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Abstract: A molecular-statistical theory of the high frequency dielectric susceptibility of the nematic1

nanocomposites has been developed and approximate analytical expressions for the susceptibility2

have been obtained in terms of the effective polarizability of a nanoparticle in the nematic host,3

volume fraction of the nanoparticles and the susceptibility of the pure nematic phase. A simple4

expression for the split of the plasmon resonance of the nanoparticles in the nematic host has been5

obtained and it has been shown that in the resonance frequency range the high frequency dielectric6

anisotropy of the nanocomposite may be significantly larger then that of the pure nematic host.7

As a result all dielectric and optical properties of the nanocomposite related to the anisotropy are8

significantly enhanced which may be important for emerging applications. The components of the9

dielectric susceptibility have been calculated numerically for particular nematic nanocomposites with10

gold and silver nanoparicles as functions of the nanoparticle volume fraction and frequency. The11

splitting of the plasmon resonance has been observed together with the significant dependence on12

the nanoparticle volume fraction and the parameters of the nematic host phase.13

Keywords: liquid crystal; molecular-statistical theory; nanocomposite14

1. Introduction15

Nematic liquid crystals LCs have a long history, and numerous contemporary applications.16

During the past decade there has been significant interest in LC nano-composite, in which metal,17

dielectric or semiconductor nanoparticles (NPs), which are close to the size of typical mesogenic18

molecules, modify and improve the LC properties. It has been shown that doping of a nematic LC with19

small NP volume concentration can affect many important nematic phase properties, e.g. decrease20

in threshold and switching voltages as well as switching times of LC displays (see, for example,21

Refs. [1–5]). Suspensions of NPs in various nematic LCs have been investigated by many authors and,22

in particular, doping of nematics with ferroelectric NPs is known to enhance dielectric and optical23

anisotropy, increase the electro-optic response [6,7] and improve the photorefractive properties [8].24

Suspensions of para- and ferromagnetic particles in nematics are promising candidates for magnetically25

tunable structures, and doping of ferroelectric LCs with metal and silica nanoparticles enables one26

to improve the spontaneous polarization and dielectric permittivity and to decrease switching times27

[9–11]. Finally, distributing semiconductor quantum dots in smectic LC-polymers enables one to28

achieve the positional ordering of nanosize particles [14,15]. At the same time the LC medium may29

also effect the properties of NPs including, in particular, their polarizability. For instance, the localized30

plasmon resonance of gold NPs can be tuned by changing the refractive index and, in particular, the31

birefringence of the surrounding LC medium [17–19].32

Submitted to Crystals, pages 1 – 12 www.mdpi.com/journal/crystals

http://www.mdpi.com
https://orcid.org/0000-0002-8996-9568
https://orcid.org/0000-0001-6221-3093
http://www.mdpi.com/journal/crystals


Version September 21, 2020 submitted to Crystals 2 of 12

The effect of NPs on various properties of nematic LCs is mainly determined by the anisotropic
interactions between NPs and mesogenic molecules. Many NPs are approximately spherical or
weakly anisometric. In this case the corresponding anisotropic interaction potential is determined
by anisotropic charge distribution and the anisotropy of the polarizability of a NP or a mesogenic
molecule. For nonpolar particles the anisotropic interaction is dominated by the dispersion interaction
which is determined by the dielectric properties of the interacting particles. In particular, the leading
contribution is the so-called dipole-dipole dispersion interaction potential which is given by the
following general expression (see, for example, [24]):

U(R) = − h
2π

∫ ∞

0
Tr
[
αNP(iω) · T(R) · αm(iω) · T(R)

]
dω, (1)

where αNP(iω) is the polarizabiity tensor of a NP, αm(iω) is the polarizability tensor of a mesogenic33

molecule, h is the Plank constant and Tαβ(R) = R−5 (3RαRβ − R2δαβ

)
is the dipole-dipole propagator34

tensor where R is the intermolecular vector.35

One can readily see that the anisotropic interaction (which depends on the direction of the36

intermolecular vector R) is determined by the anisotropy of the polarizability of both NPs and37

mesogenic molecules. One notes also that typical NPs have the size of several mesogenic molecues,38

and in this case the effective polarizability of such a NP is renormalised by the dielectric properties of39

the surrounding LC medium as the NP is interacting simultaneously with many mesogenic molecules.40

Thus it is very important to obtain at least qualitative expressions for the effective polarizability of a41

NP embedded in the LC dielectric medium which is the aim of the present paper.42

2. Results43

2.1. High frequency dielectric susceptibility of the nematic nano-composite44

As shown in [20] the general expression for the tensor dielectric constant of the nematic phase45

doped with NPs can be expressed in the form of the generalized Clausius-Mossotti equation in which46

the average polarizability of a single molecule is replaced by the effective renormalized polarizability47

that depends both on intermolecular interactions and correlations and on interactions and correlations48

between NPs and neighboring mesogenic molecules:49

(ε̂− 1)(ε̂ + 2)−1 =
4π

3
α̂, (2)

where50

α̂ = 〈γ̂(1 + Ĥγ̂)−1〉〈(1 + Ĥγ̂)−1〉−1, (3)

and where γ̂ is the weighted sum of the microscopic polarizabiities of the mesogenic molecule and the51

NP which depends on the fluctuating orientation and position of both mesogenic molecules and the52

NPs:53

γ̂(ω) = ∑
α

∫
β̂α(θ, ω)ρα(θ, r)dθ. (4)

and ρα is the microscopic number density of molecules of type α:54

Here the operator Ĥ = F̂ when |r− r| > D and Ĥ = 0 when |r− r| < D, where D is the molecular55

diameter and the operator F̂ is equal to the dipole-dipole propagator if the correlation radius of the56

nematic is smaller then the wavelength of light:57

F̂(r− r′, ω) =
4π

3
δ(R) + (3u⊗ u− Î)R−3. (5)
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The renormalized polarizability α̂ can be expanded in powers of the polarizability fluctuation58

∆γ = γ− 〈γ〉 where 〈γ〉 is the average polarizability:59

α̂ = 〈γ〉 − 〈∆γK̂∆γ〉+ ..., (6)

where K̂ = (1 + Ĥ〈γ̂〉)−1Ĥ.60

Taking into account Eq. (4), the renormalised weighted polarizability can be written in the form:61

α̂ = ∑
α

〈β̂α〉ρα −∑
α,β

λ̂α,βραρβ + ..., (7)

where 〈β̂α〉 is the average polarizability of the component α and62

λ̂α,β =
∫

gα,β(R, θ, θ′)β̂α(θ)K(R, ω)β̂β(θ
′)dRdθdθ′. (8)

Here α = m, n where m denotes the mesogenic molecules of the host nematic phase and n denotes63

the NPs. The functions gα,β(R, θ, θ′) are the pair correlation functions between the particles of the64

components α and β, and K(R, ω) is the kernel of the operator K̂. The higher order terms in Eqs. (6)65

and (7) depend on higher order correlation functions.66

Usually the volume fraction of NPs in the nematic nano-composite is very small, and then the67

correlations between NPs can be neglected in the first approximation. As a result Eq.(2) can be written68

in the following form taking into account also Eq.(7):69

(ε̂− 1)(ε̂ + 2)−1 =
4π

3

(
(1− φ)β̂

e f f
m ρm + φβ̂

e f f
NP

)
, (9)

where φ is the volume fraction of the NPs and the effective nondimentional polarizability of a70

mesogenic molecule is expressed as71

β̂
e f f
m = v−1

m
(
〈β̂m〉+ λ̂m,mρm

)
. (10)

Here vm is the volume of the mesogenic molecule while λ̂m,m is determined by the correlations72

between neighboring mesogenic molecules and is given by the general Eq.(8).73

Similarly the effective nondimentional polarizability of an NP reads:74

β̂
e f f
NP = v−1

NP
(
〈β̂NP〉+ λ̂NP,mρm

)
, (11)

where vNP is the volume of the mesogenic molecule and λ̂NP,m is determined by the correlations75

between the NP and the neighboring mesogenic molecules.76

One notes that at small volume fraction of NPs the effective polarizability of the mesogenic77

molecule β̂
e f f
m is independent on the NPs in the first approximation and hence it can be expressed in78

terms of the dielectric tensor ε̂LC of the nematic host phase:79

(ε̂LC − 1)(ε̂LC + 2)−1 =
4π

3
β̂

e f f
m . (12)

Thus Eq.(9) can be rewritten in the form:80

(ε̂− 1)(ε̂ + 2)−1 = (1− φ)(ε̂LC − 1)(ε̂LC + 2)−1 4π

3
φv−1

NP β̂
e f f
NP, (13)

where vNP is the nanoparticle volume. From Eq.(12) the dielectric tensor of the nematic composite can81

be expressed as:82

ε̂ =
(ε̂LC + 2 Î) + 2

[
(1− φ)(ε̂LC − Î) + 4π

3 φv−1
NP β̂

e f f
NP(ε̂LC + 2 Î)

]
(ε̂LC + 2 Î)−

[
(1− φ)(ε̂LC − Î) + 4π

3 φv−1
NP β̂

e f f
NP(ε̂LC + 2 Î)

] . (14)
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2.2. Effective polarizability of a nanoparticle in the nematic liquid crystal medium83

We will use a simple model of a spherical metal nanoparticle with a plasmon response which is84

described in the first approximation by the Drude model:85

εMe(ω) = 1−
(
ωpτ

)2

ωτ (ωτ + i)
, (15)

where ωp is the metal plasmon frequency and τ is the mean free time of electrons. In the simplest case86

ωp can be expressed as ωp = 4πneem−1
e where ne is the concentration of the conductivity electrons87

and me is their effective mass. One notes that in the optical range in noble metals ωτ � 1.88

Effective dielectric properties of a relatively small NP in the nematic medium is determined by89

the interaction with the first layer of mesogenic molecules. This layer can be considered isotropic in90

the first approximation because of the competing tendencies to align along the macroscopic director91

and parallel (or perpendicular) to the strongly curved surface of an NP. Thus the first molecular layer92

can be modelled as an isotropic dielectric medium with the average dielectric susceptibility93

εs =
1
3

(
ε|| + 2ε⊥

)
. (16)

Here ε|| and ε⊥ is the longitudinal and the transverse susceptibility of a nematic phase,94

respectively.95

Such an approximation is sufficient to estimate the effective polarizability of a spherical NP96

renormalised by the interaction with the surrounding medium. In the framework of the quasi static97

approach the effective polarizability of an NP can be expressed as [25]:98

αNP = a3εs
(εMe − εs)

(εMe + 2εs)
, (17)

where a is the radius of the NP. The effective polarizability is characterised by the Mi plasmonic99

resonance [26] at the frequency which corresponds to the solution of the equation Re(εMe) = −2εs100

yielding ω = ωr0 = ωp(1 + εs)−1/2.101

The real and imaginary parts of the effective polarizability of the AuNPs and silver NPs (AgNPs) in102

the nematic host 4-cyano-4’-pentylbiphenyl (5CB) are presented in Fig.1 as functions of cyclic frequency.103

The polarizability has been calculated numerically using the data on the frequency dependendent104

susceptibility of gold and silver [22] and of the nematic 5CB [23]. The selected frequency range105

corresponds to the one where the dispersion of both longitudinal and transverse susceptibility of 5CB106

has been carefully measured [23]. One can readily see that the plasmonic resonance frequency of the107

AuNP in the nematic host is within the selected frequency range while the resonance frequence of the108

AgNP is outside the range at higher frequency.109

Substituting Eq.(16) into Eq.(13) one obtains the final expression for the dielectric tensor of the110

nano-composite:111

ε̂ =
(ε̂LC + 2 Î)(εMe + 2εs) + 2

[
(1− φ)(ε̂LC − Î)(εMe + 2εs) + φεs(εMe − εs)(ε̂LC + 2 Î)

]
(ε̂LC + 2 Î)(εMe + 2εs)−

[
(1− φ)(ε̂LC − Î)(εMe + 2εs) + φεs(εMe − εs)(ε̂LC + 2 Î)

] . (18)

The longitudinal an transverse components of the dielectric tensor can now be expressed as:112

ε‖ =
(ε0
‖ + 2)(εMe + 2εs) + 2

[
(1− φ)(ε0

‖ − 1)(εMe + 2εs) + φεs(εMe − εs)(ε0
‖ + 2)

]
(ε0
‖ + 2)(εMe + 2εs)−

[
(1− φ)(ε0

‖ − 1)(εMe + 2εs) + φεs(εMe − εs)(ε0
‖ + 2)

] , (19)
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Figure 1. Frequency dependence of the effective polarizability of AuNP and AgNP of the radius 2.5nm
in the nematic host 5CB.

ε⊥ =
(ε0
⊥ + 2)(εMe + 2εs) + 2

[
(1− φ)(ε0

⊥ − 1)(εMe + 2εs) + φεs(εMe − εs)(ε0
⊥ + 2)

]
(ε0
⊥ + 2)(εMe + 2εs)−

[
(1− φ)(ε0

⊥ − 1)(εMe + 2εs) + φεs(εMe − εs)(ε0
⊥ + 2)

] . (20)

One notes that Eqs.(19) and (20) can be used both in the nematic and in the smectic A phase113

because both phases are uniaxial and the smectic positional order does not practically effect the optical114

properties of the system because the period of the smectic structure is much less then the wavelength115

of light. On the other hand, in the cholesteric phase the primary axis of the local dielectric tensor is116

following the helical structure together with the spatially inhomogeneous director n(z). In this case117

the inhomogeneous dielectric tensor of the nematic nano-composite can be written in the form:118

ε̂(z) = ε⊥ Î + ∆εn(z)n(z), (21)

where ∆ε = ε‖ − ε⊥ and where ε‖ and ε⊥ are given by Eqs.(19),(20). Here the director n(z) describes119

the helix according to the equation:120

n = x cos(qz) + y sin(qz). (22)

where q is pitch.121

The real and imaginary parts of the longitudinal and the transverse components of the dielectric122

susceptibility are presented in Figs.2 and 3 as functions of both frequency and the volume fraction φ123

of the NPs for nano-composites based on the nematic host 5CB and AuNPs and AgNPs, respectively.124

One notes that in both nano-composites the plasmon resonance is visible although its frequency range125

is significantly wider in the case of AuNPs.126

Frequency dependence of the components of the dielectric susceptibility of the same nematic127

nano-composites with AuNPs and AgNPs is presented separately in Figs.4 and 5 for two different128
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Figure 2. The dependence of Re(ε‖) (a), Im(ε‖) (b), Re(ε⊥) (c) and Im(ε⊥) (d) of the nematic
nano-composite (host 5CB plus AuNPs) on the volume fraction of AuNPs φ and cyclic frequency
ω.
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Figure 3. The dependence of Re(ε‖) (a), Im(ε‖) (b), Re(ε⊥) (c) and Im(ε⊥) (d) of the nematic
nano-composite (host 5CB plus AgNPs) on the volume fraction of AgNPs φ and cyclic frequency
ω.
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Figure 4. Frequency dependence of Re(ε‖) , Im(ε‖) , Re(ε⊥) and Im(ε⊥) of the nematic nano-composite
(host 5CB plus AgNPs) for the two values of the NP volume fraction φ = 0.005 and φ = 0.01.

values of the NP volume fraction φ. Again one can readily see that the plasmonic resonance is129

not observed in the nano-composite with AgNPs because the resonance frequency of the effective130

polarizability of the AgNP (see Fig.1) is outside the selected frequency range where the dispersion131

of the susceptibility of the nematic host 5CB has been measured. One can also see the splitting of132

the plasmon resonance (i.e. the difference between the resonance frequencies of the longitudinal and133

transverse components of the dielectric susceptibility) and the shift of the resonance caused by the134

change of the NP volume fraction.135

Finally we present the dependence of the real and imaginary components of the dielectric136

susceptibility on the volume fraction of AuNPs for two different nematic hosts 5CB and NM2, where137

NM2 is a mixture of various cyanobiphenyls [27]. One notes that the qualitative behaviour of the138

components of the dielectric susceptibility is similar although the values of the resonant frequencies139

strongly depend on the parameters of the nematic host.140

2.3. Shifting of the plasmon resonance frequency in the nematic matrix141

Let us consider now the shift and splitting of the plasmon resonance of the NPs caused by the142

nematic LC medium. The resonances of the NPs in the nematic medium are determined by the poles143

of the Eqs.(18) and (19) which are considered as functions of ω. Assuming that the LC medium is144

transparent one may also assume that the frequency dependence of the dielectric susceptibility of145

the nano-composite is determined by that of εm(ω) which is a weakly complex number for ωτ � 1146

according to Eq.(16).147

Substituting Eq.(15) for εMe into Eqs.(18) and (19) and taking into consideration that the volume148

fraction of NPs is small φ � 1, one obtains the following expressions for the resonance plasmon149

frequencies for the two orientations of the electric field of the light wave (parallel and perpendicular to150

the local director, respectively):151
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Figure 5. Frequency dependence of Re(ε‖) , Im(ε‖) , Re(ε⊥) and Im(ε⊥) of the nematic nano-composite
(host 5CB plus AuNPs) for the two values of the NP volume fraction φ = 0.005 and φ = 0.025.

Figure 6. The dependence of Re(ε‖) , Im(ε‖) , Re(ε⊥) and Im(ε⊥) on the volume fraction of AuNPs φ

for the two different nematic hosts 5CB and NM2 a fixed wavelength of light λ = 589nm.
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ωr‖ = ωr0

(
1− φεs

ε‖ + 2
2 + 4εs

)
, (23)

ωr⊥ = ωr0

(
1− φεs

ε⊥ + 2
2 + 4εs

)
. (24)

Thus, in the framework of the present model the split of the plasmon resonance increases linearly152

as a function of the NP volume fraction:153

∆ωr = ωr‖ −ωr⊥ = −φωr0
∆εεs

2 + 4εs
. (25)

It is important to find out at what volume fraction of nanoparticles the splitting of the plasmon154

resonance peak becomes strong. Qualitatively, strong splitting occurs when splitting at least exceeds155

the full width at half maximum of the plasmon resonance frequency in the nano-composite. Such a156

width is determined by then light absorption in the NPs which is controlled by the imaginary part of157

the NP polarizability (17) which should satisfy the inequality Im(εMe) < φ∆εεs. This inequality, in158

turn, imposes the following lower bound on the mean free time of conductivity electrons in the metal159

according to Eq.(15):160

τ >
1

ωp

(1 + 2εs)
3/2

φεs∆ε
. (26)

When this condition is satisfied the split between resonance plasmon frequencies, which161

correspond to different polarizations of the light wave, is sufficiently large and the anisotropy of162

the effective polarizability of the nano-composite in the resonance frequency domain is significantly163

larger then the anisotropy of the pure LC matrix ∆ε0. As a result all effects related to the local dielectric164

anisotropy and its helical distribution in the cholesteric phase become particularly pronounced. The165

split of the plasmon resonance in the nematic nano-composites and its dependence on the NP volume166

fraction cam be clearly seen in Figs. 4-6.167

3. Discussion168

A rather general expression for the dielectric susceptibility of the nematic nano-composite has169

been obtained using the molecular-statistical theory of the dielectric properties of mixtures of LCs170

developed by one of the authors and M. V. Gorkunov [20,21]. In this theory the local electric field in171

the anisotropic LC medium is taken into account and the susceptibility of the composite is expressed172

in terms of the effective polarizability of the NPs, renormalised by the interaction with the first layer of173

mesogenic molecules, and the susceptibility of the pure nematic host. Simple analytical expression174

for the frequency dependent effective polarizability of a NP has been obtained using the model of a175

spherical metal NP embedded into the the dielectric medium.176

The final expressions (18),(19) for the components of the high frequency dielectric susceptibility of177

the nematic composite appear to be nonlinear functions of the NP volume fraction although numerical178

calculations indicate that the deviation from the linear variation is relatively small. At the same time the179

rate of change of the susceptibility of the nano-composite with the increasing NP concentration strongly180

depends on the ratio of the NP polaizability and the average susceptibility of the pure nematic host. The181

contribution from the NPs to the total dielectric susceptibility of the nematic composite is particularly182

large when the frequency is in the plasmon resonance range. It has been shown that the split of the183

plasmon resonance (i.e. the difference between the resonance frequencies corresponding to the parallel184

and perpendicular orientation of the electric field with respect to the local director) is proportional185

to the volume fraction of nanoparticles in the first approximation. In the resonance frequency range186

the anisotropy of the dielectric susceptibility of the nano-composite may become significantly larger187
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then that of the pure nematic phase and as a result all effects related to the anisotropy are strongly188

enhanced which may be important for optical applications of nano-composites.189

Both real and imaginary parts of the longitudinal and the components of the dielectric190

susceptibility of the nematic nano-composites with gold and silver NPs have been calculated191

numerically as functions of frequency and the NP volume fraction. The splitting of the plasmon192

resonance has been observed as well as the dependence on the NP volume fraction. The components of193

the dielectric susceptibility have also been calculated for nano-composites based on the two different194

nematic hosts 5CB and NM2 and it has been shown that the resonance frequencies strongly depend195

on the parameters of the nematic host phase even in the case when the host have similar molecular196

structure.197

One notes also that in the high optical frequency range the expression for the dielectric tensor of198

the nano-composite is also valid in the smectic A phase because this phase is also uniaxial and the199

smectic order does not contribute to the optical properties because the smectic periodicity is much200

smaller then the wavelength of light. In cholesteric nano-composites the present theory describes the201

local dielectric anisotropy which rotates in space following the helical structure of the inhomogeneous202

director. Finally it should be noted that a similar formalism can be used to obtain analytical expressions203

for the dielectric anisotropy of the nematic and cholesteric nano-composites with anisotropic NPs. This204

will be done in our next publication.205
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