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Abstract 

The influence of the dielectric Ti02 nanoparticles on the electroopticaland optical properties of 

ferroelectric and cholesteric liquid crystals was investigated. It was shown that Ti02 nanoparticles did 

notchange the tilt angle but further electro optical properties of the Ferroelectric Liquid Crystalslike response 

time, spontaneous polarization, rotational viscosity. Furthermore, these nanoparticles modify the form of the 

electrooptical response curve due to their influence of the coercive voltage. 

It was also demonstrated that dispersing of Ti02 inCholesteric Liquid Crystal/dye mixture lead to the 

significant change of the emission spectra of CLC/DCM/Ti02 dispersion upon pumping with Nd:YAG laser 

（た532nm). 

Introduction 

Liquid crystals (LCs) are unique materials 

combining the fluidity of the liquids and the long-

range ordering of solid crystals.Currently various 

liquid crystal phases with different spatial and 

orientational symmetries are discovered and 

investigated (I). 

Because ofthe high sensitivity of LCsagainst 

external fields (electric, magnetic, temperature and 

mechanical ones) they are perspective candidates 

for numerous applications. However, among of all 

liquid crystal phases, nematicLCs (NLCs) play one 

of the most important role in modern technologies 

(2) due to their application in liquid crystal displays 

(LCDs). 

However, in the last years it was demonstrated 

the incorporation of micro and nanoparticles in LCs 

lead to new effects as well as enhancement of the 

physical properties of liquid crystals. It was shown 

that particles could induce different topological 

defectsof LC texture which, in turn, promote 

specific elasticity mediated interactionsbetween 

constituting particles (3-5). Moreover, novel 

electrokmettcal effects werereported m 
LCsnanocolloids recently (6,7), which can be 

utilized for surface sensitive micro and 

nanoparticles separation and their self-assembling 

(8). In addition, nanoparticles can change 

electrooptical, dielectricaland nonlinear optical 

properties of liquid crystals. 

For the time being, it was discovered that 

dispersion of the carbon nanotubes (CNTs), 

metallicand ferroelectric nanoparticles innematic 

liquid crystals enhanced their electrooptical 

response and modified the dielectric properties. It 

was shown (9) that due to the ions trapping, 

doping of NLCs with SWCNT (Single Walled 

CNTs) or MWCNTs (Multi Walled CNTs) 
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influences the Freederickz threshold as well as the 

hysteresis loop which will be reduced under 

application of de driving voltage (9,10). In frame of 

this approach, it was demonstrated that the residual 

de voltage in twisted NLCs is greatly suppressed 

(11). The ion trapping model was also confirmed 

via transient current measurements (12, 13). 

The migration of Si02 particles in smectic liquid 

crystals (14) and the response of silica particles 

dispersed in liquid crystals under low frequency AC 

voltage has been described (15). 

The reduction of the switching time as well as 

modification of the dielectric response due to the 

ions trapping and the shuntingof electrical double 

layers, respectively, were also reported for 

Ferroelectric LCs (FLCs) doped with SWCNTs and 

MWCNTs (16, 17). 

The influence of the ferroelectric nanoparticles 

on the dielectric and electrooptical properties of 

FLCs and NLCs were reported in (18, 19, 20). The 

dielectric andelectrooptical properties of liquid 

crystals nanodispersions based on gold 

nanoparticles were reported in series of works (see 

e.g. 21 and references therein). It was found that the 

gold nanoparticles influenced the relaxation 

frequency of both NLC and FLC. In the latter case, 

the geometrical size of the nanoparticles plays the 

crucial role in the change of the dielectric strength 

and relaxation frequency of the Goldstone mode 

(22). 

Nanoparticles can also change the optical 

properties of chiral liquid crystals. The distinctive 

property ofchiral LCs, particularly Cholesteric 

Liquid Crystals (CLCs) and FLCs, is theirhelical 

structure. The helical pitch can vary from very 

small values lying in nanometer scaleup to infinity 

in the other extreme. The existence of the helical 

superstructure leads to selective reflection of the 

incident electromagnetic irradiation (stop-band 

zone). The dependence of the helical pitch on the 

external field leadto (temperature, electric and 

mechanical field) application of these materials in 

tunable lasers with distributed feedback or, in 

modern interpretation, lasers based on tunable 

photonic band-gap (PBG) structure. 

The latest achievements in this field are 

summarized in (23). In the same time, nanoparticles 

can play twofold role in PBG LC lasers. First of all, 

semiconducting nanoparticles can influence the 

helical pitch (24, 25) and secondly they can serve as 

light scattering centers in themirrorless, scattering 

lasing mode (25). In (25) it was demonstrated that 

dispersing of Ti02 nanoparticles in FLCs lead to the 

appearing of the second lasing peak which was 

explained by this scattering mode. 

The aim of this article is to demonstrate the 

influence of the Ti02 nanoparticles on the dielectric 

and electrooptical properties of FLCs as well as to 

clarify their role in the lasing of dye doped CLC. 

CLC/Ti02nanodispersion preparation 

Thecholesteric liquid crystal was prepared using 

commercially available nematic MLC 2463 and the 

chiral dopant ZLI -811 (both Merck,Darmstadt). 

The helical pitch were controlled via the 

concentration of the chiral component (35 % wt) in 

such a way that the stop band of CLC was 

envisaged in the range 532 -610 nm (between the 

pumping beam wavelength (入=532nm) and the 

maximum of the fluorescence spectrum of DCM). 

The developed CLC was infiltrated in a cell with 

gap around 20μm. The stop band of CLCwas 

measured withthe fiber optic spectrometer 

OceanOptics HR200. 

To prepare the CLC nanodispersion, commer 

cially available Ti02 (Aldrich) particles (average 

diameter-I 00 nm) were dispersed in acetone and 

sonificated for about I hour. The nanoparticles 

agglomerationswere removed with a filter (pores 

diameter Iμm). The concentration of the Ti02 

paiticles was estimated as 0.1 wt%. 

The textures of pure CLC and CLC/Ti02were 

investigated with a polarizing microscope. In case 

of CLC/Ti02 dispersion, particles with a diameter 

of around800 nm could be observed (the average 

distance between neighbouring agglomerations was 
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around lOμm).The prepared dispersion was doped 

with DCM, concentration 1.5 wt % and infiltrated in 

the cell (the cell gap is around 20μm) providing 

homeotropical alignment of CLC. 

FLC and FLC/Ti02 nanodispersion preparation 

The FLCmixture with the acronym LAH I (26) 

consists of the following components: 

-N  -

H2,+1C, ---(/ N〉―〈□>--OCmH2m+1 
n=8, m=6; n=8, m=8; n=8, m=9 

叫c,--(:M口H□>--OCmH2m•1 
N 

n=8, m=8 

C4H9(CH3)C*HOC(O) C(O)OC*H(CH3)C4H9 

The material characteristics and phase sequence are summarized in Table 1 

Spontaneous 

FLC mixture I Phase transitions, 0c I polarization P s, nC/cm 
2 Tilt angle 

0°(T=25°C) 
(T=25°C) 

LAHSl I Cr<23SmC*-69,5-SmA*-81.1-N*-87.0-I I 38 23 

Tablet: Material parameters ofLAHSl: Phase transition SmC*-SmA * are not easy to evaluate; different compared to Ref. 26. 

To prepare the FLC/Ti02 dispersions, the 

commer cially availablefunctionalized Ti02 

nanoparticles with average diameter I 00 run 

(Aldrich) were dispersed in acetoneand sonificated 

during around I hour. To exclude the influence of 

acetone, the same amount of pure acetone and pure 

LAHS 1 were mixed and after that acetone was 

removed from both samples by the evaporation at 

temperature 90°. The absence of acetone was 

confirmed using NMR and XPS spectroscopic 

methods. The concentration of TiOサnLAHSlwas 

set to 0.1 wt%. The prepared nanodispersion as well 

as the pure mixture was confined in the cells with 

thickness around 2.5μm. 

The electroopticparameters (tilt angle, response 

time, spontaneous polarization and the coercive 

voltage) of the pure LASHl and the LAHS1/Ti02 

was measured using a standardelectrooptical setup 

(see e.g.25). The dielectric properties of the 

investigated samples were investigated with the 

impedance analyzer HP4192A in the frequency 

range 100 Hz -1 MHz. 

Lasing in dye doped CLCffi02nanodispersion. 

Experimental setup 

The schematic representation of the experimental 

setupfor the investigation of light generation in the 

CLC/DCM and CLC/DCM/TiO丑sshown in Fig. I. 

It consists of a frequency-Q-switched Nd:YAG 

pulsed laser (wavelength -532 run, pulse width -6 

ns, repetition rate -I kHz), a photometer to control 

the intensity of the pumping beam and a fiber-optic 

spectrometer (spectralresolution -0.4 run) to 

investigate the emitted light. To spatially separate 

the pumping beam from the emitted one, the 

samples were inclined at 45°. A pinhole after the 

laser source controlled the diameter. The intensity 

of the pumping light was controlled by an attenuator. 

The G lan prism and the 炒4 retardation plate 

transformed the polarization of the laser beam in the 
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Attenuator 
Pinhole 

Quarter wave 
plate 

Sample 

Polarizer Lens Spectrometer 

Figure 1: Experimental setup. The pumping beam is incident under an angle of 45°with respect to the cell normal 

circular one leading to a counter wise handedness to 

the CLC helix. The lens focuses the light onto the 

spot with a diameter of around 200 micrometer. 

Experimental results and Discussion 

The experimental setup was utilized to investi 

gate the influence of the energy of the pumping 

beam on the emission spectra of the CLC/DCM and 

CLC/DCM/Ti02 samples. To prevent samples from 
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The emission spectra of the CLC/DCM cell and 

nanodispersions are shown in Fig. 2a and Fig. 2 b-d, 

respectively.The emission line (centered at 576 nm) 

of the CLC/DCM sample is located at long 

wavelength edge of the CLC stop band (see Fig. 2a). 
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Figure 2: Lasing in CLC/DCM (a) and CLC/DCM/Ti02(b,c,d) cells. Fora)CLC/DCM andb)CLC/DCM/Ti02 the 
pumping pulse energy is 3μJ/pulse.c)CLC/DCM/ Ti02 cell. Pumping energy is4.5μJ/pulse.d) CLC/DCM/ Ti02 
cell. Pumping energy is5μJ/pulse. DCM concentration isl.5 wt.%. Concentration of Ti02 is 1 wt.%. The diameter 
of theilluminated area is around 200μm. 
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The thresholdfor the CLC/ DCM/Ti02 (4.5μJ/pulse, 

Fig.2b) is significantly higher than for CLC/DCM 

(3μJ/pulse, Fig.2a). This difference can be 

explained by the stronger diffusive light scattering 

in CLC/DCM/Ti02. However, the fundamental 

differences between these samples are the appearing 

of the second emission peak in the spectrum of the 

CLC/ DCM/Ti02 and broadening of these lines in 

comparison with the emission line of the CLC/ 

DCM cell. 

In our previous publication (25), the origin of the 

second line was assigned to the lasing due to the 

light scattering by Ti02 nanoparticles. But because 

the concentration of the nanoparticles is rather low, 

we suggest the other possible mechanisms. One of 

them is schematically described in Fig. 3 b in 

comparison to that of the undisturbed helix in Fig. 

3a. The spatial distribution of the nanoparticles and 

anchoring of the CLC molecules on their interface 

can lead to the change of the helical pitch due to its 

unwinding (in our case it leads to the decrease of 

the CLC wavevector). As result, in thisarea of the 

CLC layer, the emission peak will be shifted 

towards higher wavelengths. On the output of the 

cell the emitted light will consist of two components, 

CLC helix 

瓢
Unwinding of helix 

冒，疇
b
 

Induced defect in CLC 

c
 Figure 3: a)Helical structure of the CLC b) Twist defect 

of the CLC helix by incooperationoffi02 nanoparticles, 
c) Structural defect of the CLC alignment induced by 
Ti02 nanoparticles 

those are generated in the regions without 

nanoparticles and second one coming from the 

regions with Ti02 nanoparticles. 

The other mechanisms can be explained by the 

topological defects of the CLC texture induced by 

the Ti02 nanoparticles (see Fig. 3c). The 

homeotropic anchoring of the CLC molecules on 

the nanoparticles surface will lead to the spatial 

distribution of the angle orientation of the CLC 

helix which lead, in turn, to effective increase of the 

helical pitch (due to the inclination of CLC 

wavevector with respect to that of the pumping 

beam). As result, in region near the nanoparticles 

the wavelength of the emitted light will be shifted 

towards higher wavelengths. The broadening of the 

spectral line can be explained, in turn, by the 

statistical distribution of the helical pitch which 

results in the spectral shift of the individual 

emission lines in different parts of the cell. 

Influence of Ti02 nanoparticles on electrooptical 

switching of Ferroelectric Liquid Crystals. 

Results and discussion 

The measurements of the tilt angle (0), 

spontaneous polarization (P s) and response time 

(-r)demonstrated that the response time and the 

spontaneous polarization of FLC/Ti02 is lower in 

comparison with the pure LAHS 1 mixture (Fig.4), 

whereas the tilt angle is practically unaffected by 

Ti02 nanoparticles. The simultaneous decrease of 

the response time and the spontaneous polarization 

of FLC/Ti02nanodispersion can be explained by the 

growth of the internal electric field most probably 

due to the partial shunting of the electric double 

layer at the FLC/polymer alignment layer interface 

(17, 22), the trapping of the impurity ions by Ti02 

nanoparticles as well as the contribution of the 

electric field originated from the polarization 

induced charges in the nanoparticles. In the same 

time, the decrease of the spontaneous polarization 

can be assigned to the reduction of the dipole-dipole 

correlation of FLC molecules as well as 
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Figure 4: Temperature dependence of response time (a) 

and spontaneous polarization (b) of pure LAHSl and 

LAHSl/ Ti02nanodispersion. 

LAHSl 

compensation of the macroscopical dipole moment 

due to the induced polarization of the nanoparticles. 

The investigation of the dielectric properties of 

and LAHS 1/Ti02revealed significant 

influence of Ti02 on the dielectric strength and the 

of Goldstone mode (GM) 

and the 

frequency 

(Fig.5). The GM  relaxation frequency fa 

dielectric strength of the Goldstone mode~Ea are 

related with the material parameters of the FLC 

and 

relaxation 

through 

Landau free energy expansion: 

the relations 

fa=K33ず/2冗恥

邑 =Pf/2£。sin20K』 2

2
 
following 

2
 

from 

Figure 5: Dependence of the real part of the dielectric 

constant (a) and the Goldstone mode relaxation 

frequency (b) on the frequency for pure LAHSl and 

LAHS1/Ti02nanodispersion. Temperatures 35°C, 45°C , 

55°C and 65°C. 

pitchfor thesesamples can be taken equal to the cells 

gap. As one can clearly see from Fig. 5 the GM  

relaxation frequency of LAHS 1/Ti02is higher than 

that of the LAHS 1 whereas the dielectric strength is 

lower in comparison with pure FLC (except the 

temperature closer to the phase transition T=65°C). 

According to the formulae 1 and 2, one of the 

possible explanations can be the increase of the 

Frank elastic constant of LAHSl/Ti02 

nanodispersion which, in turn, can be assigned to 

the growth of the intermolecular interaction energy 

in FLC due to the presence of nanoparticles. 

of the dielectrical and Modification material 

q=2叫pwavevector of the FLC helix (p is the 
helical pitch), K33 is the Frank elastic constant, 

is the GM  rotational viscosity.However, 

surface 

YG 
because investigated samples 

stabilized and their helices are unwound, the helical 

the are 

properties of FLC by Ti02nanoparticles leads to the 

pronounced change of the form of the electrooptical 

switching. The measurement of the coercive voltage 

dependence on the frequency of the applied 

triangular wave electric voltage (amplitude U=IO V, 

T=30°C) (see Fig. 6) reveals significant increase of 
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The observed effect can be explained by the 

dynamic voltage divider model proposed in(27, 28, 

29). The liquid crystal cell (see its structure Fig.7a) 

represents a typical voltage divider (see Fig. 7b) 

which characteristics depends on the amplitude and 

frequency of the applied electric field (27, 28, 29). 

As it was just demonstrated the incorporation of the 

Ti02 nanoparticles in FLC leads to the change of its 

dielectric properties. Hence, the voltage drops on 

the liquid crystalline layer will change its value 

according to the formula (3) deduced 

sinusoidal signal (U=U。sinrot,
frequency): 

ULC = 
叫ぶCP

[l +がRfc(c/J + CL(') ] 
2 1/2 u。cos(OJt+ <5) 

tan8= coRLc(C戸仇c).
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frequency for LAHSI (a) and LAHSI/ Ti02 
nanodispersion (b) on the frequency of the driving 
triangular-wave voltage. The amplitude of the applied 
voltage is IO V (E=5xI06 V/μm). Temperatures 25°C, 
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HereRLc is the resistivity of the cell,Cpand CLcare 

capacitances of the alignment layers and the FLC 

layer, respectively.The characteristic time of the 

voltage dividerてd=RLc(Cp+CLc) is predetermined, 

in turn,by the hysteresis inversion frequency fi. The 
higher the difference between the frequency of the 

applied field and f=2n/叫sthehigher the coercive 

voltage should be.In our case, the capacitance of the 

FLC/Ti02 cell is different from that of pure FLC. 

From the combination of the parameters (RLc,Cp, 

CLc) follows that the cells with nanocomposites 

shows higher coercive voltage. It 

LAHS 1/Ti02nanodispersion is 

application in bistable spatial light modulators. 

means 

suitable 

that 

for 

Conclusion 

was demonstrated that dispersion of the 

dielectric Ti02 nanoparticles in chiral liquid crystals 

lead to the significantenhancement of their optical, 

electrooptical and dielectric properties. Ti02 

nanoparticles increase the Goldstone mode 

relaxation frequency and decrease the dielectric 

strength of ferroelectric liquid crystals, which can 

It 

―r 
a
 CLC 

b
 Figure 7: a)Structure of a FLC cell, b) Equivalent 

electrical circuit of the ferroelectric liquid crystal 
cell; CP -capacitance of the alignment layer, CLc-

capacitance of the FLC layer, RLc -resistivity of 
the alignment layer 
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be explained by the significant decrease of the 

Frank elastic constant. In the same time, decrease of 

the dielectric strength results, according to the 

voltage divider model, asincrease of the coercive 

voltage of the electrooptical curve (transmission vs 

applied voltage), which makes the FLC/Ti02 

perspective for application in bistable spatial light 

modulators. 

Dispersion of Ti02 nanoparticles in cholesteric 

liquid crystal/laser dye mixture leads to the 

tremendous modification of the spectrum of the 

emitted light under excitation of this mixture by Q-

switched Nd:YAG laser beam. The appearance of 

the second lasing peaks can be explained either by 

the influence of the nanoparticles on the helical 

pitch of the CLC or due to the topological texture 

defects induced by the nanoparticles. 
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