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A fully two-dimensional theoretical study of the electromagnetic wave propagation through Metal–Liquid Crystal–Metal
(M–LC–M) waveguide structure is presented. Dispersion relations corresponding to both symmetric and antisymmetric-
coupled surface plasmons polaritons modes in M–LC–M structure are derived and numerically solved. The effects of LC
tilt angles on the effective refractive index and propagation length are proposed. The analytical method is in good agreement
with those obtained from finite-difference time-domain simulation. The obtained analytic formula can be used as an efficient
element in designing tunable ultrahigh nanoscale integrated plasmonic devices.
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I . I N T R O D U C T I O N

Recent researches in plasmonics areas have led to important
progress in development of various metal–insulator–metal
(MIM) plasmonic devices. Plasmonic studies have almost
exclusively focused on pure metallic nanostructures and
passive components with properties fixed by the nanostruc-
ture structural parameters. As the greatest challenge, real-life
applications require active control of plasmonic signals in
nano-optic devices [1, 2]. Moreover, it is advantageous to be
able to tune plasmonic passive devices. All these can be rea-
lized if plasmonic nanostructures are hybridized with func-
tional materials. Development of electro-optical materials
and integrating them with plasmonic nanostructures, give
rise to great research effort in proposing active plasmonic
devices [3]. Electro-optic control of plasmonic signals can be
provided by the use of nematic LC (N-LC). N-LC, because
of high levels of controllable birefringence, supports the exter-
nal manipulation of plasmonic signals via external electric
fields. Recently, LC thin films with a thickness of a few nan-
ometers have attracted much interest due to their relaxation
time of less than a nanosecond [4]. There has been concerted
research to investigate the properties of thin LC layers both
theoretically and experimentally [5–7]. With its low driving
voltage and low-cost fabrication technology, LC technology
seems to be an outstanding candidate for tunable plasmonic
devices and is proposed for various applications [8–10].

In order to design plasmonic devices, it is necessary to
derive the dispersion relation of the desirable structure.

Anisotropic behavior of the LC affects the propagation of
surface plasmons polaritons (SPPs), and makes the inclusion
of anisotropy in the theory inevitable. The existence of trans-
verse magnetic (TM) modes at the interface of an anisotropic
uniaxial dielectric and a metal has been discussed in [11, 12].
However, these works have been restricted to materials with
diagonal dielectric tensors, and the resulting equations are
nearly identical to those used in the original isotropic
media. A simplified theoretical study of electromagnetic
wave propagation through insulator–metal–insulator and
MIM structures consisting of anisotropic dielectric layers
with off-diagonal dielectric tensor has performed [13].
However, the principal axes of the anisotropic slab are
simply chosen parallel to the metal/anisotropic interface and
the directions of the electromagnetic fields are chosen in a
manner which the electric field vector is in parallel with elec-
tric flux density. In a recent work, the guided optical modes of
a planar plasmonic waveguide filled with a generic anisotropic
medium have been studied [14].

However, previous works on the fundamental guided dis-
persion characteristics are still incomplete. In particular, dis-
cussions related to the electro-optic control of plasmonic
signals are insufficient, which can be significant design guide-
lines for active plasmonic devices. Dispersion relation of LC
dielectric-loaded MIM waveguides has not been extracted
yet and there is not any deep analysis of this structure in the
previous literatures. In this paper, we propose a hybrid plas-
monic nanostructure consisting of nanostructured metals
combined with LCs to enable active functionalities in plasmo-
nic circuitry. The dispersion relations corresponding to both
symmetric and antisymmetric modes in the metal–liquid
crystal–metal (M–LC–M) structure are derived without any
approximation and numerically solved. The motivation for
considering LC is the possibility of utilizing the LC parameters
in controlling the plasmonic signals. Our results have some
potential application in designing tunable compact nanopho-
tonic devices.
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I I . G E N E R A L D I S P E R S I O N
R E L A T I O N O F M –L C –M S T R U C T U R E

The structure under study, shown in Fig. 1, comprises a slab
of thickness 2a with its interfaces orthogonal to the x-axis,
filled with N-LC and sandwiched between two silver layers.
Dispersive behavior of silver is estimated using Drude
model. This structure acts as a waveguide for the SPP
propagating along the z-direction in the form of a waveguide
mode for the TM-polarized case. To consider only excitation
of the fundamental SPP mode, the width of the LC layer is
chosen to be much smaller than the wavelength of incident
light. In general anisotropic media, the properties of the
medium are expressed in tensor form. In this paper, we
assume that our structure is only electrically anisotropic.
Assuming the optical axis of the anisotropic molecules in
the X–Z-plane, the dielectric tensor of the LC medium is
given by [10]:
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where no and ne are the ordinary and extraordinary
indices of refraction, respectively. In the equations above, u,
called tilt angle, is the angle between the optical axis of the
anisotropic molecules and the z-direction. In the entire
paper, ne and no are considered to be 1.737 and 1.518, respect-
ively, which belong to a positive N-LC (E7) at room
temperature.

The amount of voltage needed to switch an N-LC modula-
tor is a function of the specific material used, cell thickness,
and alignment. Our device takes advantage of the metallic
nature of the structure, where the metal walls can serve as

electrodes. A low-frequency voltage of varying value is
applied at the upper silver layer; the electrical path terminates
at the lower metal film, which is grounded. The electric field
induces a reorientation of the LC molecules, which tend to
align with the applied field, modifying the overall electrical
and subsequently optical properties of the LC material. The
exact profile of the molecular orientations and the extent of
the LC-switching depend on the value of the applied
voltage, the molecular anchoring conditions at the walls, the
geometry of the structure, and the material properties of the
LC and the surrounding isotropic materials. As the applied
voltage increases, the tilt angle of each molecule increases
because the LC molecules tend to align with the electric
field. For a sufficiently high voltage, the strong electric field
inside the waveguide plays a significant role in the
LC-orientation behavior. Because of nanometer-sized wave-
guide, the electric field inside the waveguide is strong
enough to switch all the nematic molecules; and the strong
electric field dominates the anchoring condition at the M–
LC interface. Thus, the LC is considered to be fully switched,
when the nematic director of the material tends to align in
parallel to the x-axis, so that the tilt angles of the molecules
in this area all approximate 908. Hence, good alignment
quality and device switching can be achieved.

To obtain the dispersion relation, we first derive the wave
equation inside the LC medium. Just the TM condition is con-
sidered. For propagation along the z-direction and homogen-
eity in the y-direction, propagation of the magnetic field in LC
medium is described as follows:

∇ × H =

âx ây âz
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Fig. 1. General Schematic of the M–LC–M waveguide structure [15].
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where h is the impermeability tensor of the LC layer.
Practically, equation (9) has to be solved in the LC region,
and the obtained solution has to be matched with the solu-
tion of wave equation inside plasmonic regions using appro-
priate boundary conditions. The wave equation and also the
field components for TM modes inside the plasmonic
regions (x . a and x , 2a) is provided in [16]. In the core
region, 2a , x , a, the modes localized at the bottom and
the top interface couple, yielding
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where the “+” yields the even (symmetric) solutions and ”2”
yields the odd (antisymmetric) solutions. By applying bound-
ary condition at x ¼+a for Hy and Ez components, the dis-
persion relation for M–LC–M waveguide can be achieved:
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where bx, kd, and km are the propagation constant and attenu-
ation constants in the transverse direction, respectively. bz is
the complex propagation in the longitudinal direction, 1m is
the dielectric constant of metal, and k0 is the free-space
wave constant.

Here, the “tanh” function represents the symmetric
plasmon modes and the “coth” function represents the anti-
symmetric modes. This dispersion relation equation can be
used in design of active electro-optical plasmonic devices.

I I I . C H A R A C T E R I S T I C S O F M –L C –M
S T R U C T U R E

The dispersion relation is now applied to M–LC–M structure
with different tilt angles in LC layer. The propagation constant
bz is represented as the effective refractive index neff ¼ bz/k0

of the waveguide for SPPs. The real part of neff of the
M–LC–M waveguide as a function of the waveguide width
for different tilt angles is shown in Fig. 2(a). The wavelength
of the input continuous wave is l ¼ 850 nm. It is clearly
seen that for a fixed value of tilt angle, neff would decrease
by increasing the waveguide width. Moreover, by increasing
the tilt angle for a fixed value of waveguide width, neff would
decrease. Moreover, Fig. 2(b) shows the real part of neff

versus wavelength for different tilt angles. The width of the
LC layer is chosen to be 100 nm. By increasing the wavelength
or increasing the tilt angle, neff would decrease. It is clearly
demonstrated that high light confinement can be achieved
for smaller LC tilt angles in M–LC–M structure.

The imaginary part of neff is referred to the propagation
length which is defined as the length over which the power
carried by the wave decays to 1/e of its initial value: Lspp ¼

1/[2.Im(bz)]. The contour map of the propagation length of
M–LC–M structure as a function of the thickness of the LC
layer and tilt angle is illustrated in Fig. 3(a). The wavelength
of the input signal is l ¼ 850 nm. As can be seen, the symmet-
ric mode surface plasmons in M–LC–M structures exhibited a
reduction in propagation length and enhanced field confine-
ment by decreasing the LC layer thickness. Moreover, for a
fixed value of LC layer thickness, the propagation length is
increased by increasing the tilt angle. It is clear that the
smaller tilt angle will have higher loss and shorter propagation
length, although the field confinement of the M–LC–M wave-
guide is stronger. The propagation length varies significantly
with the wavelength of the input signal for M–LC–M struc-
tures. Figure 3(b) demonstrates the contour map of the propa-
gation length of M–LC–M structure as a function of
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wavelength and tilt angle. The width of the LC layer is 100 nm.
As can be seen, the propagation length increases by increasing
the wavelength. Moreover, for a fixed value of wavelength, the
propagation length is increased by increasing the tilt angle.

I V . V A L I D A T I O N O F T H E A N A L Y T I C
F O R M U L A

In order to validate our approach, the analytical results are
compared with finite-difference time-domain (FDTD) calcu-
lations. A general schematic diagram of the geometry under
study is shown in Fig. 4(a). The structure comprises a slit of
width 100 nm sandwiched between two metal films. In our
analysis, the anisotropic-dispersive FDTD (A-D–FDTD)
method is employed to calculate the wavelength of SPPs.
The FDTD grid size and time step are: Dx ¼ Dz ¼ 1 nm
and Dt is achieved following the Courant stability condition.
The structure is homogenous in the y-direction and the
optical axis of the LC molecules is in the X–Z-plane [10,
18–20]. Therefore, the structure is considered as two-

dimensional (2D) case. The 2D calculations agree well with
full three-dimensional (3D) calculations and also the experi-
mental results [11, 21–25]. The 2D FDTD simulation requires
less computer resources than a 3D simulation. Although the
amount of computation in a 3D simulation can be reduced
by invoking additional symmetry considerations, in many
cases, such procedures may not be enough; hence, most of
the plasmonic devices can be considered as 2D structures.

At this stage, the structure is analyzed in isotropic state, i.e.
it is assumed that no LC is used in the structure and the slit is
filled with air. Incident light is a TM-polarized plane wave of
850 nm wavelength under the excitation condition of SPPs. In
order to calculate lspp and understand the physics underlying
the structure, the FDTD simulation of electric field distribu-
tion (Ez) is illustrated in Fig. 4(b). As can be seen, the SPPs
excite at metal–air interfaces. lspp is defined as the distance
between two adjacent positive or negative peaks.

The calculated SPP wavelength from FDTD simulation for
the M–air–M structure is about 699.5 nm which is in good
agreement with the corresponding value derived from analytic
dispersion relation of equation (13), in isotropic case, which is

Fig. 2. The real part of neff of the M–LC–M waveguide as a function of (a) the waveguide width and (b) wavelength [17] for different tilt angles.

Fig. 3. Contour map of the propagation length of M–LC–M structure as a function of (a) the thickness of the LC layer and tilt angle and (b) wavelength and tilt
angle.
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about 700 nm. By changing the optical properties of the
material inside the slit, the structure could benefit from the
tunability feature. Therefore, at this stage, the slit is filled
with LC. The values of lspp at different tilt angles are calcu-
lated. Changing the optical axis orientation (u) of LC alters
the effective permittivity, and thus, the optical response of
the structure. Consequently, SPP wavelength can then be
changed by controlling the voltage.

Figure 5 shows the comparison between our FDTD results
of lspp and those obtained by analytical calculations. The com-
parison between our FDTD results and those obtained by ana-
lytical calculations shows qualitatively the same behavior and

clearly validate the accuracy of our analytic formula. The rela-
tive error calculated as (|lFDTD2lAnalytical|)/lAnalytical does not
exceed 0.12%.

V . C O N C L U S I O N

Summarizing, we theoretically investigated the behavior of
electromagnetic waves in M–LC–M structure. Dispersion rela-
tions corresponding to both symmetric and antisymmetric-
coupled SPP modes in M–LC–M structure are derived and
numerically solved. The effects of LC tilt angles on the effect-
ive refractive index and propagation length are proposed. The
symmetric mode surface plasmons in M–LC–M structure
exhibit a reduction in propagation length and enhanced
field confinement by decreasing the tilt angle. The obtained
analytic formula can be used as an efficient element in design-
ing tunable ultrahigh nanoscale integrated plasmonic and
optoelectronic devices.
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