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dispersion of all materials involved. Isotropic materials are modeled via a generalized critical points model, while
the dispersion of the liquid-crystal indices is described by Lorentzian terms. The validity of the proposed scheme
is verified via a series of examples, ranging from transmission through liquid-crystal waveplates and cholesteric
slabs to the plasmonic response of arrays of gold nanostripes with a liquid-crystal overlayer and the dispersive
properties of metal–liquid-crystal–metal plasmonic waveguides. Results are directly compared with reference
analytical or frequency-domain numerical solutions. © 2013 Optical Society of America
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1. INTRODUCTION
Following their widespread use in the field of displays, nem-
atic liquid crystals (LCs), organic materials that share physical
properties with both solids and liquids [1], have been under
intense investigation as functional materials for the design
of novel dynamically tunable photonic components. Their
inherent large optical anisotropy, enhanced response to the
application of external electric or magnetic fields, and very
low driving power requirements have favored their use in
numerous photonic devices, ranging from tunable lenses,
beam-steerers, and spatial light modulators to guided-wave
structures, such as waveguide filters, planar photonic crystals,
and microstructured fibers [2,3].

Recently, their use has been expanded in the rapidly
advancing field of nanoplasmonics [4] as an efficient means
to tune the localized response of metallic nanostructures,
such as nanodots [5], nanoholes [6,7], nanodisk arrays [8], and
nanoparticle composites [9], targeting the design of electro-
optically tunable elements, such as plasmonic switches
[10,11]. Furthermore, LC-tunable plasmonic waveguiding
components have also been proposed, such as, for instance,
attenuators and directional coupler switches for integrated
plasmonic circuit architectures [12–16].

When it comes to the design and optimization of advanced
LC-photonic structures, theoretical models capable of rigor-
ously taking into account the relevant physics, such as the LC
optical properties, are indispensable, owing to the lack of ana-
lytical solutions. Various numerical methods have been devel-
oped to this end, among which are frequency-domain mode
solvers [17], or beam propagation methods [18,19], the latter

being very suitable in addressing light propagation in large-
scale longitudinal structures. In the case of nanoplasmonic
structures, which typically have subwavelength features, the
finite-difference time-domain (FDTD) method, a traditional
numerical tool for the study of electromagnetic wave propa-
gation [20], constitutes a promising alternative, as it offers
broadband characterization by simulating short-pulse propa-
gation in a single run. Moreover, complex media that exhibit
frequency dispersion, (bi-)anisotropy, nonlinearity, and inho-
mogeneity can also be easily tackled in the time domain [21].

The efficiency of the FDTD method in the investigation of
LC-plasmonic studies relies on its capability of accurately de-
scribing the anisotropic nature of nematic materials as well
as the permittivity dispersion of noble metals in the visible.
Recently, a permittivity dispersion model based on critical
points (CPs) in conjunction with a single Drude term, namely
the Drude-critical point (DCP) model, has been shown to de-
scribe more efficiently the dispersion of metals in the infrared
and visible spectra [22] than the traditional Drude or Drude–
Lorentz models, and it has been efficiently implemented in
the FDTD method [23–26]. In addition, the full LC anisotropy
can also be incorporated by proper definition of the permit-
tivity tensor [27,28]. By merging these two approaches, the
DCP model has been combined with an anisotropic FDTD
formulation and applied in the tunability studies of plas-
monic resonances in periodic LC-metallic nanostructures
[29]. Thus far, the FDTD schemes proposed for the study of
LC-infiltrated photonic or plasmonic structures incorporate
material anisotropy, assuming a constant value for the LC
indices that corresponds to a fixed wavelength, but neglect
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the LC material frequency dispersion. Nevertheless, plas-
monic resonances of nanometallic structures usually occur
in the visible range, where the LC indices’ dispersion is far
from negligible and is typically described by means of a
three-coefficient Cauchy model [30]. Since the exact value
of the LC indices plays an important role in the position of
such resonances [4], a rigorous FDTD scheme should also
take into account the dispersion of the elements of the aniso-
tropic permittivity tensor.

In the context of FDTD studies, several algorithms for wave
propagation in media that exhibit both anisotropy and disper-
sive tensor elements have been proposed and implemented,
indicatively, via recursive convolution (RC) [31], piecewise
linear recursive convolution (PLRC) [32], z-transform
[33,34], and auxiliary differential equation (ADE) [35] formu-
lations. In these works, the permittivity tensors of the simu-
lated materials, typically magnetized plasma and ferrites,
exhibit dispersion types incapable of describing the frequency
dependence of LC tensor elements and, hence, they are not
suitable for the numerical investigation of LC-based photonic
or plasmonic devices.

In this work, a FDTD scheme is introduced that incorpo-
rates both anisotropy and frequency dispersion and permits
the rigorous analysis of LC-photonic and/or plasmonic struc-
tures. The dispersion of isotropic materials is described by a
generalized CP model, while that of the LC is modeled via
Lorentzian terms, which are sufficient to accurately describe
the dispersion of LC indices. Among the available techniques
for the modeling of dispersive media, the ADE formalism has
been selected, where the electric flux density is explicitly
present as an independent variable. Thus, the proposed
scheme can be easily combined with dispersive and aniso-
tropic media, as well as with the convolution perfectly
matched layer (CPML), which is employed for efficient trun-
cation of the computational domain [36].

The accuracy of the proposed scheme is tested via a series
of key examples, namely transmission through a LC wave-
plate, a cholesteric liquid-crystal (CLC) slab, the plasmonic
resonance study of nanostripe arrays with a LC overlayer,
and the modal dispersion properties of a metal–LC–metal
(MLCM) plasmonic waveguide. Results are juxtaposed with
analytical or numerical methods in the frequency domain,
such the Berreman matrix [37] or the finite-element method
(FEM) [38], clearly demonstrating the accuracy of the pro-
posed FDTD scheme.

2. FDTD ALGORITHM
A. Modeling of Metals
A new dispersive model for metals has been recently pro-
posed that includes a single Drude term and N critical point
pairs [22]. It has been proved in several works that the DCP
model can more accurately describe the dielectric dispersion
of metals in infrared and optical frequencies than the widely
used Drude–Lorentz medium [23,24,39]. The relative dielectric
permittivity of the DCP model, assuming ejωt time depend-
ence, is described by

ε�ω� � ε∞ � ω2
D

ω�jγ − ω�

�
XN
p�1

ApΩp

�
ejϕp

Ωp � ω − jΓp

� e−jϕp

Ωp − ω� jΓp

�
; (1)

where ε∞ is the relative permittivity at infinite frequency, and
ωD and γ are the plasma frequency and damping coefficient,
respectively, of the Drude model, whereas Ap is the amplitude,
ϕp the phase, Ωp the frequency, and Γp the broadening param-
eter, respectively, of the pth critical point oscillator [39]. It can
be observed that both the Drude and the CP contributions can
be included in a more general term, which is an explicit
function of the variable jω,

ε�ω� � ε∞ �
XM
p�1

a1pjω� a0p

b2p�jω�2 � b1pjω� b0p
; (2)

where M � N � 1. It is stressed that the proposed model in-
corporates all the widely used dispersive models, i.e., Debye,
Drude, Lorentz, and static conductivity [26]. The coefficients
in Eq. (2) are defined for the case of the DCP model as

a0p � 2ε0ApΩp�Ωp cos ϕp − Γp sin ϕp�;
a1p � −2ε0ApΩp sin ϕp;

b0p � Ω2
p � Γ2

p;

b1p � 2Γp;

b2p � 1: (3)

The relationship between the electric flux density D, the
electric polarization P, and the electric field intensity E in
the frequency domain is defined by the following equation:

D�ω� � ε0ε�ω�E�ω� � ε0ε∞E�ω� � P�ω�: (4)

The polarization field P for the case of the DCP model can be
expressed as

P�ω� � ε0χ�ω�E�ω� �
XM
p�1

Pp�ω�; (5)

where

Pp�ω� �
a1p jω� a0p

b2p� jω�2 � b1p jω� b0p
E�ω�: (6)

The following differential equation is derived after transform-
ing Eq. (6) into the time domain:

b2pP̈p�t� � b1p
_Pp�t� � b0pPp�t� � a1p

_E�t� � a0pE�t�; (7)

where single and double dots denote first and second deriv-
atives with respect to time, respectively. After direct discreti-
zation of the previous differential equation by using central
finite differences of second-order accuracy, one obtains

�
b2p

δ2t
Δt2

� b1p
μtδt
Δt

� b0pμ
2
t

�
Pn
p �

�
a1p

μtδt
Δt

� a0pμ
2
t

�
En; (8)

where δt and μt are the central difference and average oper-
ator over Δt, respectively, according to [40]. These operators
are defined as

δtF
n � Fn�1=2

− Fn−1=2; (9)
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μtF
n � 1

2
�Fn�1=2 � Fn−1=2�; (10)

and

δ2t F
n
≡ δt�δtFn� � Fn�1

− 2Fn � Fn−1; (11)

μtδtF
n
≡ μt�δtFn� � 1

2
�Fn�1

− Fn−1�; (12)

μ2t F
n
≡ μt�μtFn� � 1

4
�Fn�1 � 2Fn � Fn−1�: (13)

The update equation for Pn�1
p is

Pn�1
p � C1pPn

p � C2pPn−1
p � C3pEn�1 � C4pEn � C5pEn−1;

(14)

where the coefficients Cip are given by

C1p �
�
2b2;p
Δt2

−

b0;p

2

�.
Cp;

C2p �
�
b1;p

2Δt
−

b2;p

Δt2
−

b0;p

4

�.
Cp;

C3p �
�
a0;p

4
� a1;p

2Δt

�.
Cp;

C4p � a0;p

2Cp

;

C5p �
�
a0;p

4
−

a1;p

2Δt

�.
Cp; (15)

and

Cp � b2;p

Δt2
� b1;p

2Δt
� b0;p

4
: (16)

The dielectric flux density D at time step n� 1 is

Dn�1 � ε0ε∞En�1 � Pn�1: (17)

Substituting Pn�1 and solving for En�1 yields the update equa-
tion of the electric field

En�1 �
�
Dn�1

−

XN
p�1

�C1pPn
p � C2pPn−1

p �

−

XN
p�1

�C4pEn � C5pEn−1�
�.�

ε0ε∞ �
XN
p�1

C3p

�
: (18)

The update of Pp can then be performed through Eq. (14). The
positions of the electric and magnetic field components in the
FDTD cell are depicted in Fig. 1(a) for the two-dimensional
case. The components of P and D are located at the same
positions as their respective E components.

B. Modeling of Liquid Crystals
The relative permittivity tensor of a LC with a random spatial
alignment profile can be expressed via the following form [28]:

~ε �
 

εo � Δε cos2 θ cos2 ϕ Δε cos2 θ sin ϕ cos ϕ Δε sin θ cos θ cos ϕ
Δε cos2 θ sin ϕ cos ϕ εo � Δε cos2 θ sin2 ϕ Δε sin θ cos θ sin ϕ
Δε sin θ cos θ cos ϕ Δε sin θ cos θ sin ϕ εo � Δε sin2 θ

1
A; (19)

where θ and ϕ are the tilt and twist angles, respectively, as
shown in Fig. 1(b), εo and εe are the ordinary and extraordi-
nary dielectric constants, and Δε � εe − εo. In the context of
this paper, it is assumed that εo and εe are functions of
frequency and as a result the permittivity tensor exhibits
frequency dispersion.

In the following, assuming that the optical axis of the LC is
in the x–y plane (θ � 0), the relative permittivity tensor takes
the form

εxx�ω� � εo�ω� � Δε�ω�cos2 ϕ;
εyy�ω� � εo�ω� � Δε�ω�sin2 ϕ;
εzz�ω� � εo�ω�;
εxy�ω� � εyx�ω� � Δε�ω� sin ϕ cos ϕ;

εxz�ω� � εzx�ω� � 0;

εyz�ω� � εyz�ω� � 0: (20)

The cases of ϕ � 0 and ϕ � π=2, where the optical axis of the
LC lies on the x–z and y–z planes, respectively, lead to similar
forms of the permittivity tensor and can be handled according
to the methodology presented below. According to the constit-
utive relation D�ω� � ε0 ~ε�ω�E�ω�, the components of the
dielectric displacement are given by

Dx � ε0�εo�ω�sin2 ϕ� εe�ω�cos2 ϕ�Ex

� ε0�εe�ω� − εo�ω�� sin ϕ cos ϕEy; (21)

Fig. 1. (a) Definition of the FDTD cell employed in the proposed
ADE-FDTD implementation and (b) schematic layout of the nematic
molecular director, which is locally described by the tilt (θ) and twist
(φ) angles.
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Dy � ε0�εe�ω� − εo�ω�� sin ϕ cos ϕEx

� ε0�εo�ω�cos2 ϕ� εe�ω�sin2 ϕ�Ey; (22)

Dz � ε0εo�ω�Ez: (23)

Equations (21) and (22) can be written in the following form in
order to split the x and y components of the electric field:

Px1 � ε0εo�ω�sin2 ϕEx; Px2 � ε0εe�ω�cos2 ϕEx; (24)

Py1 �
1
2
ε0εe�ω� sin�2ϕ�Ey; Py2 � −

1
2
ε0εo�ω� sin�2ϕ�Ey;

(25)

Qx1 �
1
2
ε0εe�ω� sin�2ϕ�Ex; Qx2 � −

1
2
ε0εo�ω� sin�2ϕ�Ex;

(26)

Qy1 � ε0εo�ω�cos2 ϕEy; Qy2 � ε0εe�ω�sin2 ϕEy: (27)

The auxiliary variables Px1 and Py1 are located at the same
positions in the FDTD cell [see Fig. 1(a)] as the related
electric fields, Ex and Ey, respectively. The same holds for
all the other auxiliary variables above. Keeping expressions
(24)–(27) in mind, Eqs. (21) and (22) can be written as

Dx � Px1 � Px2 � Py1 � Py2; (28a)

Dy � Qx1 � Qx2 � Qy1 � Qy2: (28b)

A Lorentz model is usually sufficient to describe the frequency
of the parameters εo and εe, as will be shown in the following
section for the case of common nematic materials. Therefore,
the frequency dispersion equations of εo�ω� and εe�ω� can be
expressed as

εo=e�ω� � ε∞;o=e �
�εs;o=e − ε∞;o=e�Ω2

L;o=e

Ω2
L;o=e � jωΓL;o=e − ω2 : (29)

It can be remarked in Eqs. (24)–(27) that the auxiliary var-
iables obey the differential equation of a Lorentz medium
involving the dispersion relation of either εo�ω� or εe�ω�,
and multiplied with nondispersive sine/cosine coefficients.
The differential equation of Px1 is discretized using central
finite differences of second-order accuracy:

�
δ2t
Δt2

� ΓL;o

μtδt
Δt

�Ω2
L;oμ

2
t

�
Pn
x1

� ε0 sin2ϕ
�
ε∞;o

Δt2
δ2t � ε∞;oΓL;o

μtδt
Δt

� εs;oΩ2
L;oμ

2
t

�
En
x; (30)

leading to the following update equation for the variable Px1:

Pn�1
x1 � 1

co1
�co4 sin2 ϕEn�1

x � co5 sin2 ϕEn
x

� co6 sin2 ϕEn−1
x − co2P

n
x1 − co3P

n−1
x1 �; (31)

where the coefficients coi, i � 1;…; 6 are given by

co1 �
ΩL;o

4
� ΓL;o

2Δt
� 1

Δt2
;

co2 �
ΩL;o

2
−

2

Δt2
;

co3 �
ΩL;o

4
−

ΓL;o

2Δt
� 1

Δt2
;

co4 � ε0

�
εs;oΩL;o

4
� ε∞;oΓL;o

2Δt
� ε∞;o

Δt2

�
;

co5 � ε0

�
εs;oΩL;o

2
−

2ε∞;o

Δt2

�
;

co6 � ε0

�
εs;oΩL;o

4
−

ε∞;oΓL;o

2Δt
� ε∞;o

Δt2

�
: (32)

Similar equations can be obtained for the other auxiliary
variables, and after substituting the update equations of
Px1, Px2, Py1, Py2 into Eq. (28), we get the following difference
equation for Dn�1

x :

Dn�1
x � ax1E

n�1
x � ax2E

n
x � ax3E

n−1
x � ax4P

n
x1

� ax5P
n
x2 � ax6P

n−1
x1 � ax7P

n−1
x2

� ay1E
n�1
y � ay2E

n
y � ay3E

n−1
y � ay4P

n
y1

� ay5P
n
y2 � ay6P

n−1
y1 � ay7P

n−1
y2 : (33)

The coefficients axi are given by

ax1 �
co;4 sin2 ϕ

co;1
� ce;4 cos2 ϕ

ce;1
;

ax2 �
co;5 sin2 ϕ

co;1
� ce;5 cos2 ϕ

ce;1
;

ax3 �
co;6 sin2 ϕ

co;1
� ce;6 cos2 ϕ

ce;1
;

ax4 � −

co;2

co;1
; ax5 � −

ce;2

ce;1
;

ax6 � −

co;3

co;1
; ax7 � −

ce;3

ce;1
: (34)

Similar expressions for the coefficients ayi can be deduced.
The difference equation for Dn�1

y can be obtained accordingly:

Dn�1
y � bx1E

n�1
x � bx2E

n
x � bx3E

n−1
x � bx4Q

n
x1 � bx5Q

n
x2

� bx6Q
n−1
x1 � bx7Q

n−1
x2 � by1E

n�1
y � by2E

n
y � by3E

n−1
y

� by4Q
n
y1 � by5Q

n
y2 � by6Q

n−1
y1 � by7Q

n−1
y2 : (35)

The update expressions of En�1
x and En�1

y are obtained after
solving the 2 × 2 system of linear equations of (33) and (35).
The FDTD update equations of En�1

x and En�1
y read

En�1
x � Aby1 − Bay1

ax1by1 − ay1bx1
; (36)

En�1
y � Bax1 − Abx1

ax1by1 − ay1bx1
; (37)
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with

A � Dn�1
x − ax2E

n
x − ax3E

n−1
x − ax4P

n
x1 − ax5P

n−1
x2 − ax6P

n−1
x1

� ax7P
n−1
x2 � ay2E

n
y − ay3E

n−1
y − ay4P

n
y1

− ay5P
n
y2 − ay6P

n−1
y1 − ay7P

n−1
y2 (38)

and

B � Dn�1
y − bx2E

n
x − bx3E

n−1
x − bx4Q

n
x1 − bx5Q

n
x2 − bx6Q

n−1
x1

− bx7Q
n−1
x2 − by2E

n
y − by3E

n−1
y − by4Q

n
y1

− by5Q
n
y2 − by6Q

n−1
y1 − by7Q

n−1
y2 : (39)

It is stressed that proper averaging expressions should be ap-
plied on the expressions of A and B for the calculation of each
electric component, similarly to the nondispersive anisotropic
case. This is necessary in order to avoid instability problems
that may arise in simulations due to improper averaging [41].
Also, care should be taken during implementation with re-
spect to the calculation of A and B, and the order by which
these are updated.

3. RESULTS
In this section, the accuracy of the proposed FDTD scheme is
validated via a series of indicative test examples of photonic
structures involving LC materials and/or metallic nanostruc-
tures in the visible and near-infrared wavelength ranges.
The LC material of choice is the nematic mixture E7, a widely
utilized, commercially available material, whose properties
have been characterized in detail. As in the case of most or-
ganic materials, the material dispersion of the LC ordinary
(no) and extraordinary (ne) indices is usually described via
a two- or three-coefficient Cauchy model given by

no=e�λ� � Ao=e �
Bo=e

λ2
� Co=e

λ4
; (40)

where λ is expressed in micrometers. The Cauchy coeffi-
cients for E7 in the 400–1000 nm wavelength window and
at a temperature T � 25°C have been calculated equal
to Ae � 1.6933, Be � 0.0078 μm2, Ce � 0.0028 μm4 and
Ao � 1.499, Bo � 0.0072 μm2, Co � 0.0003 μm4, based on ex-
perimentally measured sample values [30]. The expression of
the LC relative permittivities εr;o=e�ω� � no=e�ω�2 involves
complicated rational terms that cannot be readily introduced
into a dispersive FDTD algorithm. To this end, the LC material
dispersion can be expressed via the Sellmeier model,

εr;o=e�λ� � Co=e �
Do=eλ

2

λ2 − Eo=e

; (41)

which is equivalent to a lossless Lorentz dispersive model, and
it can be directly implemented in the FDTD scheme, as de-
scribed in Section 2. Figure 2 shows that by employing a sim-
ple least-square fitting method, the LC index dispersion of E7
can be described by a single-term Sellmeier model with
Co � 1.539, Do � 0.707, Eo � 0.0316 μm2 and Ce � 2.232,
De � 0.6152, Ee � 0.0785 μm2. The absolute value of
nSell − nCau stays below 0.003 for ne and one order of magni-
tude lower for no. It is stressed that in all examples

investigated in this work, the Cauchy model of Eq. (40) pro-
vides the reference LC indices for the purpose of validating
the proposed FDTD method. In principle, arbitrary sets of
experimentally measured LC index values can be directly
fitted to the Sellmeier model and fed into the FDTD algorithm.
In addition, although in this study the LC material is consid-
ered lossless, the proposed scheme can also incorporate
material losses via the damping coefficient Γ in the Lorentz
dispersive model.

As a first test example, light transmission through a LC slab
placed between cross polarizers is investigated, with a uni-
form molecular orientation described by the twist angle ϕ
as schematically shown in the inset of Fig. 3(b). For the case
of incident x-polarized light, i.e., along the axis of the input
polarizer, the normalized power transmission after crossing
the second polarizer at the exit of the slab is given in a closed
form by [42]

Iout � sin2�2ϕ�sin2
�
πdΔn�λ�

λ

�
; (42)

where Δn�λ� � ne�λ� − no�λ� is the wavelength-dependent LC
optical anisotropy, d the thickness of the slab, and λ is the
operation wavelength. Figure 3(a) shows transmission
through a 15 μm thick E7 slab for ϕ � π=4 in the 400–1000 nm
window, calculated via the proposed FDTD scheme, employ-
ing a spatial step Δz � 2 nm, and the reference analytic sol-
ution, for two cases in which (a) E7 dispersion is included,
according to the fitted Sellmeier model of Eq. (41), and
(b) E7 is characterized by fixed values no � 1.5222 and
ne � 1.739, which correspond to the LC indices of E7 at
532 nm [30]. This particular set of indices will be used in
the rest of this study for the nondispersive-LC reference re-
sults. It is demonstrated that the FDTD scheme accurately re-
produces the theoretical solution, as evidenced in Fig. 3(b),
where the absolute error of the FDTD is plotted for both
cases. The dispersive case shows a slightly larger error than
the nondispersive one in the low-wavelength spectrum. This is
attributed to higher FDTD numerical dispersion, since the
corresponding LC indices are higher, particularly ne as shown
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-
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Fig. 2. Sellmeier fitting of the refractive index dispersion for the
nematic material E7 in the 400–1000 nm window. The inset shows
the difference nSell − nCau, with reference to the Cauchy model of [30].
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in Fig. 2, which in turn leads to shorter wavelengths inside the
dielectric medium.

Next, we study light transmission through a CLC thin film
[43,44] placed between two glass slides of refractive index
ng � 1.5, where the nematic host material is E7. The thickness
of the slab is equal to d � 10P0, where P0 � 450 nm is the cho-
lesteric helical pitch. The LC permittivity tensor is given by
Eq. (20), where the spatial variation of the twist angle is given
by φ�z� � 2πz=P0. The reference solution is calculated by em-
ploying the 4 × 4 Berreman matrix method [37]. Figure 4
shows that the proposed dispersive FDTD implementation
satisfactorily reproduces the reference solution. The nondis-
persive case is also included for comparison, which is shown
to deviate from the dispersive reference solution. For in-
stance, the central wavelength and spectral width of the cho-
lesteric bandgap depend on the LC optical birefringence and
LC index values. Thus, using a set of LC indices known at a
single wavelength, instead of taking into account their
dispersion, fails to accurately calculate the overall spectral
response of the CLC film.

The examples investigated thus far included only dielectric
materials and served to demonstrate the efficiency of the

proposed anisotropic/dispersive FDTD algorithm for the
study of LC-photonic dielectric structures. Combined with
the generalized CP model presented in Section 2.A, the pro-
posed scheme can also account for the material dispersion
of noble metals, essential elements of plasmonic structures,
such as the one shown in Fig. 5. A periodic array of gold
nanostripes is placed on a silica substrate of index n � 1.45.
The nanostripe cross section is w × t, and the array period
is d � 100 nm. The nematic material E7 constitutes the over-
layer of the nanostructure, uniformly orientated at a tilt angle
θ and confined in the plane along the axis of the stripes. A
y-polarized light impinges from the top, and the optical power
transmission Pt is recorded in the silica substrate. CPML and
periodic boundary conditions are accordingly applied at the
unit cell shown in Fig. 5(b). The LC index dispersion is taken
into account via the Lorentz model as explained.

Figure 6 shows the transmission coefficient of the nano-
structure for various nanostripe cross sections, for a LC tilt
angle θ � 0°. The FDTD results are compared with an inves-
tigation based on the frequency-domain FEM [38]. Excellent
agreement is observed in the whole spectral region, with
maximum relative error in all cases and wavelengths below
1%, for FDTD runs with a Δx � Δz � 2 nm mesh. Figure 7
shows the structure’s transmissive properties for w × t � 80 ×
20 nm2 and d � 100 nm, when the LC tilt angle ranges from
0° to 45° and 90°, demonstrating that the proposed FDTD
scheme can resolve even moderate variations stemming from
different LC orientation profiles, by taking rigorously into
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account the material dispersion of both metals and LC
materials.

As a last example, we consider the MLCM plasmonic wave-
guide shown in the inset of Fig. 8. A LC layer with uniform
molecular orientation characterized by the tilt angle θ is sand-
wiched between two silver plates with a separation
d � 100 nm. Silver is considered as a DCP medium with the
parameters of [24]. As in the case of its isotropic metal–
insulator–metal counterparts [45], the MLCM plasmonic wave-
guide supports a fundamental odd TM-polarized mode, whose
dispersive properties depend on the LC indices and its orien-
tation [46]. Figure 8 shows the modal effective index in the
wavelength window of interest, calculated via the proposed
FDTD method and compared with a reference FEM solution
for both the dispersive and the nondispersive cases of the LC.
The dispersion curve was calculated in a single broadband
run. First, two observation points are selected along the direc-
tion of propagation, where the electric field is recorded dur-
ing simulation. Subsequently, the discrete Fourier transform
(DFT) of the two time histories was calculated and the propa-
gation constant kx has been computed via the phase of the

ratio of the DFT signals divided by the distance between
the two points. At the Ag/LC interface, a simple averaging
technique was used, by considering an isotropic effective
medium at the FDTD-mesh nodes where the x component
of the electric field is defined. The effective medium permit-
tivity is taken equal to εeff�ω� � 0.5�εAg�ω� � εxx�ω��, where
εxx�ω� is the corresponding element of the LC permittivity
tensor. Although this is a heuristic algorithm for the Ag/LC
interface treatment, very good results are produced for the
LC-anisotropic problem under study, similar to those obtained
in [26] for isotropic dielectrics.

The FDTD results of Fig. 8 were obtained using a mesh
defined by Δx � 10 nm and Δz � 5 nm, and showed a maxi-
mum relative error below 0.3% at the low-wavelength edge of
the investigated spectral windowwith respect to the reference
FEM solution, when the proposed averaging technique is used
at the Ag/LC interface. The effect of LC dispersion can be
clearly observed, as the modal dispersion curve notable de-
pends on the values of the LC indices. The two curves cross
at 532 nm, which is the wavelength where the set of LC index
values was selected for the nondispersive reference case.
Neglecting the LC material dispersion leads to an absolute
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relative error of 7.24% and 2.43% at the low- and high-
wavelength edges of the spectral window, respectively, indi-
cating the advantage of employing the proposed dispersive
FDTD scheme. Finally, Fig. 9 shows the modal dispersion
curves for three tilt angle values, θ � 0, π=4, and π=2, calcu-
lated for the dispersive-LC case, verifying the suitability of the
proposed method in the rigorous time-domain study of LC-
plasmonic structures. It is stressed that although in these re-
sults a uniform LC orientation is assumed, the proposed
scheme can readily incorporate complex LC molecular orien-
tation profiles described by spatially varying tilt and twist an-
gles, as in the case of the cholesteric slab investigated in Fig. 4.

4. CONCLUSIONS
In conclusion, we have presented a FDTD scheme for the
rigorous study of photonic structures involving nematic LC
materials and metallic nanostructures. The model takes into
account the full-tensor anisotropy of the LC as well as the per-
mittivity dispersion of all involved materials. Isotropic materi-
als, such as noble metals in the visible or infrared, are
modeled via a generalized CPs model, while the dispersion
of the LC indices is described by the Lorentz model. The val-
idity of the proposed scheme is verified via a series of test
examples demonstrating excellent agreement with reference
analytical or numerical solutions.
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