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Splitting of surface plasmon frequencies of metal particles in a nematic
liquid crystal
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We calculate the effective dielectric function for a suspension of small metallic particles immersed
in a nematic liquid crystalNLC) host. For a random suspension of such particles in the dilute limit,

we calculate the effective dielectric tensor exactly and show that the surface plasmon resonance of
such particles splits into two resonances, polarized parallel and perpendicular to the NLC director.
At higher concentrations, we calculate this splitting using a generalized Maxwell-Garnett
approximation(MGA), which can also be applied to a small metal particle coated with NLC. To
confirm the accuracy of the MGA for NLC-coated spheres, we also use the discrete dipole
approximation. The calculated splitting is comparable to that observed in recent experiments on
NLC-coated small metal particles. 8004 American Institute of Physics
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An important goal in optics is to prepare materials withillustrated schematically in Fig.(4). The metal particles are
optical properties easily controllable by external parameterassumed to have a complex but isotropic dielectric function
such as temperature or electromagnetic fields. Nematic liquid(w), which we take simply to be of the Drude form
crystals(NLC's) are useful materials of this kind# the op- , .
tical axis of an NLC, known as the director, can be rotated by ~ €m(®) =1 ~w/[w(w +i/7)], (1)

a weak applied electric field, thereby altering its transmis- \yhere w. is the plasma frequency andis a characteristic
sion and reflection coefficients. Several authors have Su%laxatic;)n time. The NLC host is taken to be a uniaxial di-
gested that such control might be achieved by incorporating|ectric with dielectric tensdéy, ¢ having principal compo-
NLCs into composite media Whl|ch are structured on a Scal‘ﬁentSelEni, €,, and q‘Enf, assumed real and frequency
comparable to the wavelengfr independent. If the metal particle radius is small compared to

Recently, there have been optical applications of nanogither its skin depth or the wavelength the composite op-
particles on a scalemaller than the wavelengtfi Amongs tical properties are well described by a complex effective
the applications are nanolenslésplasmonic.nanoanten'né »dielectric tensofg,(w). We also assume that the NLC is ho-
and light energy transfer through linear chains ofmogeneous, with principal axes which point in the same di-
nanoparticles> ' Thus, it would be of great interest if the rections at every point in the space it occupi@e limita-
use of NLCs to control light propagation could be extendedions of this assumption are discussed briefly beldith

to systems with structure on this sc_:ale. Indeed_, a recent exhese approximation&(w) is also a tensor with principal
periment has shown that the optical properties of NLC-components, | (), € , (@) and e ().

coated metal nanoparticles can be controlled by a dc electric  \ye calculatéé(w) in the limit that the volume fraction

- 18
field. of inclusionsp< 1. In actuality,e, for this geometry has been

In this letter, as a first step towards a theoretical treate, . jated in Ref. 19 for the formally analogous case of con-

ment of such systems, we present an exact calculation of thg,(ing particle in a host with an anisotropic dc conductivity.
optical properties of a dilute suspension of metallic nanoparthe result for the dielectric function is

ticles in a NLC host. We find that the usual surface plasmon

(SP) resonance o_f the metal nanoparucle; splits into two Z(w) =% +p[1— &f]—l e, )
resonances, polarized parallel and perpendicular to the NLC _ _ _ _
director. In addition, we develop a Maxwell-Garnett ap-where dé=e,— ¢, is the difference between the dlagonzil di-
proximation(MGA) which is suitable either for higher con- electric tensors, ande; of the inclusion and the host, afhd
centrations of particles in a NLC host or for a single nano-is a 3x 3 “depolarization tensor” which is diagonal in the
particle coated with a NLC. We also use the discrete dipol&ame frame of reference @s. In the case of Fig. (B), &
approximation(DDA) to confirm thg accuracy of the MGA corresponds @&y, and, to €m”i’ where 1is a 3x 3 unit
for NLC-coated spheres. For typical NLC parameters, W&nairix. Equation(2) is a matrix equation foE, but because

find that the calculated SP splitting for coated spheres 'j)othf and & are simultaneously diagonalizable, it is also

large enough to be experimentally observable in both absor diagonal and reduces to three separate algebraic equations
tion and transmission, and, indeed, is of a magnitude Comf_orgt]he three components @f. If the Fr)netallic i?]clusionslre
parable to that found in experimerjr?s. P b

First, we consider the optical properties of a dilute sus-SPherical particles, theR has principal components,, I,
pension of spherical metallic nanoparticles in a NLC host, aghdI’;, where

/_ . J_ ’!—
F“:_(l_\"l_g Sin lvg/\“g)/(qg), (3)
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FIG. 1. Schematic diagram of the ge-
ometries we consider heréa) Metal
nanoparticle embedded in a NLC host.
(b) NLC-coated metal nanoparticle in
air host.

== %(FH + Sin_l\“sa/\“‘sﬁ)y (4) ‘€coar= ENLC F IO’[~1 -(1- p’)1~“ Se| 1, (7)

wheres is the thickness of the coating,is the radius of the
included metallic particlep’ =a®/(a+s)® is the volume frac-

tion of metal in the coated patrticle, add=e,1—"éy c. In the
second stage, we assume that a volume fracfiefil of
coated particles is embedded in an air host, and calculate the
effective dielectric tensog, of this suspension using ER).

To carry out this latter calculation, we taE@;l, 0€="€c0at

-1, and usd'=-1/3, the depolarization tensor for a spheri-
cal particle in an isotropic host of unit dielectric constant.
The resultinge, is diagonal with nonzero components

whereg=1-¢, /¢.
The positionsw, (a=|| or 1) of the two peaks can be
obtained analytically from the equation

1-T,J€,=0, (5)

wherea=| or L. For a Drude dielectric function in the limit
w,7—, this equation reduces to

W JoR=-T J[1-(1-€)T,], ©) €0, =1+pt,, ®

where
wherel’, is given by Eqs(3) and(4). To present illustrative c -1
results, we assume that the host is the NLC known as E7, t,= coaty (9)
which has principal indices of refractiam, =\e, =1.52,n, 1 +(1/3)(€coatn = 1)
=\g=1.75, as used in the experiments in Ref. 18. For thesand the subscripp=| or L denotes a component in the
n, andnj,wp,/w,=0.4068 and 0.4022. Here the difference direction parallel or perpendicular fo By analogy with Eq.
is a small but observable amount, and is robust against smak), we can determine the positions, of the two peaks
changes of either index of refraction. It is of interest to com-analytically from the equation
pare the calculated splitting with that observed in the experi-

ments. Fop=0.01, our calculated splitting between thand 1+(1/3)(€coatp = 1) =0, (10
L SP frequencies is about 1%. By comparison, that observeghere u=| or L.
in Ref. 18 appears to be around 3.4%. We have used Eq10) to obtain the SP resonance fre-

At higher concentrationse. can only be computed ap- guencies of a dilute suspension of NLC-coated metal par-
proximately, e. g., using the Maxwell-Garnett approximationticies. We consider two different angles between the director
(MGA). The MGAIis believed to be best suited to a geometryand the polarization of incident light, namely 0° and 90°. We
in which the inclusions are preferentially surrounded by theyse the Drude dielectric function of E¢L) for ey(w), in the
host (NLC, in this casg If the directorn of the NLC iS jimit ¢ 7— o, and the dielectric tensor of E7 for that of the
independent of position, then the MGA takes the formggating. The resulting frequencies of the SP resonances are
Emca=€+p[1-(1-p)I'5e] L oe. shown in Fig. 2 as full and dashed lines.

Next, we consider the optical properties of a dilute sus-  To see how well this MGA approach works for a dilute
pension ofcoatedparticles. The coating is assumed to con-suspension of coated metal particles, we have compared the
sist of a thin layer of NLC. The geometry in this case isresults to DDA calculations of the normalized peak position
shown schematically in Fig.(t). We may calculate the ef- of scattered amplitud®. In the DDA, the scattering object is
fective dielectric function of this suspension in two stagesrepresented as a collection of point dipoles on a simple cubic
First, we calculate the dielectric functiGi,,; of the coated grid of n® points, withn as large as 120; we increaseuntil
particle using the MGA, and assuming that the directon  the peak position of scattered amplitude converges. The mag-

the coating is uniformly oriented. Thus, we take nitudes of the point dipoles are chosen to reproduce the scat-
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1 — — which take into account these complications will be pre-
- 1 sented elsewhefd.
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