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We study the optical properties of gold nanoparticles (NPs)

coated with a nematic liquid crystal (NLC) whose director field

is distributed around the NP according to the anchoring

conditions at the surface of the NP. The distribution of the

NLC is obtained by minimization of the corresponding Frank

free-energy functional whilst the optical response is calculated

by the discrete-dipole approximation (DDA). We find, in
particular, that the anisotropy of the NLC coating does not

affect much the (isotropic) optical response of the NP.

However, for strong anchoring of the NLC molecules on the

surface of NP, the inhomogeneity of the coating which is

manifested by a ring-type singularity (disclination or Saturn

ring), produces an enhancement of the extinction cross

spectrum over the entire visible spectrum.
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1 Introduction Metamaterials are man-made struc-
tures with electromagnetic (EM) properties which are not
met in naturally occurring materials, such as artificial
magnetism, negative refractive index (NRI), near-field
amplification, cloaking, and other optical illusions. The holy
grail of research in this discipline has been the realization of
metamaterials with the above EM properties in the visible
regime. To this end, top-down technologies and lithographic
techniques have been employed for the realization of optical
metamaterials. However, due to fabrication restrictions in
the top-down approaches, only two-dimensional (2D),
planar metamaterials have been realized in the optical
regime [1]. On the contrary, bottom-up approaches based on
self-assembly technology allow for the realization of true,
three-dimensional (3D) optical metamaterials with the
promise of lower cost, high throughput, and small sensitivity
to damage or fabrication errors.

The most promising way of realizing metamaterials by a
bottom-up approach relies on organic chemistry ofmesogens
and macromolecules. Namely, macromolecules such as
dendrimers and mesogens of controlled shape are ideally
suited for organizing metal nanoparticles (NPs) into
composite materials with tailored properties such as particle
size, shape, particle distance, etc. Macromolecular and low-
molar liquid crystal (LC) ligands are attached to the particles
by chemical methods and arrangements such as disks or rods
can be envisaged where the NP is located at the center and is
surrounded by radially or tangentially arranged organic
molecules [2–7].

In this work, we study the optical response of a single
metallic NP decorated by a nematic liquid crystal (NLC), in
order to assess the effect of the inherent inhomogeneity and
anisotropy of the NLC on the plasmonic excitation of the
metallic NP. Our study will be based on treating the NLC
surrounding the NP as a continuous medium but with the
aforementioned inhomogeneity and anisotropy of the NLC.
The anisotropy of the NLC stems from the axial symmetry of
NLC molecules whilst the inhomogeneity is a result of the
anchoring of the NLC molecules on the surface of the NP.
The distribution of the director field of the NLC around a
certain NP is taken by minimization of the corresponding
functional of the elastic Frank free energy around and at the
surface of the NP. For two limiting cases for the anchoring
energy, i.e., W! 0 (weak anchoring) and W!1 (strong
anchoring) we use analytic expressions for the spatial
distribution of the director field. A spherical metallic NP is
assumed to be coated by a spherical layer of an NLC with
given director-field distribution. The EM response of the
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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NLC-coated NP is studied by means of the discrete-
dipole approximation (DDA) [8–10] using as input the
polarizability tensor at each point in space which is
provided by the distribution of the director field for the
NLC coating (the corresponding polarizability tensor for
the metallic NP/core is diagonal and constant in space). It
is worth noting that the optical response of NLC-coated
metallic NP in free space [11] and atop a substrate [12] has
been studied in the past within, however, a limited frequency
range around the NP surface plasmon (SP) frequency.

2 Theory
2.1 Distribution of the director field In the

absence of any material boundaries, an NLC is uniformly
distributed in space. However, when boundaries are present
the director field of the NLC is inhomogeneously distributed
in space according to the anchoring conditions on the
physical boundary. In our case, the physical boundary is
the surface of the NP. In order to find the distribution of
the director field n(r) around the NP, one minimizes the
functional of the Frank free energy which, in our case, is
taken in the one-constant approximation, i.e.,
� 20
F ¼
Z

1

2
K ðr � nÞ2 þ ðr � nÞ2
h i

d3r: (1)
At the surface of NP, the functional of the free energy is
taken in the Rapini and Popoular [13] approximation
Fs ¼ �
I

1

2
Wðn � ŝÞdS; (2)
where ŝ is the unit vector normal to the surface and W the
anchoring energy. Equation (2) constitutes the boundary
condition in our case. The functionals of Eqs. (1) and (2) are
minimized under the constraint jnðrÞj2 ¼ 1 for the director
vector
nðrÞ ¼ ðnx; ny; nzÞ
¼ sinbðrÞcosf; sinbðrÞsinf; cosbðrÞð Þ;

(3)
which, obviously, respects the cylindrical symmetry of the
problem (u, f are the polar and azimuthal angles of the
spherical coordinate system). b(r) is the angle between
the director vector and the z-axis which is taken to be the
optical axis of the NLC in the absence of the NP.

For the case ofweak anchoring, i.e.,WS=K � 1 where S
is the NP radius, minimization of the functionals (1) and (2)
leads to an analytical function for b(r) [14]
bðrÞ ¼ WS

4K

S

r

� �3

sin2u: (4)
The above formula is valid for anchoring energies
W � 10�4 erg cm�2. For a typical value of
K� 10�6 erg cm�1, Eq. (4) is valid for NP radii S< 5mm
[14].
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For the case of strong anchoring, i.e., W!1, one can
also have an analytic function for b(r) [14]
bðrÞ ¼ u � 1

2
arctan

sin2u

1=f ðrÞ þ cos2u

� �
; (5)
where
f ðrÞ ¼ r

a

� �3

þ Aþ Bþ Cexpð�r=aÞ; (6)
and
A ¼ S3

a2ða� SÞ2
S� aþ a

S

� �2

ð4a� 3SÞ
�

� a

S
expð�S=aÞ � expð�1Þ

h ii
;

B ¼ S3

a2ða� SÞ2
½a� Sþ ð4a� 3sÞ

� ½expð�1Þ � expð�S=aÞ��;
C ¼ � 4a� 3S

a� S
: (7)
r¼ a is the distance from the center of the NP of a
disclination (Saturn) ring of (�1/2) singularity at the
equatorial plane (u¼p/2) [14–16]. The Saturn ring is a
result of the pinning of the NLC to the surface of the NP.We
note that the above analytical functions for the NLC director
field are valid for two limiting cases (weak and strong
anchoring). For intermediate anchoring energies as well as
for more general Frank free-energy functionals one has to
resort to numerical methods [11, 12, 17–21].

2.2 Discrete-dipole approximation We study the
optical response of NLC-coated metallic NP using the DDA
[8–10]. The NLC-coated NP (scattering object in our case) is
considered as an array of point dipoles (i ¼ 1; � � � ;N) each of
which is located at the position ri, corresponding to a dipole
moment Pi and a (position-dependent) polarizability tensor
~ai. The above quantities are connected by
Pi ¼ ~aiEi; (8)
where Ei is the electric field at i-th dipole,
Ei ¼ Einc;i �
X
j 6¼i

Aij � Pj; (9)
which is the sum of the directly incident fieldEinc,i as well as
the field scattered by all the other dipoles j 6¼ i and it is
incident on the i-th dipole [second term of Eq. (9)]. The
www.pss-a.com
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interaction matrix Aij is given from
www
Aij ¼
expðikrijÞ

rij

�
k2 r̂ijr̂ij � 13
� �

þ ikrij � 1

r2ij
3r̂ijr̂ij � 13
� ��

; i 6¼ j; (10)
where 13 is the 3� 3 unit matrix, rij ¼ ri � rj, r̂ij ¼ rij=jrijj.
By combining Eqs. (8) to (10) we obtain a linear system of
equations, i.e.,
XN
j¼1

AijPj ¼ Einc;i; (11)
where the diagonal elements of the interaction matrix are
essentially the inverse of the polarizability tensor of each
dipole, i.e.,
Aii ¼ ½~ai��1: (12)
For an anisotropic sphere characterized by a dielectric
tensor ~es and immersed within an isotropic host of dielectric
constant eh, the polarizability tensor of the sphere is given
by the Clausius–Mossoti formula for anisotropic spheres
[22], i.e.,
~ai ¼ Vs

3eh
4p

~es � eh13½ � ~es þ 2eh13½ ��1: (13)
For an NLC ~es ¼ diagðek; ek; e?Þ while for a metallic sphere
~es ¼ em13. Eq. (13) provides the polarizability of an NLC
when the director vector is oriented along the z-axis of the
(global) coordinate system. When the director vector of the
i-th dipole forms arbitrary angles a, b, and g with the x, y,
and z axes, respectively, the polarizability tensor is given
by [23]
â ¼ M�1~aM; (14)
where
M ¼ RxðaÞRyðbÞRzðgÞ; (15)
and Rx(a), Ry(b), Rz(g) are the rotation matrices about the x,
y, and z axes, respectively.

Having determined the dipole moment Pi at each point
dipole, one can calculate quantities such as the scattering,
extinction, and absorption cross-sections, i.e.,
Csc ¼
4pk

jEincj2
XN
i¼1

2

3
k2jPij2 � =ðPi � E�

self;iÞ
� �

; (16)
XN � �

Cext ¼ 4pk

i¼1

= Pi � E�
inc;i ; (17)
XN

Cabs ¼ 4pk

i¼1

= Pi � E�
i

� �
; (18)
where Eself;i ¼ Ei � Einc;i.
.pss-a.com
2.3 Nonlocal optical response for the gold
nanoparticle Due to the small size (below 10 nm) of the
fabricated NLC-coated gold NPs, the dielectric function
of gold appearing in Eq. (13) should be provided within
a nonlocal description of the optical response of a NP
[24–29]. At the same time, a realistic description of the
optical properties of NLC-coated NPs requires the adoption
of an experimentally obtained dielectric function [30]
which, apart from the Drude-type behavior, it includes
the contribution of interband transitions. Lastly, due to the
small size of the NP, scattering of the free electrons at the
boundaries of the NP should be considered as well. Taking
all the above into account, the dielectric function of gold is
written [28],
emðv; kÞ ¼ eexpðvÞ � eDrudeðvÞ þ eNLðv; kÞ; (19)
where eexp is the experimental dielectric function of gold
[30] and
eDrude ¼ 1�
v2
p

vðvþ igbulkÞ
; (20)
is the Drude-type dielectric function where vp¼ 8.99 eV
and gbulk¼ 0.05 eV are the plasma frequency and the loss
factor of bulk gold, respectively. The nonlocal part of the
dielectric function of Eq. (19) is provided by the
hydrodynamic model [24, 26, 29]
eNL ¼ 1�
v2
p

v2 þ ivgNP � bk2
; (21)
where b ¼ ð3=5Þv2F with vF ¼ 0:903 eV nm being the
electron Fermi velocity for gold. gNP is the loss factor
(inverse relaxation time of the free electrons) corrected in
order to take into account the scattering of the electrons at
the spherical boundary of the NP [31]
gNP ¼ gbulk þ GvF=S; (22)
where S is the NP radius and G is a dimensionless fitting
parameter which describes the nature of the electron-surface
scattering [31]. In Figs. 2–4 we have taken G¼ 1 whilst in
Fig. 5 we have taken G¼ 3 for best fitting to the
experimental data.

Once a nonlocal dielectric function is assumed for the
gold NP, the corresponding polarizability must be given in
the same (nonlocal) framework, i.e., ~ai of Eq. (13) is
provided by [26, 28, 29]
~ai ¼ Vs

3eh
4p

~zs � eh13
	 


~zs þ 2eh13
	 
�1

; (23)
with
~zs ¼
6S

p

Z 1

0

dk
j21ðkSÞ
emðv; kÞ

� ��1

; (24)
where j1 is the spherical Bessel function for ‘ ¼ 1 and em is
given by Eq. (19). Thanks to the homogeneous and isotropic
nature of the NPs studied here as well as their small size
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2 (online color at: www.pss-a.com) Extinction spectrum
for a 7.5 nmgoldNPcoatedwithE7NLCof 5 nm thickness forweak
(solid line) and strong (broken line) anchoring conditions. The light
gray line corresponds to the case of an isotropic medium with
niso ¼ ð2nk þ n?Þ=3. For (a) light is incident along the optical axis
of the NLC (taken to be the z-axis) while for (b) light is incident
normal to the optical axis.
(<10 nm), a gold NP can be very well approximated as a
single point dipole in Eq. (11) whose polarizability is
provided by the nonlocal polarizability of Eq. (24). This
speeds up the convergence in the DDA calculations
[numerical solution of Eqs. (11)] since the gold NP need
not be further discretized to smaller dipoles.

3 Results and discussion We consider gold NPs
coated by E7 commercially available NLC with refractive
indices nk¼ 1.74 and n?¼ 1.53 [32]. Figure 1 shows a gold
NP surrounded by a Saturn ring of�1/2 singularity which is
present under strong anchoring conditions. Figure 2 shows
the extinction spectrum for a gold NP of 7.5 nm radius
surrounded by an NLC coating of 5 nm thickness for right-
circularly polarized light incident along (Fig. 2a) and normal
(Fig. 2b) to the NLC optical axis.

We note that the scattering spectrum is much smaller
than the absorption spectrum, i.e., extinction almost
exclusively stems from absorption. The calculated extinction
spectra are for weak (WS=K ¼ 2� 10�4) and strong
anchoring conditions as well as for the case of an isotropic
medium whose refractive index is the average of two
refractive indices of the NLC, i.e., niso ¼ ð2nk þ n?Þ=3.

Figure 3 shows extinction spectra similar to those of 2
but for a thicker coating, i.e., 7.5 nm thickness. The peak in
all extinction spectra stems from the excitation of the SP
resonance of the gold NP. Evidently, for strong anchoring
conditions, the extinction spectrum is on the average 20%
higher than the two other types of coating (weakly anchored
NLC and isotropic). Figure 4 shows the position of the SP
peak as a function of the coating thickness, for different
configurations of the NLC director field and different
directions of light incidence. As the coating becomes
thicker, the difference in the SP position between the
isotropic LC and the NLC phases increases, i.e., for a 7.5 nm
thickness and for incidence along the NLC axis, the SP peak
for weak anchoring conditions is 5 nm below the SP peak
corresponding to the isotropic LC coating.

It can also be seen that the position of the SP depends on
the incidence direction (and hence on polarization) as a result
of the inherent anisotropy of the NLC coating which induces
Figure 1 (online color at: www.pss-a.com) A metallic NP coated
with a strongly anchored NLC and its disclination ring at the
equatorial plane.

� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
the splitting of the SP mode [11, 12]. The splitting is
somewhat larger for theweak anchoring conditions implying
a more anisotropic profile for the director-field distribution.
As expected, the SP splitting is zero for the isotropic LC
phase.

The small differences in the position (about 1 nm) and
magnitude (about 2%) of the extinction spectra for both cases
of incidence (parallel and normal to the optical axis of the
NLC) indicates that the anisotropy of theNLCdoes not affect
much the (isotropic) EM response of the NP. This means that
in a periodic metamaterial structure made from NLC-
functionalized metallic NPs, if anisotropic optical response
is experimentally measured it must be mostly attributed to
the particular arrangement of the NPs in space and very little
to the anisotropy of the surrounding medium (NLC) which
will only have the role of a ‘‘glue’’ which keeps the NPs joint
together in a certain geometrical structure. Of course, as
mentioned above, the inhomogeneous distribution of the
NLC around the metallic NP should be taken into account as
it results in an overall 20% higher extinction spectrum
for strong anchoring conditions and a considerable SP shift
of about 5 nm for weak anchoring conditions. We note,
however, than neither the anisotropy nor the inhomogeneity
of the NLC coating produces new structure, e.g., additional
www.pss-a.com
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Figure 3 (online color at: www.pss-a.com) The same as Fig. 2 but
for an NLC coating of 7.5 nm thickness.

Figure 5 (online color at: www.pss-a.com) Theoretical (line) and
experimental (squares) absorption spectra for a 6 nmgoldNPwithin
the NLC 4-cyano-4-n-pentylbiphenyl (5CB). The theoretical curve
is taken by assuming G¼ 3 in Eq. (22).
peaks, in the extinction spectrum as a result of the small
anisotropy of the refractive index.

Finally, in Fig. 5 we show the absorption spectrum for a
gold NP in the NLC 4-cyano-4-n-pentylbiphenyl (5CB)
along with corresponding experimental data from Ref. [4].
The agreement between theory and experiment is very good
except for wavelengths shorter than 475 nm where the
theoretical curve is a decreasing function of wavelength
while the experimental one is increasing. It is worth noting
that our theoretical model cannot capture experimental
conditions such as the free rotation and the size distribution
of the NPs.
Figure 4 (online color at:www.pss-a.com)Position of the SPpeak
for different configurations of the NLC director field, for light
incident along (solid lines – filled symbols) and normal (broken
lines – empty symbols) to the optical axis of the NLC.

www.pss-a.com
4 Conclusions We have studied the optical response
of gold NPs coated with an NLC. The distribution of the
director field of the NLC was taken from analytic functions
determined byminimization of the elastic Frank free energy.
The optical response has been calculated by the DDA which
takes into account both the anisotropy and inhomogeneity of
the LC coating. We have found that the anisotropy of the
coating has small influence on the (isotropic) response of
the NP. If the LC molecules are strongly anchored at the
surface of the NP, the distribution of the NLC possess a
topological singularity (Saturn ring) and has a significant
impact on the magnitude of the extinction spectrum of
the NP. For weakly anchored LC molecules, the SP peak is
shifted a few nm relative to a coating of isotropic LC phase.
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