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Spectral manifestation of optical Tamm states in a metal-cholesteric liquid crystals stack
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The reflection spectrum of linearly polarized light by a system consisting of a metal film and two adjacent
sequentially located cholesteric liquid crystals (CLCs) with opposite helical twists is theoretically studied. The
system contains a dielectric index-matching layer (DIML) between the metal film and the CLC layers. It is
shown that in such a system the excitation of optical Tamm states (OTSs) by linearly polarized light is possible.
The influence of the CLC pitch, refractive indices, and thicknesses of the DIML and metal film on the OTS
manifestation in the reflection spectrum of the system is studied. The strong influence of the DIML thickness on
the OTS wavelength and the appearance of multiple OTSs with an increase in the DIML thickness is noted.

DOI: 10.1103/PhysRevE.107.014702

I. INTRODUCTION

Significant progress has been made in the last decade in the
study of localized optical states appearing near the interface
between two media. In these media, electromagnetic waves
decay with distance from the interface when at least one of
them is a photonic crystal with the properties of a Bragg
mirror. Such states are optically manifested in the form of
narrow resonance peaks in reflection and transmission in the
spectral range of the photonic band gap.

When adjacent media are two photonic crystals with
overlapping band gaps, the localized states are called op-
tical Tamm states (OTSs) [1–3] by analogy with Tamm
surface electronic states. Localized states formed at the metal-
photonic crystal interface are usually called Tamm plasmons
or Tamm plasmon polaritons [4–11], since they are associated
with the excitation of plasmons in the metal, but should not
be confused with surface waves [5,12]. OTSs have potential
use in sensors [13–17], Tamm plasmon based lasers [18–20],
optical switches and filters [21–23], and selective thermal and
light emitters [24–26].

Liquid crystals are known for their possible applications
of controlling surface waves: surface plasmons, localized sur-
face plasmons, and Dyakonov surface waves [27–35]. More
specifically, cholesteric liquid crystals (CLCs) have properties
that allow them to be used as photonic crystals: circularly
polarized light incident along the CLC helical axis under-
goes a Bragg reflection if the circular polarization of light
coincides with the CLC helix, while light with the opposite
circular polarization does not experience a Bragg reflection
[36]. This makes it possible to use CLCs as Bragg mirrors
in structures for exciting and studying OTSs. In particular, as
shown in Ref [37], if a quarter-wave-length anisotropic film
is placed between the CLC and the metal layer, which affects
the polarization of light, OTSs can be excited in this system
by circular polarized light. Exciting of OTSs by circularly

polarized light was also studied in a system consisting of
the metal film adjacent to two identical CLCs with opposite
helix twists [38]. In this past study, the CLCs studied were
not thick and therefore allowed circularly polarized light to
not be completely reflected, thereby providing only partial
localization of light required to excite OTSs. Transmission
peaks of circularly polarized light were obtained, correspond-
ing to the appearance of several OTSs in such a system. The
appearance of several OTSs at the interface with a metal was
also demonstrated in structures with a multilayer Bragg mirror
[39–41].

In this paper, the appearance of OTSs in a system con-
sisting of a metal film and two CLC layers with opposite
directions of the helix twist is considered in the field of an
incident linearly polarized light wave. There is a dielectric in-
dex matching layer (DIML) near the CLCs, and, in distinction
to Ref. [38], both CLCs are thick enough to provide a full
reflection of waves with circular polarization coinciding with
the CLC helix. It is shown that in such a system the excitation
of OTSs by linearly polarized light is possible. The influence
of the CLC pitch, refractive indices, and thicknesses of the
DIML and the metal film on the OTS manifestation in the
reflection spectrum of the system is studied.

The structure investigated in this paper is quite manage-
able practically. In particular, by influencing the pitch of the
cholesteric helix with the help of an external field, one can
shift the stop band of the system and the spectral location
of the reflection dip. The same can be done by changing the
thickness and/or the refractive index of the DIML between the
first CLC and the metal.

The paper is organized as follows. Section II introduces a
model of the system under consideration and derives equa-
tions allowing for the calculation of reflectance in the CLC
band gap. Results of numerical calculations for a system with
an Ag film and their discussion are presented in Sec. III.
Section IV presents some conclusions.
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FIG. 1. Schematic of the structure “metal film-DIML-CLC lay-
ers” together with directions of the light beams propagating in the
system. Letters A and B denote complex amplitudes of waves with
right-handed circular polarization, while letters Ã and B̃ (with tilde)
denote complex amplitudes of waves with left-handed circular po-
larization; r−CLC and l−CLC denote CLC with right-handed and
left-handed helical twists, respectively. Slanted lines indicate waves
reflected from the CLC with the same helical twist as a circular
polarization of incident wave; they are directed away from the cor-
responding incident wave arrow and are therefore inclined in the
figure. na, nm, and n̄ are the refractive indices defined in the text of
the paper.

II. THEORETICAL MODEL AND BASIC EQUATIONS

Suppose we have a structure consisting of a metal film
on top of two planar CLCs arranged in series one after the
other with opposite twists (right-handed and left-handed) of
the cholesteric helix. There is also a DIML between the metal
film and the first CLC layer, which affects the phase of the
propagating waves and therefore the conditions for their in-
terference near the metal film (see Fig. 1). To minimize the
usual reflection of light due to the difference in the refractive
indices, the DIML refractive index is taken to be equal to
the average refractive index of the CLC layers. In addition,
we consider only the case when the CLC layers’ thickness is
large enough to ensure complete reflection of the light wave
with the same circular polarization as the CLC helical twist.
To simplify the calculations, we will also neglect the energy
dissipation in the CLC (the role of the CLC dissipation was
studied, for example, in [42]).

Let the Cartesian z axis be directed along the axis of
the cholesteric helices, and a plane polarized light wave be
incident on the metal film along this axis. We assume that
the incident wave is polarized along the x axis, and the CLC
director at both boundaries of both CLC layers is also oriented
along the x axis.

It is convenient to present an incident linearly polarized
wave as a superposition of the right-handed and left-handed

circularly polarized waves. Then, denoting k0 = ω /c, where
ω is the light wave frequency, we can present the electromag-
netic wave incident on the metal film (from the top of the
structure) as follows:

E0i(z, t ) = E0i(z)eiωt ,
(1)

E0i(z) = A0√
2

(
1
i

)
e−ik0naz + Ã0√

2

(
1
−i

)
e−ik0naz,

where na is a refractive index of the medium above the
metal film, and

( 1
±i

) = ex ± iey, where ex and ey are the

unit Cartesian vectors. In Eq. (1) the terms A0√
2

(1
i

)
e−ik0naz

and Ã0√
2

(1
−i

)
e−ik0naz describe the right-handed and left-handed

circularly polarized waves propagating in the +z direction, re-
spectively; since the incident wave is linearly polarized along
the x axis, Ã0 = A0.

The incident wave penetrates the structure shown in Fig. 1,
and is reflected from the elements of this structure. The inci-
dent right-handed and left-handed circularly polarized waves
can be reflected differently from the various structural ele-
ments of the system; therefore, in the general case we must
seek the reflected light field in the form of a superposition of
both right-handed and left-handed circularly polarized waves
with different complex amplitudes. In particular, for the re-
flected wave above the metal film, we have

E0r (z) = B0√
2

(
1
−i

)
eik0naz + B̃0√

2

(
1
i

)
eik0naz. (2)

The reflected waves propagate in the −z direction such that
in Eq. (2) the first term describes the right-handed circularly
polarized wave and the second term describes the left-handed
circularly polarized wave.

Similarly, in the metal film, we can present the light field
as a superposition of the fields propagating in the + z and
−z directions (Emi and Emr , respectively), each of which is a
superposition of the right and left circularly polarized waves:

Emi = Am√
2

(
1
i

)
e−ik0nmz + Ãm√

2

(
1
−i

)
e−ik0nmz, (3)

Emr = Bm√
2

(
1
−i

)
eik0nmz + B̃m√

2

(
1
i

)
eik0nmz, (4)

where nm is a complex refractive index of the metal.
In the DIML, there is an electromagnetic field propagating

in the +z direction and consisting of the right and left circu-
larly polarized waves,

E1i(z) = A1√
2

(
1
i

)
e−ik0 n̄z + Ã1√

2

(
1
−i

)
e−ik0 n̄z, (5)

and an electromagnetic field comprising both right and left
circularly polarized waves propagating in the −z direction due
to reflection from the both CLC layers [43],

E1r = B1√
2

(
1
−i

)
eik0 n̄z + B̃1√

2

(
1
i

)
eik0 n̄z, (6)

where the n̄ = √
(ε⊥ + ε‖)/2 is the DIML refractive index

equal to the average refractive index of the CLC, and ε⊥ and
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ε‖ are the dielectric constants of the CLC for light polarized
perpendicular and parallel to the CLC director, respectively.

To be more specific, suppose that the first CLC adjacent to
the DIML has the right-handed twist of the cholesteric helix,
and the second CLC layer (see Fig. 1) has the left-handed
twist. Since the refractive index of the DIML is equal to the
average refractive index of the two CLC layers, we can neglect
the usual reflection of light at the interface between the CLC
layer and the DIML.

The electromagnetic field (5) transverses the DIML to the
CLC layer with the right-handed twist. The right circularly
polarized part of the electromagnetic field (5), A1√

2

(1
i

)
e−ik0 n̄z, is

then reflected from the right-handed CLC in the −z direction
to the DIML as a right circularly polarized electromagnetic
wave B1√

2

(1
−i

)
eik0 n̄z presented in Eq. (6). Therefore, according to

[44,45], the amplitudes of a circularly polarized wave incident
on a CLC with same handed-helical twist and subsequently re-
flected from that CLC layer, are connected by the relationship

B1 = RaA1, (7)

where Ra is an amplitude coefficient of diffraction reflection
from the CLC in band gap.

The left circularly polarized part of the field (5),
Ã1√

2

(1
−i

)
e−ik0 n̄z, passes through the right-handed CLC and re-

flects from the subsequent left-handed CLC resulting in a
left circularly polarized wave in the −z direction. This wave
traveling in the −z direction is unaffected by the right-handed
CLC and results in a left circularly polarized field, B̃1√

2

(1
i

)
eik0 n̄z,

in the DIML [presented in Eq. (6)]. Taking into account that
the CLC thickness is equal to an integer number of the CLC
pitch, at the DIML boundary there is a relationship between
the amplitudes Ã1 and B̃1, similar to Eq. (7):

B̃1 = Ra Ã1. (8)

Using the results presented in [44], one can obtain the
following expression for Ra:

Ra = i(w2 + 1)(1 − e−i2k0n2L )

2w(1 + e−i2k0n2L ) + (w2 − 1)(1 − e−i2k0n2L )
, (9)

where

w = ip

2λn2

[
n2

e − n2
2 − (λ/p)2

]
, (10)

n2 = ±[ε̄ + (λ/p)2 −
√

4ε̄(λ/p)2 + δ2]
1/2

, (11)

δ = (ε‖ − ε⊥)/2, ε̄ = (ε‖ + ε⊥)/2. (12)

In Eqs. (9)–(11), L is a CLC thickness, p is the CLC pitch,
λ is a wavelength in a vacuum, n2 takes an imaginary value in
the CLC band gap, and the ratio L/p is an integer.

There is very little transmission of a normally incident
circularly polarized plane wave through a CLC that has the
same handedness as the incident plane wave, provided that
the CLC has a sufficient number of periods and the free-space
wavelength of the incident plane wave lies in the circular
Bragg regime [36,45]. The incident plane wave in Eq. (1) is
linearly polarized, that is, it is an equal superposition of left
and right circularly polarized plane waves. Therefore, only

one circularly polarized component of the incident plane wave
is reflected from the first CLC, namely of the same handedness
as the CLC, and the circularly polarized component with the
opposite handedness passes through this first CLC, falls on
the second CLC, and is reflected from it [43]. Therefore, it is
enough to consider the boundary conditions for electromag-
netic field at z = −(l + d ) and z = −d , where l and d are
the thicknesses of the metal film and the DIML, respectively.
Using Eqs. (1)–(6) and the equation for a magnetic field, H =

1
iωμ0

(ex
∂
∂z Ey − ey

∂
∂z Ex ), we obtain the following equations at

the boundary z = −(l + d ):

2A0eik0na (l+d ) + (B0 + B̃0)e−ik0na (l+d )

= (Am + Ãm)eik0nm (l+d ) + (Bm + B̃m)e−ik0nm (l+d ),

(B0 − B̃0)e−ik0na (l+d )

= −(Am − Ãm)eik0nm (l+d ) + (Bm − B̃m)e−ik0nm (l+d ), (13)

2A0eik0na (l+d ) − (B0 + B̃0)e−ik0na (l+d )

= nm

na
[(Am + Ãm)eik0nm (l+d ) − (Bm + B̃m)e−ik0nm (l+d )],

(B0 − B̃0)e−ik0na (l+d )

= nm

na
[(Am − Ãm)eik0nm (l+d ) + (Bm − B̃m)e−ik0nm (l+d )].

For the boundary z = −d the equations are as follows:

(Am + Ãm)eik0nmd + (Bm + B̃m)e−ik0nmd

= (A1 + Ã1)eik0 n̄d + (B1 + B̃1)e−ik0 n̄d ,

(Am − Ãm)eik0nmd − (Bm − B̃m)e−ik0nmd

= (A1 − Ã1)eik0 n̄d − (B1 − B̃1)e−ik0 n̄d , (14)
nm

n̄
[(Am + Ãm)eik0nmd − (Bm + B̃m)e−ik0nmd ]

= (A1 + Ã1)eik0 n̄d − (B1 + B̃1)e−ik0 n̄d ,

nm

n̄
[(Am − Ãm)eik0nmd + (Bm − B̃m)e−ik0nmd ]

= (A1 − Ã1)eik0 n̄d + (B1 − B̃1)e−ik0 n̄d .

Substituting Eqs. (7) and (8) into Eqs. (13) and (14), one
can obtain a system of equations for the amplitudes B0 and
B̃0. This system has a nontrivial solution only if B0 = B̃0

and, therefore, the light reflected from the structure under
consideration is linearly polarized.

Finally, the reflection coefficient of the incident linearly
polarized wave from the system under consideration, R =
|B0/A0|2, is as follows:

R =
∣∣∣∣ ra(1 − rRae−i2k0 n̄d ) − (r − Rae−i2k0 n̄d )e−i2k0nml

(1 − rRae−i2k0 n̄d ) − ra(r − Rae−i2k0 n̄d )e−i2k0nml

∣∣∣∣
2

,

(15)

where

r =
(

1 − nm

n̄

)/(
1 + nm

n̄

)
, ra =

(
1 − nm

na

)/(
1 + nm

na

)
.

(16)
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(a)

(b)

FIG. 2. (a) Reflection dip (solid line) in the spectral region of
the CLC band gap (dashed line). CLC pitch p = 400 nm, thickness
of the DIML d = 0.3p, thickness of the Ag film l = 36 nm. (b)
Spatial profile of the amplitude of the electric component of the
electromagnetic field at the OTS wavelength.

III. RESULTS AND DISCUSSION

The reflection spectrum of the system over the range of
the CLC band gap is calculated by considering a Ag layer
as a metal film on top of the structure. For the calculations,
we set the refractive index of the medium above the Ag film
to be n a = 1, and the refractive indices of the CLC, no, ne,
are no = 1.5, ne = 1.7 or changed by ±0.1. The frequency
dispersion of the complex refractive index of Ag is described
by the expression nm = 0.14 + i(0.738 × 107λ−0.869) [46].
The CLC pitch p, thickness of the DIML d1, and thickness
of the Ag film l are variable parameters. The calcula-
tions show that for a CLC thickness L � 10p, there is
no dependence of the reflection spectra on the CLC layer
thickness, therefore, under this condition, the CLC can be
considered thick in accordance with the requirement of our
system.

Figure 2(a) shows a reflection dip in the spectral region of
the CLC band gap, which is associated with the appearance of
an OTS in the system shown in Fig. 1. As an example, we took
the case when the CLC band gap is in the central part of the
visible spectrum. In Fig. 2(b), we present the spatial profile
of the amplitude of the electric component of the electromag-
netic field on the OTS wavelength, which is calculated using
COMSOL software for the CLC pitch p = 400 nm. Excitation

(a)

(b)

FIG. 3. Influence of the DIML thickness on the OTS spectral
distribution in the CLC band gap: (a) p = 300 nm; (b) p = 500 nm;
d/p = 0.2: 1; 0.3: 2; 0.4: 3; l = 36 nm. Dashed lines show the band
gap.

of OTSs is evident in Fig. 2(b) as the high magnitude of
the electric field near the edge of the Ag film at the OTS
wavelength of 640 nm [≈ 8 μm in Fig. 2(b)].

In Fig. 3 we show the dependence of the OTS reflection dip
on the thickness of the DIML, d , using CLC with two different
pitches, p = 300 nm [Fig. 3(a)] and p = 500 nm [Fig. 3(b)].
One can see that the spectral position of the OTS reflection
dip in the CLC band gap depends strongly on the thickness of
the DIML, while the magnitude and width of the dip depends
on its spectral position.

To clarify the role of the DIML it is necessary to take
into account that the OTS arises due to the interference of
forward and backward waves repeatedly reflected from the
CLC and the metal film. The DIML, located between the Ag
film and the CLC layer, affects the phase difference of these
waves and, consequently, the conditions for their constructive
interference, therefore the wavelength, magnitude, and width
of the localized wave packet corresponding to the OTS can
vary with the DIML thickness, which is observed in Fig. 3.
The difference in the incursion of the phases of the forward
and backward waves caused by a DIML of thickness d is
ϕ = 2π 2d

λ
n̄. For a fixed ϕ corresponding to an interference

maximum at a wavelength λ, which can be associated with an
OTS at that wavelength, an increase in d leads to an increase
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FIG. 4. Influence of the CLC pitch value on the OTS spectral
position: p(nm) = 390: 1; 400: 2; 410: 3; d = 120 nm, l = 36 nm,
L = 4100 nm.

of the OTS wavelength as shown in Fig. 3. In addition, since a
change in the DIML thickness by 	d = λ

2n̄ leads to a shift of
ϕ by 2π , the appearance of the OTS at a given wavelength will
be periodic, which is confirmed by our numerical calculations
and was also noted in [38] for a system with a multilayer
Bragg mirror.

Figure 4 shows the influence of the CLC pitch value on
the OTS dip wavelength for a fixed DIML thickness. From
Fig. 4 we can see that the wavelength of the dip increases
with an increase in the helix pitch, it shifts towards a longer
wavelength in accordance with the shift of the CLC reflection
band.

In Fig. 5 we present results of calculations of the re-
flectance of the system for different thickness of the Ag film
and two values of the CLC pitch (p = 300 nm, p = 400 nm),
when the thickness of DIML is fixed at d = 0.3p. From Fig. 5
it is seen that there is an optimal thickness of the Ag film, cor-
responding to the maximum value of the OTS dip, l = 40 nm
for both cases, p = 300 nm and p = 400 nm. However, the
influence of the Ag film thickness on the OTS spectral position
is not strong in contrast to the system without the DIML
studied in [38].

An influence of the CLC refractive indices no and ne on
the spectral position of the OTS dip in the CLC band gap
is shown in Fig. 6, which considers a CLC with the helical
pitch p = 400 nm and a DIML thickness d = 0.3p. Values no

and ne are chosen such that the CLC band gaps are within the
visible region (560–700 nm). In Fig. 6, comparing the spectral
position of the OTS dips and a location of the CLC band gaps,
we can see that the spectral position of the OTS dip tracks the
shift of the center of the CLC band gap.

We would like to note that for the above calculations, we
used relatively small thicknesses of the DIML, which are
tenths of the CLC pitch. If we take large values of the DIML
thickness, we can observe two and more spectral dips in the
same CLC band gap. As an example, in Fig. 7 we show cases
with two and three OTS dips by setting the DIML thicknesses
to d = 4.6p and d = 8.3p with p = 400 nm [Figs. 7(a) and
7(b), respectively].

(a)

(b)

FIG. 5. Magnitude of the OTS spectral dip in the CLC reflection
band at different values of the Ag film thickness: l (nm) = 20: 1; 40:
2; 60: 3; (a) p = 300 nm; (b) p = 400 nm, d/p = 0.3.

The relatively large DIML thickness required for the ap-
pearance of two or more OTSs in the CLC band gap can
be explained if the following is taken into account. Let ϕ

FIG. 6. Influence of the CLC refractive indices ne and no on
the spectral position of the OTS dip in the CLC band gap; (no =
1.4, ne = 1.6): 1; (no = 1.5, ne = 1.6): 2; (no = 1.5, ne = 1.7):
3; p = 400 nm; d/р = 0.3, l = 36 nm. Dashed lines of the corre-
sponding color show the band gaps for CLC using the same values
of no and ne.
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(a)

(b)

FIG. 7. Reflection dips in the spectral region of the CLC band
gap for different thicknesses of the DIML: (a) d = 4.6p; (b) d =
8.3p. CLC pitch p = 400 nm, thickness of the Ag film l = 36 nm.

be the difference between the phase incursions of forward
and backward waves at wavelength λ1 caused by the DIML.
Denote by ϕ0 its value, which corresponds to the wave’s inter-
ference maximum associated with the OTSs at the wavelength
λ1, i.e., 2π 2d

λ1
n̄ = ϕ0. However, the interference maximum

(and therefore OTS) will also be at wavelength λ2, when the
phases 2π 2d

λ1
n̄ and 2π 2d

λ2
n̄ differ by 2πm. Assuming m = 1,

we obtain the equality 1
λ1

− 1
λ2

= 1
2n̄d . The band gap of the

CLC with pitch p is within wavelength range [nop, ne p] [36].
Therefore, OTS at wavelengths λ1 and λ2 can be simultane-
ously in the CLC band gap, when nop < λ1, λ2 < ne p, which
implies, as can be seen, the limitation on the smallness of
the DIML thickness d . The appearance of the third and other
OTSs can be explained in a similar way, by setting an integer
m = 2, 3, .... Simple calculations show that the appearance of
s OTS in the CLC band gap requires the DIML thickness be

d > (s−1) n0ne
(ne−n0 )n̄

p
2 . This estimate is in good agreement with

the results of numerical simulations shown, in particular, in
Fig. 7.

IV. CONCLUSIONS

The reflection spectrum of a system consisting of a metal
film and two adjacent sequentially located CLCs with op-
posite helix twist is theoretically studied in the field of an
incident linearly polarized light wave. The system contains
a dielectric index-matching layer (DIML) affecting the phase
incursion of the waves between the metal film and the CLC.
The CLC layer thickness is large enough to neglect the pas-
sage of waves with the same circular polarization as the CLC
helical twist. In numerical calculations, Ag is used as a metal
film.

A reflection dip in the spectral region of the CLC band gap
is obtained, associated with the appearance of OTSs at the
interface of the metal film and the CLC layer. The OTS arises
due to the interference at the interface of direct and backward
waves repeatedly reflected from the CLC and the Ag film. The
DIML located between these reflective layers affects the phase
of the waves and, consequently, the wavelength and magni-
tude of the localized light packet corresponding to OTS. The
dependence of the spectral position and the magnitude of the
OTS dip on DIML thickness, CLC pitch, refractive indices,
and Ag film thickness is obtained. The strong influence of
the DIML thickness on the OTS wavelength is established,
which makes it possible to obtain the OTS dip in the reflection
spectrum at the required wavelength within the CLC band gap.
It is shown that multiple OTSs can appear in the CLC band
gap with an increase of the DIML thickness.

Although the analysis presented in this paper is confined
to normally incident plane waves, obliquely incident plane
waves may be better in some circumstances for OTS excita-
tion. There is an optimal angle of incidence that provides the
maximum reflection dip and its position in the CLC band gap.
It depends, in particular, on the polarization of the incident
light, as has been shown for the metal-dielectric-Bragg mir-
ror system [5], but it is problematic to predict such changes
from general considerations when CLCs are present. Also, the
presented analysis applies to a normally incident beam with
a cross-sectional diameter much larger (>10 times) than the
free-space wavelength. If, however, that cross-sectional diam-
eter of the incident beam is smaller, beam reflection will be
affected by the cross-sectional diameter and the field profile of
the incident beam [47–49]. The effects of the beam parameters
on OTS excitation require investigation.
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