirrors is the high loss caused by metal components.
Tominimize the loss, it is proposed tomakemagneticmirrorswith dielectricmetamaterials [16,17].
An example of PPAMs is chiral metamaterials. Their structure cannot be matched with its own
specular reflection by any spatial motion [18, 19]. The best-studied chiral PPAM is probably
a cholesteric liquid crystal constituted by aligned molecules with a preferred direction twisted
in space in the form of a helix [20–22]. In the Bragg condition for an arbitrarily polarized
incident light, the reflected light keeps the circular polarization with the same handedness of the
cholesteric helix, but the component of the opposite circular polarization is transmitted through
the liquid crystal.

As a matter of fact, to form a PPAM, it is not necessary to use the metamaterials structured on
the scale much smaller than the light wavelength. Chirality is not a prerequisite, either. The main
required property of the PPAM is its birefringence or optical anisotropy. The simplest example
of such a PPAM seems to be the interface between layers of a uniaxial crystal whose optical axes
are perpendicular to each other in the interfacial plane. Although upon reflection from such an
interface the light wave strictly maintains its polarization, the reflection is small. In [23], we
reported our investigation of a mirror with a difference between the ordinary and extraordinary
refractive indices of 20% of the average refractive index. According to the Fresnel formula, the
reflectance from such a PPAM is 1%. For the Fabry-Pérot cavity based on such mirrors, the
reflection is no larger than 4% in accordance with the Airy formula.

The reflection can be promoted, first of all, via enhancing the optical anisotropy [4]. The planar
interface of a metal–dielectric nanocomposite is a PPAM model. The nanocomposite consists
of spheroidal silver nanoparticles dispersed in a transparent matrix. In the Maxwell–Garnett
approximation such a mirror transfers almost 80% of the incident wave energy to the reflected
wave with the same polarization in a certain spectral range. Another way of enhancement of the
reflection is increasing the number of layers. To form the PPAM, it is sufficient to make only the
first layer transparent, as in the anisotropic-phase reflector, which represents a multilayer mirror
covered with a phase plate [24]. When a quarter-wave phase plate is used, the anisotropic-phase
reflector becomes a PPAM [25]. The weakness of such a PPAM is the large thickness of the
anisotropic layer and, in turn, the strong frequency dispersion. The characteristics of the PPAM
are pronounced only in a narrow frequency band where the phase plate is a quarter wavelength.

Fig. 1. Schematic of the PPAM model. The orientations of the vertical (V) and horizontal
(H) optical axes are shown separately. N is the number of periods, Λ = 2a is the unit-cell
period, a is the thickness of one layer.
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These problems can be solved using anisotropic dielectric multilayers [26–28]. The simplest
example of such structures is a pile of identical anisotropic layers with alternating orientations of
the optical axes. This structure was studied by Reusch [29] as a polarization filter. Later, Šolc [30]
suggested that the Reusch pile placed between two linear polarizers works as a frequency filter.
Due to the chiral properties of the Reusch pile, the incident wave of one circular polarization
passes through the structure, while the component of the other polarization is reflected from
it. This property is observed both at the normal [31, 32] and oblique incidence of light [33].
A special class is the equichiral Reusch piles, in which the optical axes of neighboring layers
become perpendicular to each other [34, 35].
In this work we explore an equichiral Reusch pile with the tuned top-layer thickness. Both

analytically and numerically we demonstrate that the investigated tuned structure as well as
the uniform structure works as a PPAM—when elliptically polarized light falls on the pile, the
reflected light has the same ellipticity and handedness as the incident wave. The calculation shows
that the phase of the reflected light remains unchanged and the PPAM-reflectance approaches
100%.

2. Model and calculation technique

In equichiral Reusch pile the identical uniaxial dielectric layers with refractive indices ne =
√
εe

and no =
√
εo are differently oriented. Here, we characterize them by different dielectric tensors

of the two alternating layers ε̂V and ε̂H , which form a structure with N periods (i.e., V – H pairs)
and the unit-cell period Λ = 2a, where a is the thickness of one layer. The Maxwell’s equations
for waves propagating along the z axis give the following wave equation:

∂2 ®E
∂z2 + ε̂(z)

ω2

c2
®E2 = 0,

where ®E = [Ex, Ey, 0] is the electric vector. The dielectric tensors of the two alternating layers
can be written as:

ε̂V =


εo 0 0

0 εe 0

0 0 εz


, ε̂H =


εe 0 0

0 εo 0

0 0 εz


.

The proposed PPAM model is schematically illustrated in Fig. 1.
Such a structure can be considered separately for x- and y-polarized light similarly to a

common Bragg reflector comprising periodically layered isotropic materials. The reflectance is
determined using the analytical expression [36]:

|rN |2 =
���� CUN−1
AUN−1 −UN−2

����2 = |C |2

|C |2 +
(

sin KΛ
sin NKΛ

)2 , (1)

where UN =
sin(N+1)KΛ

sin KΛ and K = 1
Λ

arccos
[ 1

2 (A + D)
]
is the Bloch wavenumber. We consider

only the TE modes in which vector E is perpendicular to the yz plane, where the wave propagates
perpendicular to the layers in the direction of the periodic permittivity variation. In Eq. (1), A, C,
and D are the elements of the 2×2 transfer matrix for one cell, which relate the amplitudes of
plane waves in the first layer of a unit cell to the amplitudes in the first layer of the neighboring
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unit cell along the wave incidence direction:

A = eikeza
[
cos koza + 1

2 i
(
koz

kez
+

kez
koz

)
sin koza

]
,

C = eikeza
[
− 1

2 i
(
koz

kez
− kez

koz

)
sin koza

]
,

D = e−ikeza
[
cos koza − 1

2 i
(
koz

kez
+

kez
koz

)
sin koza

]
,

(2)

where kez = (ω/c) ne and koz = (ω/c) no are the wavenumbers for the first and second infinite
media.

Obviously, the quality of the PPAM, as judged by the reflectance, is improved with increasing
number of periods and layer anisotropy. For small anisotropy the layers can be assumed
quarter-wave at the central frequency ωg of the first stopband: λg/4 = an̄ ≈ ane ≈ ano, and
λg = 2πc/ωg. With inequality 4q−2N � 1 Eq. (1) gives the following approximation:

|rN |2 =
1

1 + 4q2 (
q1+N − q1−N )−2 ≈ 1 − 4q−2N,

where q = ne/no > 1 for uniaxial positive crystals and ln q ≈ ∆n/n̄. Here ∆n ≡ ne − no and
n̄ ≡ (ne + no) /2.

At the specified anisotropy ∆n/n̄ of the material and desired transmittance limitation Tmin, the
required number of periods is

N ≈ ln 4 − ln Tmin
2

n̄
∆n

. (3)

For instance, at a transmittance limitation of 1%, we have N ≈ 3n̄/∆n.

Fig. 2. Spatial field distribution inside the structure shown in Fig. 1 at a frequency
corresponding to the stopband center, when the layer thickness is approximately a quarter
wavelength. The mirror is (a) magnetic for the vertically polarized radiation and (b) electric
for the horizontally polarized one. The first two periods are shown. The standing wave
amplitude is constant in each layer and decreases from one layer to another.

Figure 2 shows the spatial distributions of the magnetic and electric field vectors in the
multilayer dielectric mirror. It can be seen that the increase in the number of interfaces leads to a
decrease in the transmission and an increase in the reflection of the PPAM. The standing wave
amplitude is constant in each layer and decreases from one layer to another. The attenuation
is the most effective when the decrease in each layer amounts to a quarter wavelength. At the
transition to the layer with the large refractive index, an electric field node forms at the interface
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(the electric mirror condition), the electric field amplitude decreases inversely to the refractive
index, and the magnetic field amplitude remains invariable. At the next interface, a magnetic
field node forms, so now the magnetic field decreases inversely proportional to the refractive
index, while the electric field maintains its amplitude. For the vertically polarized radiation, the
electric field nodes correspond to the even interfaces and the magnetic field nodes to the odd ones.
For the horizontally polarized radiation, the situation is opposite. Therefore, the first interface
is the node of the horizontally polarized magnetic field [(Fig. 2(a)] and horizontally polarized
electric field [Fig. 2(b)]. Both electric and magnetic fields at the interface are vertically polarized.
The Umov–Poynting vector becomes zero, as in the nodes of the isotropic standing wave.

3. Results and discussion

Let us now consider a model of the dielectric PPAM consisting of alternating coaxial dielectric
layers with the extraordinary and ordinary refractive indices of ne = 1.70 and no = 1.45,
respectively. With these parameters and the same thickness of layers a = 100 nm, the central
stopband wavelength is λg = 630 nm and ωg ≈ 3.0 · 1015 Hz. Formula (3) yields the number
of periods N ≈ 19. We take N = 20 for the transmission to be no higher than 1% in a wide
frequency band and not only at the stopband center. The approximation (3) is valid since
q = ne/no = 1.7/1.45 with N = 20 gives 4q−2N ≈ 7.0 · 10−3 � 1.

Fig. 3. Refractive indices of the layers for the waves with the vertical (nx) and horizontal (ny)
linear polarizations of the electric field for the (a) uniform and (b) tuned PPAM structures.
The parameters are ne = 1.70, no = 1.45, and N = 20

The profile of refractive index ny in Fig. 3(a) is shifted relative to the profile of nx by
the thickness of the first layer to ensure the same reflection amplitude for the vertically and
horizontally polarized waves. Then, the phase difference between them amounts to the doubled
phase incursion in the first layer: ∆ϕ = ϕy − ϕx = 2π · 2ano/λ. At the high-frequency boundary
of the stopband ∆ϕ = π, the reflection polarization is preserved. To displace the condition
∆ϕ = π to the stopband center, the thickness of the first layer should be decreased [37]. Let the
thickness of the first layer be 0.3a. Further consideration will concern both above-mentioned
structures: uniform [Fig. 3(a)] and tuned [Fig. 3(b)].
Figures 4(a) and 4(b) show the frequency-dependent reflectance spectra and Figs. 4(c) and

4(d), the phase of the reflected wave for the equichiral Reusch pile. The plots are obtained by
Eq. (1) and verifyed by the Berreman transfer matrix method [38]. It can be seen that in the
uniform structure, the PPAM reflection RPPAM coincides with the total reflection RTotal from
the interface only at certain frequency at the high-frequency stopband edge [Fig. 4(a)]. The
loss, i.e., the orthogonally polarized common mirror reflection component RCM, is about 3%
at the low-frequency stopband edge. In the tuned structure [Fig. 4(b)], the reflection with the
polarization analogous to that of the incident wave almost coincides completely with the total
reflection from the interface. At the stopband center, the mirror transfers 99.2% of the incident
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Fig. 4. Frequency dependences of the reflectance in the (a) uniform and (b) tuned PPAM
structures as shown in Fig. 3. The frequency is normalized to the first stopband center
ωg = πc/2an̄. The blue line shows the total reflection RTotal (the blue curve is not seen in
(b) due to its coinciding with the green curve); the green line, PPAM reflection RPPAM; and
the red line, common mirror reflection RCM. Phase functions for the (c) uniform and (d)
tuned structures. The solid blue line shows the magnetic-mirror phase ϕx + π for vertically
polarized light of Fig. 2(a), the dotted magenta line shows the electric-mirror phase ϕy
for horizontally polarized light of Fig. 2(b). The parameters for the plots are ne = 1.70,
no = 1.45

radiation to the reflected radiation with the same polarization; 0.3% of the incident radiation is
reflected without polarization preservation and 0.5% is transmitted through the mirror. According
to the phase distribution for the reflectance, the condition ∆ϕ = π for the uniform structure is valid
only at the high-frequency stopband edge [Fig. 4(c)]. On the other hand in the tuned structure,
this condition is valid at two frequencies in the stopband as well as in the wide frequency range
between them [Fig. 4(d)]. At the stopband center, the mirror transfers 99.2% of the incident
radiation to the reflected radiation with the same polarization; 0.3% of the incident radiation is
reflected without polarization preservation and 0.5% is transmitted through the mirror. Thus the
tuned structure losses are 3.5 times less than for the uniform structure and the reflected light has
the same circular polarization as the incident wave in the wide frequency range.

We estimate that the all-dielectric polarization-preserving anisotropic mirror thickness can be
reduced to even less than a typical quarter-wave phase plate terminated by a mirror thickness,
with comparable losses. The corresponding total PPAM thickness is calculated as follows:
LPPAM = ΛN = 2aN = 6.3λg. Also, the thickness can be reduced for a hybrid device with less
periods and a metallic mirror. For Nhybrid = 5 periods and the thickness of the metallic mirror
layer Lm = 200nm: Lhybrid = 2aNhybrid + Lm = 1.9λg. Comparatively, for the same birefringence
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of a quarter-wave phase plate terminated by a metallic mirror the estimated thicknesses is:
L3 = λ/(2∆n) + Lm = 2.2λg. In summary, the hybrid PPAM thickness of 1.9λg is even smaller
than a quarter-wave phase plate terminated by a mirror thickness of 2.2λg, with comparable
losses. And apart from losses, the drawback of a quarter-wave phase plate terminated by a mirror
is the strong frequency dispersion. Contrariwise, the polarization preserving anisotropic mirror
structure is much weakly dispersive.

4. Conclusions

We investigated a layered structure consisting of alternating uniaxial dielectric layers with
orthogonally directed optical axes. It was shown that the tuned equichiral Reusch pile under
study with the decreased thickness of the first layer has several times less PPAM-reflection losses
than the uniform pile. The tuned structure exhibits the desired characteristics in a wide frequency
band and the PPAM-reflection from the interface approaches 100%. Another optimization with
metallic bottom layer as an additional thin reflector considerably reduces the total thickness.
The investigated structures are promising for the development of narrow-band filtration and

optical probing elements, as well as easily calibrated polarizing lasers without electric field nodes,
which can enhance the efficiency of laser sources due to the more uniform pumping of a medium.
Owing to the high sensitivity to the position of the resonator mirrors relative to the axis, such
lasers are candidates for gyroscopic applications. They can be used to obtain the chiral optical
Tamm state at the interface with the cholesteric liquid crystal layer [39].
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