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MACROSCOPIC MODEL FORMULAE DESCRIBING 
ANISOTROPIC ANCHORING OF NEMATIC LIQUID 

CRYSTALS ON SOLID SUBSTRATES 

Formulae used for description of anchoring energy of nematic 
liquid crystal aligned on solid substrates are reviewed. They are based 
on macroscopic approach considering the concepts of the easy axis 
and of the anchoring strength parameters. Properties of the modified 
formula proposed in our earlier article are illustrated by exemplary 
plots which allows for comparison with other formulae. The modified 
formula describes the dependence of energy on the azimuthal and 
polar deviation of director from the easy axis and is valid  qualitatively 
for deviation of any magnitude.    

Keywords: nematics, anchoring strength, director alignment. 

1. INTRODUCTION

Orienting influence of solid surfaces exerted on director is crucial for all 
applications of liquid crystals, e.g. in liquid crystal displays. Properties of liquid 
crystalline systems are usually studied in terms of continuum theory. In this 
approach, the anchoring is determined by the easy axis e and by the anchoring 
strength parameters. The easy axis indicates the preferable director orientation, 
i.e. the orientation adopted in the absence of any external torques. The anchoring 
strength parameters determine the surface energy density i.e. the anchoring energy 
per unit area of the surface, gs. They represent the work necessary to deviate the 
director from the easy axis. Experiments indicate that the anchoring is 
anisotropic, which means that the work needed to rotate the director by an angle 
α around the normal to the substrate is smaller than the work necessary to 
deviate it from the surface by the same angle. The anchoring energy gives 
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important contribution to the free energy of a liquid crystal system and should be 
taken into account during calculations concerning elastic deformations of such 
systems.  For this reasons, the macroscopic models describing the anisotropic 
dependence of anchoring energy on the director deviation from the easy axis are 
required. The most popular are the approaches which stem from the famous 
paper by Rapini and Papoular [1] in which the formula for the energy due to 
director deviation from the planar orientation was proposed. Various forms of 
this formula are used [2-11], for example 

θθ
2cos

2
1 Wgs −=                                              (1) 

where Wθ is the anchoring strength parameter and θ is the angle between the 
director n and the easy axis lying on the surface. (The anchoring energy is 
determined with accuracy to arbitrary constant. Here and in the following the 
formulae predict the negative anchoring energy with maximum equal to zero.) 
This formula is suitable for deformation in which the director remains in the 
plane perpendicular to the surface. Analogous formula  

φφ
2cos

2
1 Wgs −=                                              (2) 

corresponds to director lying in the plane of the surface and rotated around the 
normal to the surface by an angle φ from the easy axis. Both formulae can be 
written in a more general form suitable if the orientation of the easy axis is 
determined by the angle θs (between the plane of the surface, xy, and the easy 
axis e) 

( )ss Wg θθθ −−= 2cos
2
1                                     (3) 

or by the angle φs (between the axis x and the projection of e on the plane xy) 

( )ss Wg φφφ −−= 2cos
2
1 .                                    (4) 

The angles which describe the director orientation are defined in analogous way. 
The angle θ is measured between the xy plane and the director n while the angle 
φ is between the x axis and the projection of n on the plane xy. 

 There are situations in which the director adopts orientation determined by 
θ ≠ θs and simultaneously by φ ≠ φs. Then the anchoring energy can be expressed 
by the formula  

( )2

2
1 en ⋅−= Wgs .                                            (5) 

However, this formula does not take into account anchoring anisotropy i.e. all 
the directions of deviation are equivalent.  
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Anchoring anisotropy manifests itself by the difference between Wθ and Wφ. 
Experiments show that Wθ is even ten times larger than Wφ. In order to describe 
the anisotropy, the sum of formulae (3) and (4) is often used, [12] 

( ) ( )sss WWg φφθθ φθ −−−−= 22 cos
2
1cos

2
1 .                      (6) 

Formula (6) is qualitatively suitable for small deviations from planar 
alignment, however it is inappropriate if the director is oriented homeotropically 
(θ = π/2), since it involves unreasonable dependence on the azimuthal angle φ. 
An example is shown in Fig. 1 where the energy needed for director deviation 
from the planarly aligned easy axis e = [1,0,0] is plotted as a function of the 
azimuthal angle φ for several values of the polar angle θ. The anisotropy is 
determined by adoption that Wθ = 5Wφ. It is evident that for homeotropic director 
orientation, θ = π/2, the anchoring energy density gs depends on φ. 
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Fig. 1. Anchoring energy density gs calculated by use of Eq. (6) as a function of the 

azimuthal angle φ for several values of the angle θ (in degrees) indicated at the curves. 
Planar alignment; e = [1,0,0], Wθ = 10−4 J/m2, Wφ = 2·10−5 J/m2 

 
The formulae of Rapini-Papoular type were proposed to be replaced by 

other expressions.  
The elliptic sine was adopted for the case of homeotropic alignment [13]. 

According to the convention adopted here, the anchoring energy can be 
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expressed as  

( )kWg ss ,sn
2
1 2 θθθ −−=                                        (7) 

This function predicts a very sharp minimum of the surface anchoring for small 
deviations from the easy axis. The width of the corresponding potential energy 
well can be controlled by the choice of parameter k. 

A generalized anchoring energy formula  based on a spherical harmonic 
expansion was proposed in in the form 

( ) ( )22 ηnξn ⋅+⋅= ηξ WWgs                                      (8) 
where versors ξ, η and e create an orthonormal vector triplet [14]. Its orientation 
with respect to the surface determines the anisotropy of the aligning properties 
of the substrate. Equation (8) implies the presence of surface-induced nematic 
biaxiality. The parameter Wξ concerns the deviation of director from the easy 
axis in the e,ξ plane, whereas Wη describes the deviation in the e,η plane. This 
formula is suitable for the homeotropic surface with in-plane anisotropy. 

 
2. MODIFIED FORMULA FOR ANCHORING ENERGY 

 
In order to avoid the disadvantage of Eq. (6) and to retain simultaneously 

the possibility of description of arbitrary deviations, a modified macroscopic 
model of anisotropic anchoring was proposed in our previous article [15]. It is  
expressed by the formula 

( ) ( ) ( )22 21 1cos sin 1
2 2s s sg W W Wϕ θ θθ θ θ θ   = − + − − −   ne .        (9) 

Here, the last term was added for convenience in order to obtain the range of 
energy comparable with the ranges obtained by previous formulae. The proposed 
model has proper qualitative features and can be used for all kinds of 
deformations of director adjacent to the solid substrate, e.g. for the twisted 
nematic cells. In the present paper we give examples which allow to compare it 
with other formulae.  

Figure 2 presents the predictions of Eq. (9) for the same planar alignment of 
the easy axis, e = [1,0,0], and for the same anchoring strengths as those used in 
Eq. (6) and shown in Fig. 1.  For homeotropic director orientation, θ = π/2, the 
energy density gs is independent of φ. Figures 3-5 illustrate the gs(θ,φ) function 
for planar, oblique and homeotropic orientations of the easy axis. In the case of 
planar alignment, (Fig. 3) the stable equilibrium orientation due to global 
minimum equal to −Wθ /2  occurs for θs = 0° and φs = 0°. The work necessary to 
rotate director by 90° around the  normal  to the  surface  is  Wφ /2 and  the  work 
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Fig. 2. Anchoring energy density gs calculated by use of Eq. (9) as a function of 
the azimuthal angle φ for several values of the angles θ (in degrees) indicated at the 
curves. Planar alignment; e = [1,0,0], Wθ = 10−4 J/m2, Wφ = 2·10−5 J/m2 
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Fig. 3. Anchoring energy density gs calculated by use of Eq. (9) as a function of the 
angles θ and φ. Planar alignment, θs = 0°, φs = 0°, e = [1,0,0], Wθ = 10−4 J/m2, 
Wφ = 2·10−5 J/m2 
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Fig. 4. Anchoring energy density gs calculated by use of Eq. (9) as a function of the 
angles θ and φ. Oblique alignment, θs = 30°, φs = 0°; Wθ = 10−4 J/m2, 
Wφ = 2·10−5 J/m2  
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Fig. 5. Anchoring energy density gs calculated by use of Eq. (9) as a function of the 
angles θ and φ. Homeotropic alignment, θs = 90°, φs = 0°; e = [0,0,1], 
Wθ = 10−4 J/m2, Wφ = 2·10−5 J/m2 
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needed to deviate director by 90° from the plane xy is Wθ /2. The unstable 
equilibrium corresponds to the homeotropic director orientation. 

In the example of oblique alignment, (Fig. 4), determined by θs = 30° 
and φs = 0°, the stable equilibrium due to global minimum −Wθ /2  occurs. The 
homeotropic orientation is not due to any equilibrium. Maximum corresponds to 
orientation perpendicular to the easy axis. The work necessary to achieve the 
planar orientation depends on the angle φ.  

In the case of homeotropic orientation of the easy axis, (Fig. 5), only the 
angle θ is of importance. Deviation by some angle from e requires the work 
which does not depend on direction of deviation i.e. is independent of the  
angle φ. The planar director orientation, θ = 0°, corresponds to an unstable 
equilibrium.  

To summarize, we considered the formula (Eq. (9)), proposed in our 
previous article [15] which describes the model of anisotropic anchoring of 
nematic liquid crystal on solid substrates. The formula allows to avoid the 
disadvantage of Eq. (6) and yields qualitatively valid description of polar and 
azimuthal anchoring. Properties of the proposed model were illustrated by plots 
presented for three particular orientations of easy axis.  
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MAKROSKOPOWE MODELE ANIZOTROPOWEGO 
KOTWICZENIA NEMATYCZNYCH CIEKŁYCH 
KRYSZTAŁÓW NA POWIERZCHNIACH CIAŁ 

STAŁYCH 

Streszczenie 

Artykuł zawiera przegląd wzorów stosowanych do opisu energii 
kotwiczenia ciekłych kryształów nematycznych na powierzchniach ciał stałych. 
Wywodzą się one z makroskopowego podejścia wykorzystującego pojęcie osi 
łatwej i energetyczne parametry opisujące oddziaływanie ciekłego kryształu 
z podłożem. Opisano właściwości zaproponowanego we wcześniejszym artykule 
zmodyfikowanego wzoru, uwzględniającego anizotropię oddziaływania 
powierzchniowego, który ujmuje zależność energii kotwiczenia od odchylenia 
direktora od osi łatwej i jest słuszny jakościowo dla odchylenia o dowolnej 
wielkości. Zilustrowano go przykładowymi wykresami pozwalającymi na 
porównanie z innymi wzorami. 
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EFFECT OF MOLECULE DIPOLE MOMENT ON HOLE
CONDUCTIVITY OF POLYCRYSTALLINE

ANTHRONE AND ANTHRACHINONE LAYERS  

Complex analyzes were made using methods of molecular 
quantum mechanics to investigate the effect of the dipole moment of the 
molecule carrier drift mobility in polycrystalline layers composed of 
anthrone and anthrachinone molecules. The differences in the 
measured mobility values seems to be originated in the variations of 
the geometry of the frontier orbitals rather than the differences 
inherent in the crystal arrangement of these molecules, which after all, 
for both are nearly identical. 

Keywords: polycrystalline films, quasi amorphous films, amorphous films, 
anthrone, anthrachinone, hole drift mobility, carrier transport, TD-DFT. 

1. INTRODUCTION

Understanding of the carrier transport in organic materials remains a current 
research topic since the well-known theories can only partly explain the 
experimental findings. In particular, many attempts have been done to determine 
the factors affecting the value of hole and electron mobility in thin films of non-
ordered organic polycyclic materials. Defining the scope of the research field 
associated with this topic leads to the hypothesis that there is a correlation 
between the shape of the molecule determined by electrostatic potential 
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isosurface and the mobility value measured in non-ordered layer. In such an 
approach an intriguing problem is not only the steric hindrance but always the 
subtle problem of the factors activating the conductivity due to the geometrical 
factors among which important is appearance of the asymmetry of electron 
density in the molecule. The only groups compatible with a dipole moment are 
C1, Cn, C∞v,Cnv and Cs. In molecules belonging to Cn or Cnv the permanent dipole 
must lie along the axis of rotation, and the magnitude depends on the atoms, ion 
pairs and bond dipoles.  

Problem of shaping the geometric structures of a molecules and the 
geometry of their interactions in the purpose to obtain the higher mobilities [1] is 
typical for molecular engineering [2]. The problem of the influence of the dipole 
moment of the molecule on the mobility of charge carriers in a solid phase 
requires a comparative study of two compounds made of similar molecules 
forming a similar crystalline solid phase but with varying values of dipole 
moment of the individual molecules. Calibrating compounds predestined for 
such studies are anthrone and 1,9-anthrachinone built of the molecules with very 
similar shape, but with different dipole moment. Both mentioned above 
compounds crystallize in the nearly identical crystal lattices [3], monoclinic with 
space group C2h

5(P21/a) with bimolecular unit of the dimensions (at room 
temperature) a0 = 15,8 Å, b0 = 3,94 - 3,99 Å, c0 = 7,865(10) Å, β = 102°43(2)’ 
for anthrachinone, and a0 = (15.80±0.03) Å, b0 = (3.998±0.005) Å, 
c0 = (7.86±0.16) Å, β= 101° 40' for anthrone [4]. The main difference essential 
for the reason of this paper is the fact that the anthrachinone molecules being 
centrosymmetric possess small dipole moment, near zero, opposite to the non-
centrosymmetric anthrone molecules which are characterised by large dipole 
moment of 3,5 D (1,19·10-29 Cm) (in benzene) [5]. X-ray determination 
of the structure of anthrone is hindered, the reason is in the fact that orientation 
of the molecules in the unit cell is arranged statistically (determined with the 
direction and sense of dipole moment vector strictly correlated with the position 
of the oxygen atom). So solid anthrone possess higher symmetry than that would 
be normally expected to two asymmetric molecules present in the unit cell. 
Refinement obtained from X-ray measurements crystal structure on the planes 
(100) and (001) is poor and in the X-ray examination the diffuse layers are 
registered [6]. In the row of molecules parallel to [010] direction, molecules 
alternate regularly their direction and sense of dipole moment (correlated with 
the position of oxygen atom). This orientational disorder in crystalline anthrone 
may be estimated with use of Ising coupling parameter, means as the change in 
the interaction energy of a pair of molecules invert through theirs centres of 
mass. This parameter calculated from the intermolecular potential (in the range 
of 1 kJ mol-1) arises in 90% from the electrostatic interaction between carbonyl 
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dipoles [7]. These calculations are in good correlation with diffuse scattering 
observed in the X-ray in the ranges of 1,6±0,1 nm in the a direction, 3,6 ±0,9 nm 
in b and 2,5±0,2 nm in c. This orientation - inversion disordering further reduces 
the correlation length in translational symmetry.  

To demonstrate, the possibility of a direct correlation between the electronic 
structure of the molecule and the mobility w carriers it was used quantum 
mechanical calculations. Such calculations are useful for determining conditions 
favourable for charge migration. For the practical implementation of the 
calculation we have used the most prominent methods for calculating excited 
states, time-dependent density functional theory (TD-DFT) – an extension of 
density functional theory (DFT). The main reason to exploit TD-DFT is 
presence of time-dependent potentials produced by electric field in our 
experiments on conductivity in the layers. In TD-DFT external time-dependent 
potentials such as electromagnetic waves can be considered as a weak 
perturbation. Using this method, the dynamic process such as transition between 
two eigenstates can be described [8]. TD-DFT enable extraction the information 
about excitation energies, frequency-dependent response properties and photo 
absorption spectra of the studied molecule. For the polycyclic organics TD-DFT 
is compromise between accuracy and computational performance.  

 
 

2. EXPERIMENTAL AND RESULTS 
 

2.1. Experiment 
 

The drift mobility for hole was determined for the layers of anthrone and 
anthrachinone with use of time of flight method (TOF) exactly in the same 
manner as was described in detail in [9]. Tests were carried out for the layers 
with different structures, i.e. polycrystalline, amorphous and quasi-amorphous 
[10, 11, 12]. The layers for tests were obtained in “sandwich” planar laminar 
structure (the sequence of layers as follows: glass substrate-gold electrode-
organic layer-aluminum electrode). The hole injecting electrode made of gold 
was used as a base, and outer aluminum electrode was used in two reasons: as a 
blocking holes, and as semitransparent for UV light. All the layers forming 
measuring cell were made by thermal evaporation in vacuum. The vaporization 
was made under pressure of the order of 10-5 Torr on glass plates maintained in 
temperature about 300 K. Structural examinations of obtained anthrone and 
anthrachinone layers were made using X – ray diffraction with use of an 
automatic diffractometer DAR. The diffraction studies were made in the 2θ 
range from 5° to 80° with measuring step 0,05°. Identical conditions of vacuum 
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thermal deposition for all tested samples protected the identity of the obtained 
structure of the layers for both studied materials. 

In the presented paper we have trying to conduct a comparative study of 
mobility in layers of anthrone and anthrachinone with polycrystalline order. For 
these polycrystalline layers TOF measurements allowed to estimate the value of 
the mobility of holes in the layers of anthrone as a (7±2) ·10-3 cm2/Vs and for 
anthrachinone as a (8±2) ·10-4 cm2/Vs.  

The difference of hole mobility values approximately in one order of 
magnitude for this two measured materials cannot be directly assigned to the 
crystal order of crystalline phase present in the both kinds of layers, because of 
the nearly identical crystal structures.  
 

2.2. Computational methodology 
 

The calculations were made with use TD-DFT (time dependent density 
functional theory) one of the most prominent methods for calculating exciting 
states, frequency – dependent response properties and photo absorption spectra 
of given molecule. All calculations were carried out with GAUSSIAN 09 
program [13]. The structures of anthrachinone and anthrone were optimized 
using DFT at B3LYP (Becke three parameter (exchange), Lee Yang, and Parr) 
method using 6-311+g(d,p) basis set. The structures were considered completely 
optimized as stationary point was located and were confirmed by absence of 
imaginary frequencies. Taking the optimized geometric structures, the I.R, 
Raman, HOMO, LUMO and band gap calculations were performed with the 
same level of theory at ground state. UV–Vis spectra were simulated with TD-
SCF using B3LYP/6-311+g(d,p). 

The optimized geometric structures with electrostatic potential map of the 
anthrachinone and anthrone molecules in the ground state are shown in  
the Fig. 1 and both found to be planar, but the distribution of the atom charges 
in the anthrone molecule indicate the presence of dipole moment marked in the 
figure by the arrow.  

The same molecules in the crystal are still planar but distances between the 
corresponding atoms in molecule are different. In the Table 1 and 2 (atoms in the 
bonds are signed as in the Fig. 1) we can see the comparison between bond 
lengths obtained from our calculations with TD-DFT for molecule with the 
findings obtained in the crystal phase with use of X-ray diffraction from the 
works of Srivastava [14] for anthrone (Table 2) and Murty [15] for 
anthrachinone (Table 1). The account of the overlapping of the molecules in the 
crystal structure is widely seen in the bond length C-O and for anthrone where 
unit shortening is 9.32% but for anthrachinone is small and equals only 0.32%. 
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The deformation of the corresponding bond lengths between carbons for both 
molecules in the crystal phase are different.  

a)  b)
Fig. 1. Electrostatic potential map of anthrachinone a) and anthrone b). The plots are 

calculated with DFT B3LYP/6-311+g(d,p) at ground state 
Table 1 

Bond lengths for anthrachinone 
bond TD-DFT X-ray analysis [15] ∆=103 ·({1} – {2}) W= 10-2·({3}/{1}) 

[Å]   {1} [Å]    {2} [Å]    {3} [%]    {4} 
24O – 7C 1.220 1.224 4 0,32 

7C – 4C 1.492 1.478 14 0.94 
4C – 3C 1.406 1.372 34 2.41 

3C – 22C 1.492 1.478 14 0.94 
22C – 23O 1.220 1.224 4 0.03 

4C – 5C 1.398 1.391 7 0.05 
5C – 6C 1.390 1.372 18 1.29 
6C – 1C 1.398 1.410 12 0.86 
1C – 2C 1.390 1.372 18 1.29 
2C – 3C 1.398 1.391 7 0.05 

Table 2 
Bond lengths for anthrone 

bond TD-DFT X-ray analysis [14] ∆ = 103 ·({1} – {2}) W = 10-2 ·({3}/{1}) 
[Å]   {1} [Å]    {2} [Å]    {3} [%]    {4} 

19O – 9C 1.223 1.109 114 9.32 
9C – 6C 1.489 1.475 14 0.94 
6C – 4C 1.402 1.391 11 0.78 
4C – 7C 1.507 1.488 19 1.26 

7C – 20H 1.097 
6C – 5C 1.404 1.389 15 1.07 
5C – 1C 1.385 1.376 9 0.65 
1C – 2C 1.399 1.364 35 2.50 
2C – 3C 1.389 1.360 29 2.09 
3C – 4C 1.401 1.412 11 0.79 
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Fig. 2. The experimental correlation of the dependence of ∆ vs. C-O distances (x- data 
for 29 crystal structures of anthrachinone derivatives [16], – TD-DFT
anthrachinone,      – TD-DFT anthrone,     – anthrachinone from X-ray data [15], 

 –anthrone from X-ray data [14]).

Our TD-DFT calculations for anthrone and anthrachinone presented in the 
graph of Fig. 2 are in a good coincidence with data confirmed aromatic character 
of 29 crystal structures for anthrachinone derivatives. In this graph is presented 
dependence of ∆ = a-b (where a and b are the bond lengths, followingly for 
anthrone a = d(9C-6C), b = d(6C-4C) and for anthrachinone a = d(7C-4C), 
b = d(4C-3C)) on the C-O bond distance. The data point for crystalline anthrone 
[14] is distant from the main trend, showing the greater shortening and 
strengthening of the C-O bond what can be explained as high delocalization of p 
electrons in the central ring [16]. This observation is confirmed with the three 
dimensional graph of HOMO and HOMO-1 for anthrone (Fig. 3b, d) which is 
different to the centrosymmetric geometry of orbitals for anthrachinone (Fig. 3a, 
c). In the case of anthrone TD-DFT calculations show that the transition HOMO-
LUMO is absent. For anthrone molecules the lowest singlet transition is seen in 
the Fig. 4b as the absorption gap in the UV spectrum (λ = 294.64 nm, E = 4.208 eV). 
The calculated HOMO (hole acceptor orbital) of the anthrone molecules are seen 
to be substantially along C-O axis of conjugated system. 
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a)    b)  

c)     d)  
 
Fig. 3. Three dimensional pictures of  HOMO and HOMO-1 of anthrachinone (a) and c) 

respectively) and anthrone (b) and d) respectively). The frontier orbitals plots are 
calculated with B3LYP/6-311+g(d,p) at ground state 

 
 

a) b)  
Fig. 4. The electronic spectra of anthrachinone a) and of anthrone b) calculated with 

B3LYP/6-311+g(d,p) at ground state  
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3. CONCLUSIONS 
 

Based on the obtained results it could be built the conclusion, that for the 
increased mobility of anthrone layers is responsible the presence of the considerable 
value of dipole moment, in comparison to its lack for the anthrachinone layers. 
The presence of molecular dipole moment is responsible for different geometry 
of frontier orbitals in anthrone in comparison to anthrachinone. The shortening 
of the C-O bond in crystal phase is much greater for anthrone, which indicates 
an increasing aromaticity of the ring skeleton what can lead to greater 
conductivity. The unique nature of anthrone molecules and other non-
centrosymmetrical aromatic ketones is seen in the increase of the dipole moment 
in the lowest triplet states which may be responsible for charge mobility. In the 
case of anthrone the lowest triplet state measured in microwave dielectric 
absorption is pp* [17], and from ours TD-DFT calculations the excitation 
energy is 3,066 eV. The shortening of C-O bond due to crystal forces for 
anthrone is 28,5 times greater than for anthrachinone. The disordered structure 
of a real anthrone crystal described with use of Ising coupling parameter [7] 
consists of the system of six independent infinite one-dimensional Ising chains. 
This situation with stacking disorder has the further consequence of intensify 
substantial disorder in the molecular orientation of the C-O group, registered in 
X-ray characterization as the increase of the crystal symmetry. Such a situation 
is responsible for mean trap distance correlated with mean disorder distance  
in a direction a range of 16 Å, and b direction 37±12 Å, and in the c direction 
24±6 Å [7]. Additional disorder for anthrone in comparison to the anthrachinone 
for the temperatures higher than 150 K, i.e. for the temperatures when the 
hopping transport is dominant mechanism is responsible for additive 
concentration of shallow traps in the case of anthrone layers in comparison with 
anthrachinone ones. 

When neutral organic molecule is charged during hole transport, it forms 
cationic open -shell electronic configuration which corresponds to process of  

−+ +→ eMM .     (1) 
The energy change connected with this charge transfer is called the internal 

reorganization energy (λint). Electronic polarization of surrounding molecules is 
connected with external reorganization energy (λext). 

The total reorganization energy between i and j molecule may be described 
as a sum of internal and external terms 

ext
ijijij λλλ += int      (2) 
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Fig. 5. Schematic representation of the potential energy surfaces of the neutral and 

cationic molecules. (Q – reaction coordinate, U – potential energy)   
 
In the high temperature limit, the transfer rate for a charge to hop from a 

site i to a final site j is [18] 

( )222 exp
44

ij ijij
ij

i Bij B

EJ
k

k Tk T α

λp
η λpλ

 ∆ −
 = −
 
 

,  (3) 

where: T is temperature, kB is the Boltzmann constant, ∆Eij – is difference of 
electron energy between the initial and final molecular sites, η  – is the reduced 
Planck constant, Jij – is a transfer integral describing electron transfer from 
molecule i to molecule j. 

The theoretical description of the conductivity of the molecular systems 
needs the understanding the fact that nuclear dynamics is much slower than the 
dynamics of charge carriers and the fact that electronic coupling is weak. This 
fact enables to divide the whole system to the subsystems, and to present the 
Hamiltonian operator describing the whole system as a sum of terms. 

For molecular systems coupling calculations commonly are made using 
density functional theory (DFT). Applying the self-consistent formalism to 
construct the Kohn-Sham-Fock operator for dimer interactions with assumption 
that HOMO and HOMO-1 of the dimer results only from the interaction of the 
monomers HOMO, the secular equation for dimer molecular orbitals and the 
corresponding dimer orbital energies will be in the form 

HC-ESC = 0,     (4) 
where: H and S are the Hamiltonian and overlapping matrices of the system, and 
C and E are the Kohn-Sham molecular orbital coefficients and eigenenergies of 
the non-interacting dimer, respectively.  

∆Q 

Q 

 U  
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molecule 
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molecule 

λint   
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The above quantities are in the form 

H = 








212

121

EJ
JE

,     (5) 

and 

S = 







1

1

12

12

S
S

,     (6) 

where the matrix elements are defined as  

iii HE ΨΨ= ˆ ,     (7) 

jiij HJ ΨΨ= ˆ ,     (8) 

jiijS ΨΨ= .     (9) 

Transfer integral (8) describes electron transfer from molecule i to molecule 
j with overlapping energy Jij. 

Dipole-dipole interactions energy between the dipole 1ds in the centre of the 
coordinate system having direction s1 in the field originated from the network of 
point dipoles with directions sn is shown below in the form of the sum  
of interactions with all other dipoles [19] 
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where: sn and rn are vectors, r1n is a position of n-th dipole, α-sign a manifold of 
the network of point dipoles. This energy for anthrachinone, with the molecules 
without significant natural dipole moment is in the order of 10−5-10−6 eV, that is 
much less than the van der Waals potential energy (estimated in the range of 
10−3-7·10−2 eV), but for anthrone molecules with a significant natural dipole 
moment of 3,5 D the energy of dipole-dipole interaction can be as much as  
10−2-10−3 eV, the value comparable to the van der Waals potential. These 
additional dipole-dipole energies present for anthrone structures can lead to 
broadening of the bands for anthrone in the condensed form and to the enlarging 
overlapping of the wave functions what is favourable to enhancing conduction of 
the charge carriers via localized states.  

For both molecular compounds in condensed state experimental values of 
the mobility in the room temperature are below 10−2 cm2/Vs indicate hopping 
transport with very similar value of the activation energy for both compounds. 
Therefore, for anthrone, with molecule possessing a natural dipole moment, the 
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mobility of holes in the condensed state is almost one order of magnitude greater 
than that measured for anthrachinone and this fact can be connected with the 
higher value of transfer rates connected with the greater density of traps for 
anthrone which is connected with disorder dependent on its molecular dipole 
moment. 
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WPŁYW MOMENTU DIPOLOWEGO 
NA PRZEWODNICTWO DZIUR W WARSTWACH 

POLIKRYSTALICZNEGO ANTRONU 
I ANTRACHINONU 

Streszczenie 

Dokonano złożonej analizy, wykorzystując metody kwantowej mechaniki 
molekularnej dla zbadania wpływu obecności momentu dipolowego molekuły 
antronu i molekuły antrachinonu na ruchliwość ładunków w warstwach 
polikrystalicznych zbudowanych z takich molekuł. Źródłem zróżnicowania 
uzyskiwanych w pomiarze wartości ruchliwości wydaje się być w pierwszym 
rzędzie różnica geometrii zewnętrznych orbitali molekularnych dla obu 
badanych molekuł, a nie różnica tkwiąca w uporządkowaniu krystalicznym 
tychże molekuł, która dla obu jest bardzo podobna, gdyż oba związki 
krystalizują w identycznej strukturze C2h

5(P21/a). 
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SPLINE INTERPOLATION FOR TRAP 
SPECTROSCOPY ANALYSIS FOR TWO CYCLIC 

HYDROCARBONS 

Cubic spline interpolation gives a tool for obtaining good image 
of current-voltage characteristics for trap spectroscopy analysis 
without prior assumption about the trap distribution for 1-acenaphthenol 
and 9,10-dimethylanthracene.  

Keywords: 1-acenaphthenol, 9,10-dimethylanthracene, conductivity, electric 
characterization, trap spectroscopy, cubic spline.  

1. INTRODUCTION

Estimation of missing data in incomplete data base resulted either by a lack 
of physico-deterministic model of the phenomenon or use of uncertain data set 
as a batch for analysis needs efficient numeric algorithms. Complexity of the 
phenomena we ought to deal in the case of measurements for characterization of 
electrical properties force the use of special procedures for processing the 
measurements results. Thin layers of organic materials in the solid phase at room 
temperatures often exhibit a polycrystalline structure and polymorphism – which 
is favourable to the creation of additional trap levels, e.g. on grain boundary or 
on the voids, with previously undefined nature of energy distribution. In turn, the 
measurement itself can significantly modify the properties of material under 
study. This is due to the fact that the structural order developed in the course of 
preparing a layer may adopt more than one crystal structure ordering. 
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The temporarily resulted molecule coordination may be subject to the various 
compromises between close packing, hydrogen bonding, and π-π stacking that 
can help in reveal in energetically feasible structures and the transition to the 
next state of equilibrium with a close energy that is just a few kJ/mol distant 
from the previous equilibrium may be very probable [1, 2]. Therefore, in the 
case of low melting organic materials the problem the investigator certainly 
meets is to ensure the stability of properties of the material under study. One of 
the solutions is aging measurement samples to ensure the stability of physical 
properties which are subject of the measurements. After the aging process, 
appearing e.g. as an annealing in the air or in the inert gas atmosphere or in the 
vacuum the resulted film properties may be significantly different from 
the corresponding properties shortly after formation of the layer.  

Presented here measurements used biased voltages which polarized the 
layers with electric fields on the typical values of E = 10.5 – 10 7 V/m, which 
results in the additional structural changes and alterations of load state of the 
molecules forming a layer, what, as we have observed, is the reason for an 
additional dynamics of the changes of the measured values. A commonly known 
is the fact that the steady state current-voltage characteristics may significantly 
change their properties depending on whether the biasing voltage used for 
measurements was at increasing or at decreasing stage [3, 4]. There is no 
possibility to obtain a complete state of equilibrium due to slow relaxation 
processes in organic high resistant materials. Moreover, the current flow is 
associated with Joulle-Lenz heat dissipation, described with rule:  Q = UIt 
(where U bias voltage, I the current through the layer, t – the time the current 
flown), what is an additional cause of deformation of the layer. Therefore, 
according to the current-voltage measurement when measurements are made at 
steady state the measurements should be carried out in a limited number of 
measuring points so as not to change the intrinsic properties of the layer. 
reducing the measuring step can only seemingly encourage increased 
measurement accuracy. 

Used here trap spectroscopy methodology for developing experimental data 
requires stability layer properties in the course of measurement. Current stage of 
this methodology, which was used in the presented work, makes it possible to 
carry out calculations without a priori assumptions about the nature of the trap 
distribution as a function of energy. However, for extraction from the steady 
state current-voltage measurements informations on the interesting properties 
described quantitatively: such as free charge density – nf, the total concentration 
of carriers (both free and trapped) – ns, the density of states (DOS) distribution 
in respect to quasi-Fermi level (EF) near the transport level – h(EF) or described 
qualitatively: such as unipolar o bipolar character of conduction for proper 
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biasing voltage U, there is requirement to obtain tabular dependence in the form 
allows the triple differentiation. The solution, adequate for trap spectroscopy, 
proposed by authors the works devoted steady state measurements is to use 
interpolation between measuring points which ensures a smooth derivative 
numerical methods [5, 6]. 

1.1.  Cubic splines 

Approximation of multiple nodes using the polynomial interpolation with 
polynomials of high degree takes into the problem of oscillation at the edges 
of an interval when the equispaced interpolation are used [7]. Higher degrees of 
polynomial interpolation do not always improve accuracy, moreover the task 
of interpolation polynomial of high level is also sensitive to disturbance of the 
data. The method allows to avoid this problem is to use spline functions (splines) 
with a smooth connections of the local polynomials, with initial condition of 
continuity for the first and second derivatives at the point of sticking 
polynomials. Analytical procedure leads to the formation of the tridiagonal 
matrix, that can be effectively solved by methods of elimination with simple 
algorithms [8]. Gerschgorin circle theorem [9] proves the uniqueness of the 
algorithm determining spline interpolation. Moreover, obtained shape of the 
function y(x) satisfies the conditions of minimizing deformation energy 
described in the form of Euler-Lagrange equations [10]. 

1.2.  Differential method for the space charge limited currents 
(DM-SCLC)  

The evidence from the measurements of steady state current-voltage 
dependence is recognized in the tabular form of the functional relationship of the 
two column matrix, where the first column is destined for U – values, 
understood as bias voltages, and the second one for I – understood as values of 
the current flowing through the organic layer. After spline interpolation with 
the grid scale adequate for the later calculations, the determination procedure in 
the scope of the DM-SCLC can be made. As an input parameter for later 
analysis it is convenient to use the drift mobility taken from the volume of the 
layer, determined with use the methodology of transient currents generated with 
UV-light short pulse named as time of flight method (TOF). In the TOF there is 
not essential the presence of ohmic contacts between electrodes and measured 
layer [11, 12]. The requirement of the method of DM-SCLC is that the 
measuring cell for the measurements was in the form of a plane parallel sample 
with uniform dielectric layer between metal electrodes. Another assumption 
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being made for a method is constancy of the spatial distribution of the both 
density of traps and mobility within the layer. The calculations ignore the 
component of the diffusion current [13, 14]. The decisive for correctness of the 
trap spectroscopy calculations with use of DM-SCLC is possibility for 
determining smooth derivatives α, α’ α’’ calculated after the transformation of 
the J – U (where J is obtained after recalculation of the I values to the J = I/A, 
where, J – density of the current, A – surface of the electrodes) to the double 
logarithmic scale, ln J – ln U 
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Calculations carried out on the basis of the method of DM-SCLC that are 
presented in this paper are referred to characterize the electrical properties of 
thin layers of two compounds 1-acenaphthenol and 9,10-dimethylanthracene. In 
previous papers [15, 16] concerning the characterization of the electrical 
properties of both above-mentioned materials the measurements of current-
voltage dependence in steady state were subsequently interpreted quantitatively 
[15] using classical theory of SCLC currents for disordered materials [17, 18] 
and qualitatively [16] to determine the nature of carrier transport, using the 
elements of the theory of DM-SCLC [19, 20].  
For the purposes of this work spline interpolations were performed by using the 
SRS1 program from the SRS1 Software LLC and the calculation of derivatives 
shown in formulas (1) and deconvolution to obtain the distribution of trap states 
as a function h(EF) were performed using Loger Pro Vernier Software & 
Technology program. 

2. EXPERIMENT

For the experiments were used commercially available 1-acenaphthol 
(1 ACOL) (purity 99%, Aldrich) and 9, 10-dimethylanthracene (9,10-DMA) 
(pure, Fluka). Test cells were made in the form of a planar capacitor with 
electrode area of 0.5 cm2, where: the lower electrode – Au,  upper electrode – 
Al, the organic layer with a uniform thickness of 41 microns for 1 Acol, 
18.5 microns for 9,10-DMA. All the layers forming the measuring cell were 
thermally deposited in vacuum of the order of 10-5 Tr. Measurements for current-
voltage dependence were carried in the measurement system shown in Fig. 1, and 
the measurement procedure was in the manner described in detail in [16]. 
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Fig. 1. Set-up for measurements of steady state current-voltage characteristics 

The drift mobility value, μD, were obtained by measurement performed by 
time of flight (TOF) in the measurement system such as that described in [21] 
(results not published). For 1-ACNOL the obtained value was μD = 1.1 cm 2/Vs, 
for 9,10-DMA, μD = 0.14 cm2/Vs. These values were used to analyze the J-U 
characteristics obtained by the DM-SCLC. In Figure 2a) and b) are shown the 
obtained characteristics for both compounds under tests, presented on a log-log 
scale using only the points obtained during the tests. In Fig. 3a) and b) are shown 
the transformed characteristics α - U for both tested compounds by using only 
data points. Clearly visible is that to obtain higher-order derivative will lead to a 
violent jumping of the obtained dependence. In Fig. 4a) and b) are shown 
the transformed characteristics  α - U for both tested compounds, but using the 
spline interpolation prior to calculation of the derivative characteristics. From 
above is obvious that the application of spline interpolation conduct to the 
possibility of obtaining a second (α’) and a third derivative (α’’) having a form 
suitable for the calculation of DM-SCLC. 
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Fig. 2. Characteristics of J vs. U calculated for 1-ACNOL (L = 41 µm) a) and for 9,10-
DMA (L = 18,5 µm) b), with use only the points obtained during the measuring 
tests 

Fig. 3. Characteristics of α vs. U calculated for 1-ACNOL (L = 41 µm) a) and for 9,10-
DMA (L = 18,5 µm) b), with use only the points obtained during the measuring 
tests 

(a) 
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Fig. 4. Characteristics of α vs. U calculated for 1-ACNOL (L = 41 µm) a) and for 9,10-
DMA (L = 18,5 µm) b), with use the spline interpolation prior to calculation of 
the derivative characteristics 

2.1.  Trap spectroscopy with use of spline interpolation for DM-SCLC 

The analysis of the obtained experimental evidence in the scope of trap 
spectroscopy for calculation of presented here quantities use the set of the 
equations [5, 6, 15, 16, 22, 23, 24] 
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where e is the electron charge; µ is the drift mobility of charge carriers (in this 
paper taken from TOF measurements); L is the sample thickness; e0 is dielectric 
constant; e is the dielectric permittivity of the material; nfL is the concentration of 
free charge carriers at the cathode (later the index L in the subscript will be not 
used); nsL is the actual concentration of carriers captured by local states near 
cathode; ρL is the space charge density limiting the current; EF – position of 
quasi Fermi level, k is the Boltzmann constant, T is temperature, Ncv is effective 
density of states in the transport level. 
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The distribution function of local state density at high temperature 
approximation can found by the convolution 

( ) ( )
( ) dE

EEd
EEdfEh

dE
dn

F

F

EF

s

−
−

= ∫  (5) 

where ( )FEEf −  is the Fermi-Dirac function. 
In Fig. 5, 6 and 7 we can see the power of the DM-SCLC spectroscopy. The 

microscopic parameters of the organic layer can be recognized from 
macroscopic measurements, in the manner of simple steady state current-voltage 
dependence. 

Clearly seen is the resolving power of the trap spectroscopy, for both tested 
materials the same physical quantities take the different values, differ in several 
orders of magnitude for nf and different in the case of total density of charge ns 
and the distribution of local states (density of traps).  

Fig. 5. Characteristics of nf vs. EF calculated for 1-ACNOL (L = 41 µm) a) and for 9,10-
DMA (L = 18,5 µm) b), with use the spline interpolation prior to calculation of 
the derivative characteristics 

   a)    b)  
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Fig. 6. Characteristics of ns vs. EF calculated for 1-ACNOL (L = 41 µm) a) and for 9,10-

DMA (L = 18,5 µm) b), with use the spline interpolation prior to calculation of 
the derivative characteristics 

 
 

            
Fig. 7. Characteristics of ns vs. EF calculated for 1-ACNOL (L = 41 µm) a) and for 9,10-

DMA (L = 18,5 µm) b), with use the spline interpolation prior to calculation of 
the derivative characteristics 

 
The analysis of trap density (from Fig. 7) made with numeric integration gives a 
total density of traps for 1-ACNOL, Nt = 5.75∙1018 cm-3 (the mean distance 
between traps 5,6 nm), and for 9,10-DMA, Nt = 1.55∙1014 cm-3 (the mean 
distance between traps 186 nm).  

  a)   

  a)   

  b)   

  b)   
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3. CONCLUSIONS 
 

Trap spectroscopy applied without prior assumptions about the shape of the 
local density of states the in the scope of presented here paper shows his 
advantages in fast calculations for quantities describing microscopic conditions 
of the carrier transport.  

In the case of low molecular weight organic materials spline interpolation 
allows to transform the simply current – voltage steady state tabular dependence 
into dependencies usable for trap spectroscopy, which require calculation of 
first, second and third derivatives of the J-U dependence in log - log scale.  

The knowledge obtained with use of DM-SCLC trap spectroscopy can be 
used for determination of the proper work conditions for the electronic devices 
based on materials tested. 
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INTERPOLACJA Z UŻYCIEM SPLAJNÓW 
W ZASTOSOWANIU DO SPEKTROSKOPII PUŁAPEK 

DLA ANALIZY DWU CYKLICZNYCH 
WĘGLOWODORÓW 

 
Streszczenie 

 
Interpolacja z wykorzystaniem splinów sześciennych daje dobre narzędzie 

dla uzyskiwania dobrych obrazów charakterystyk prądowo-napięciowych dla 
celów spektroskopii pułapkowej prowadzonej bez uprzedniego założenia 
o rozkładzie pułapek dla 1-acenaftenolu i 9,10-dimetyloantracenu. 
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ADSORPTION INDUCED HOLE TRANSPORT IN THIN 
LAYERS OF NON-ORDERED TETRACENE 

Additional disorder induced by adsorption processes by the 
molecule of ambient are responsible for deep modulation of 
conductivity. Observations confirmed the dominated role of the 
increase of the free carrier concentration due to the increse the shallow 
trap concentration, for modulation of the conductivity. 

Keywords: tetracene films, p-quaterphenyl films, adsorption, electron transfer 
reactions. 

1. INTRODUCTION

Cross conductivity of thin layers made of planar tetracene molecules is 
dependent on the volume and gas adsorption on the surface [1]. To clarify the 
role of adsorption processes in hole conductivity we compared findings from 
earlier experiments made in vacuum [2, 3, 4] with conductivity measurements in 
ambient atmosphere and in the presence of controlled environment composed of 
ethanol vapour [5].  

This features are not only the basic science and may be interested from the 
engineering science searching the possibilities to meet a problem of ageing and 
stability of electrical properties of thin layers of tetracene. An efficient 
application for organic materials requires good understanding of the dynamic 
interactions of the solid surface with the molecules of ambient vapour. It may be 
noticed that conductivity enhanced with adsorption process may become similar 
to the catalysis. The surface of the organic material under study has very little 
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dangling bonds and is built as a rigid cyclic structures made of atoms connected 
one to another with strong molecular bonds.  

2. EXPERIMENTAL

The measurements reported here were made to verify whether it is indeed 
the difference in the mobility of holes when the experiment is made in air 
atmosphere not in the vacuum.  

The measuring samples of polycrystalline tetracene (C18H12) made as a 
planar capacitor with Au – Al electrodes were prepared with vacuum deposition 
method under the pressure of the order of 10−5 Torr on glass. Evaporation 
evaporation rates were kept in the range 20-30 Å/s The substrate temperatures 
were about 300 K. Disordered layers of tetracene were in the range of 6-10 µm. 

Effect of adsorption on the electrical properties of the organic material 
layers was conducted according the following scheme. Conductivity studies 
were made in ambient atmosphere with the sample positioning inside a “Faraday 
cup” (Fig. 1). In the first stage there was measured drift mobility with time of 

Fig. 1. Measuring set up for TOF measurements 
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flight method (TOF) with set-up presented in Fig. 1. In the second stage there 
were made dark U-I measurements at room temperature in the air atmosphere. In 
the third stage the whole set of findings was numerically processed. The drift 
mobility, µ, obtained from TOF was a batch quantity essential for processing 
direct current measurements in the purpose to obtain trap concentration, Nt, and 
free carrier concentration nf, values dependent on quasi-Fermi level, EF. 

TOF method makes it possible to obtain the values of drift mobility without 
disturbing mass diffusion process (connected with adsorption of gases) within 
studied layers. These feature creates the possibility of separation of the 
conductivity component associated with modification of electrical properties of 
the layer caused by the diffusion of the adsorbed gas particles inside the layer, 
when compared with findings obtained in the vacuum conditions. All 
measurements were made in the interval of the field strength from 8·105 V/m 
to 2.5·107 V/m, greater strengths caused the higher current flow above 
1,4·10-5 A/cm2 with tendency to damage the layer. 

TOF measurements have been made in the set-up shown in Fig. 1. As a 
light source for the charge carrier generation, an ORIEL 6426 xenon flash-lamp 
(with λ > 280 nm, pulse width 1.6 µs, with maximal pulse power of 0.32 J). The 
UV pulse was absorbed in the narrow layer (δ) near Al semitransparent 
electrode. The hole pulse was then driven to the opposite Au electrode by the 
electric field induced by biasing potential. Typical pulse registered in the 
computer coupled with digital oscilloscope DS100CA is shown in the Fig. 2. 

Fig. 2. Typical oscillogram for tetracene layer: L = 8,5 µm, U = 2.84 V, arrow indicate 
the time of flight (tr) 
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The direct determination of the hole drift mobility, µ, for the carrier transit 
across the layer width L in the presence of biasing potential U gives [6, 7]   
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Fig. 3. The inverse transit time of hole TOF pulses vs. applied voltage estimated 
at 294 K showing a linear dependence (L = 8,5 µm) 

The linear dependence of inverse transit time vs. biasing potential (see Fig. 3) 
appears as an evidence proved applicability of TOF method [7]. The resulted 
drift mobility for holes is µ = (1.6±0,9)·10-3 cm2/Vs.  

The direct current measurements of U-I characteristics were made in the 
set-up built from the elements shown in Fig. 1 and the current was measured 
with electrometer – 219A with the same samples as for TOF. Description of the 
results was made with use the theory of differential analysis of space charge 
limited current (DA-SCLC) [8, 9, 10]. This theory enables evaluation of the 
electrical parameters of the layer without assumptions about the shape 
of the density of states (DOS). Obtained U-I characteristic (Fig. 4) was used for 
calculations  DA-SCLC with use the drift mobility value from TOF as a batch 
value for calculations..  
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Fig. 4.  U-I steady state characteristic for tetracene layer (L = 8,5µm) 

Fig. 5. Conductivity of the tetracene disordered layer slightly dependent on the biasing 
voltage 
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Determined total trap density is Nt = 1,6·1020 cm-3, and the free carriers 
concentration, nf, is dependent on the quasi-Fermi level and is in the range of 
8·109-2·1011 cm-3.   

3. DISCUSSION

The behaviour of increase the current above  the limit of the field strength 
up from 2.5·107 V/m, caused the higher current flow above 1,4·10-5 A/cm2 with 
tendency to damage the layer. This situation is very similar to the observation of 
the increase of the current during the experiments with vaporization of the 
tetracene layer with ethanol vapour [11]. The mechanism in [11] was directly 
connected with surface activation process. The magnitude of the ethanol 
molecule makes unlikely mechanism of diffusion into the body of the layer. And 
the rapid increase was connected with active collisions between vapour 
molecules in the space near the tetracene surface led to the dissociation of the 
molecules in the adsorbing layer and the presence of the hydrogen bonding 
generating during the collisions. In such a situation the origin of the increased 
conductivity is not a greater drift mobility but existence of injection of the 
carriers during surface reactions.  

The case described in this article is connected with adsorption of the small 
molecules the air is consisted of, predominantly most interesting is oxygen. The 
great density of traps Nt = 1,6·1020 cm-3, comparable to the whole density of 
states Nv = 3,3·1021 cm-3, may be connected with diffusion of the mass into the 
volume of the layer but it is not only possible mechanism. Oxygen atom 
absorbed at surface can absorb an electron from layer molecule creating a new 
transport charge–hole. This process is possible because in the equilibrium the 
ambient may contain H2O.  

Treating the whole process as a reaction of the electron transfer, the 
adsorption enhanced current may be considered as the charge flow between 
molecules of gas phase to the molecules of condensed layer.  

The saturation levels of the currents during vaporization connected with the 
current flow forced by biasing voltage is directly correlated with the rate of 
electron transfer at the interface and may be considered as proportional to the 
number of electrons which cross the interface existing at the surface of the layer. 
The rate of electron-transfer can be calculated easily by integration the I-t curve. 
Making an assumption that an excited tetracene molecules at the surface are 
produced by direct electron injection at the solid surface array or by exciton 
migration from interior of the crystal to the surface we can consider the whole 



    Adsorption induced transport in non-ordered tetracene 45 

process as  a  reaction with reaction cross section σe for the tetracene  system. In 
that limits the following estimation can be valid roughly 

v
exge N

Q
⋅

⋅⋅=
τ

σσ 1
,           (2) 

where: σg is geometrical cross section of a site of surface lattice with tetracene 
molecule of the film, Qex is the reaction yield per exciton reached at the surface, 
τ is approximated by exciton lifetime in the bulk layer, Nv – number of collisions 
of adsorbate in the interface layer.  

For observed systems the time dependence of desorption current and 
obtained value of entropy for sorption, for tetracene ΔH = 84 kJ/mol [1], may 
points out that two mechanisms are present: physic sorption and weak 
chemisorption.  

If we consider 2-D localized gas layer at the interface interacted with 
molecules of condensed layer then in terms of semi-classical Marcus's theory 
charge transfer rate then reaction rate for change ionization states between 
adjacent molecules i and a final α is given by [12]: 

           )(2 2
αα

α
αα δπ EEJkk iiii −== ∑∑ 

                        (3) 

where: Jiα = <i|U|α> is a perturbation matrix element between the initial state and 
one of the final states, and δ function ensures energy conservation during the 
transition between the initial and final states. 

The decisive parameter for charge transport between molecules is 
intermolecular transfer integral Jij, that express the possibility of transfer of 
charges between interacting molecules. For adjacent molecules the transfer 
integral may be evaluated from Schrödinger equation.  
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TRANSPORT DZIUROWY WZMOCNIONY 
ABSORPCJĄ W NIEUPORZĄDKOWANYCH 

WARSTWACH TETRACENU 

Streszczenie 

Badano proces aktywacji i proces transportu elektronów w warstwach 
tetracenu poddanych oddziaływaniu powietrza. Badania przeprowadzone za 
pomocą metody czasu przelotu (TOF), której wyniki posłużyły jako wsadowe do 
obliczeń parametrów elektrycznych warstw przy wykorzystaniu metody 
różniczkowej analizy prądów ograniczonych ładunkiem przestrzennym, 
wykazały koncentrację pułapek Nt = 1,6·1020 cm-3, porównywalną do całkowitej 
gęstości stanów Nv = 3,3·1021 cm-3; może to świadczyć o nasilonej dyfuzji masy 
w głąb warstwy.  
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THE IMPACT OF AROMATIC ADDITIVES 
ON KERR EFFECT IN RAPESEED OIL 

The Kerr constant and quadratic electro-optic effect were 
determined for a few different rapeseed oils. The aim of the study was 
to investigate if aromatic additives in the oil influence its optical 
properties. Moreover, the effect of ageing of the oils on Kerr 
phenomena was observed. 

Keywords: Kerr effect, rapeseed oil, quadratic electro-optic coefficient. 

1. INTRODUCTION

Vegetable oils are widely used in food and industrial production, what 
drives the search for a number of authentication techniques and evaluation of 
ageing processes. Among the various proposals, there are also attempts to use 
optical constants, e.g. detection of adulteration or contamination of castor oil 
based on its natural optical activity [1], authentication technique for olive oil that 
uses measurement of Verdet constant (describing the effect of optical activity 
induced by an applied magnetic field) [2], or estimation of the ageing processes 
in medicinal castor oil based on Kerr constant [3]. 

During this study, Kerr constants for different rapeseed oils were 
determined. Having that data it was possible to describe the influence of 
aromatic additives as well as ageing process on Kerr constant and quadratic 
electro-optic  coefficient.  

The rapeseed oil is produced from oilseed rape from Brassica genus. 
Rapeseed oil is mainly a mixture of triglycerides of fatty acids of vegetable 
origin. For the most part it contains triglycerides of olein acid. Its 
molecules have mono-unsaturated structure with double bonds with a cis 
configuration [4, 5]. 
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During the experiments, several different rapeseed oils were used. Firstly it 
was pharmacy oil produced by Pharma Cosmetic K.M. Adamowicz Sp. z o.o.; 
26 Pasternik Street 31-354 Kraków [6]. Secondly it was pharmacy oil but after 
expiry date. The third oil came from Wielkopolska and were produced by 
"SENCO" Krystyna Just; Śmiłowo 75 Spacerowa Street; 65-500 Szamotuły. 
Finally there were three different oils produced by ZT "Kruszwica" S.A. 
42 Niepodległości Street; 88-150 Kruszwica. Each of them had different 
aromatic additives: 1) lemon and basil, 2) basil, and 3) tomato, garlic and basil. 
The last of them, similarly like the pharmacy oil, was measured before and after 
expiry date. It was composed in 96.3% of rapeseed oil, 1.3% of tomato, 1.5% of 
garlic, 1.1% of basil and contained salt, oregano and aromatic additives of 
tomato, garlic and basil. Oil with basil was composed in 98.8% of rapeseed oil, 
0.3% of basil and contained aromatic additives of basil. 

2. THE MEASUREMENT

2.1. Kerr constant 

The Kerr effect is the phenomenon of appearing of birefringence in medium 
under influence of electric field. The effect is connected with the difference 
between refractive indices of the ordinary and extraordinary waves (∆n) which is 
proportional to square of intensity of electric field inducing the effect [7]. 

The optical part of the measurement system was composed of light source 
i.e. He-Ne laser, the first quarter-wave plate, polarizer, Kerr cell, the second 
quarter-wave plate, analyzer and photodiode which gave a voltage proportional 
to the intensity of light beam. The constant component of this voltage was 
measured with a digital multimeter and the voltage of second harmonic of 
modulating field was determined with a lock-in amplifier. Moreover, a computer 
was applied to control and register the measurements. The intensity of light 
passing through the analyzer can be express by the formula 

( ){ }2sin)](2sin[)2sin()(cos 22
0 ∆Γαββα −−= II , (1) 

where: I0 is the intensity of incident light, α is the angle between planes of 
polarization of the polarizes, β is the angle between the plane of polarization and 
the direction of the applied electric field and  

OE ∆Γ∆Γ∆Γ += , (2) 
where: ∆ΓΕ is the phase difference between the slower and faster waves in the 
oil and ∆ΓΟ  = π/2 is the phase shift introduced by the quarter wave plate. 
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In this experiment, the polarizes are crossed, α = π/2, and the polarizer and 
the Kerr cell are oriented so that β = π/4 

,2 nL
E ∆

λ
π∆Γ =  (3)

where: L is the length of optical path in the oil, λ = 632,8 nm is the wavelength 
and ,2KEn λ∆ =  where K is the Kerr constant and E is the external electric 
strength in the oil.  

Before computing the value of Kerr constant one has to determine the 
relation between modulation index m2ω and square of the rms value of 
modulating voltage Um applied to the Kerr cell 

baUm m += 22ω . (4) 
What more, the modulation index can be defined as the ratio of the rms voltage 
U2ω measured at the second harmonic and the constant voltage U0 on the 
photodiode 

022 UUm ωω = . (5) 
The slope a of the function (2) can be expressed as 

2
2
d

KLa π
= , (6) 

where: d is a distance between electrodes and L is the length of optical path. 
Having this slope, the Kerr constant can be calculated from the formula 

L
adK
π2

2

= . (7) 

2.2. Quadratic electro-optic coefficient 

Before calculating the quadratic electro-optic coefficient, the refractive 
indices n of the examined oils must be determined. All the refractive indices 
were measured by Abbe refractometer. Having these results, the values of 
quadratic electro-optic  effect were calculated using the formula 

3
2
n

Kgef
λ

= , (8) 

where: λ = 632.8 nm is the wavelength of the light emitted by the He-Ne laser 
and n is the refractive index of the oil under the investigation. 
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3. RESULTS

The first measurement of the Kerr constant was performed on the pharmacy 
rapeseed oils. The Kerr constants for both oils have similar value. The average 
value for oil before the expiry date is (3.27 ± 0.03) ·10−15 m/V2 and after the 
expiry date (3.25 ± 0.02) ·10−15 m/V2. 

The second measurement was performed for oil from Wielkopolska. The 
value of Kerr constant for this oil is (3.3 ± 0.2) ·10−15 m/V2. 

Then, the oil with tomato, garlic and basil were measured both before and 
after the expiry date. The Kerr constant for the oil after expiry date has slightly 
lower values. However the uncertainty of the constant is relatively big. The 
average value of Kerr constant for the oil before the expiry date is 
(3.28 ± 0.01) ·10−15 m/V2 and for the oil after the expiry date is 
(3.20 ± 0.01) ·10−15 m/V2. 

Another oil was flavored with basil. The average value of Kerr constant for 
this oil is (3.31 ± 0.01)·10−15 m/V2. 

Then the rapeseed oil with lemon and basil was measured. The 
measurements were performed for four days every five hours. The changes of 
Kerr constant value during this time could be observed. However, the character 
of that change cannot be described. The average value of Kerr constant for this 
oil is equal to (3.12 ± 0.10) ·10−15 m/V2. 

Table 1 shows the average values of Kerr constant for all the tested oils. 
The results are similar for most of them. However, one can see that the Kerr 
constant are smaller for oils after their expiry date. 

Table 1 
The average values of Kerr constant and quadratic electro-optic coefficients  
for measured oils 

Type of oil K [10−15 m/V2] gef [10−21 m2/V2] 
pharmacy oil (at room temperature) 3.27 ± 0.03 1.29 ± 0.01 
pharmacy oil – after expiry date 3.25 ± 0.02 1.27 ± 0.01 
oil Wielkopolska 3.30 ± 0.02 1.29 ± 0.01 
oil with tomato, garlic, basil – after expiry 
date 3.19 ± 0.01 1.26 ± 0.01 

oil with tomato, garlic, basil 3.28 ± 0.01 1.29 ± 0.01 
oil with basil 3.31 ± 0.01 1.31 ± 0.01 
oil with lemon and basil 3.12 ± 0.10 1.23 ± 0.01 
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The quadratic electro-optic coefficient was calculated using formula (8). 
The refractive index for all the oils was measured. It was near the same and 
equal to 1.474±0,001 at the temperature of 293 K. The average values of the 
coefficient were calculated for each oil. The results are presented in Table 1. The 
poor accuracy for oil from Wielkopolska is a result of small number of repetition 
of measurement for this oil. Similarly like in the case of Kerr constant for oils 
measured after expiry date, the value of quadratic electro-optic coefficient is 
slightly smaller. 

4. CONCLUSIONS

The method of measurement proved to yield repeatable results. However 
the measurement of Kerr constant is not enough sensitive neither to detect 
aromatic additives in rapeseed oil nor to observe the ageing process of that oil. 
Even though some differences in magnitude of Kerr constant were observed, 
most of them where in the range of the measurement error.  

Considering the ageing process the biggest difference in magnitude of Kerr 
constant was observed for the oil with lemon and basil, although one cannot 
describe character of that change. The small change of electro-optic  properties 
as an effect of ageing was observed also for oil with tomato, garlic and basil. In 
that case, the oil measured after the expiry date has slightly smaller Kerr 
constant value than the oil measured before the expiry date. 

Values of the Kerr constant of the measured oils were compared with 
previous experiments performed on different organic oils. In both cases, the 
value of Kerr constant has comparable magnitude. 
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WPŁYW DODATKÓW AROMATYCZNYCH 
W OLEJACH RZEPAKOWYCH NA EFEKT KERRA 

Streszczenie 

Zmierzono stałe Kerra i współczynniki kwadratowego efektu elektro-
optycznego dla różnych olejów rzepakowych. Celem tego eksperymentu było 
zbadanie czy dodatki aromatyczne w olejach mają wpływ na wartość stałej 
Kerra. Uzyskane rezultaty wskazują, że analizowane dodatki nie mają wpływu 
na wartość stałej Kerra w granicach niepewności pomiarowej. Zastosowanie tej 
metody do wskazanych celów wymaga znacznie większej dokładności metody 
pomiarowej.  
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APPLICATION OF THE MACH-ZEHNDER 
INTERFEROMETER TO MEASURE THE QUADRATIC 
ELECTRO-OPTIC EFFECT IN NONPOLAR LIQUIDS 

A modification of  Mach-Zehnder interferometer is proposed. It is 
shown that by introducing an additional time dependent phase shift in 
one of the interferometer arms, its sensitivity may be significantly  
increased. The method is applied to measure the quadratic electro-
optic effect in transformer oil. 

Keywords: Mach-Zehnder interferometer, electro-optic effect in liquids, Kerr 
constant.  

1. INTRODUCTION

Applications of interferometric techniques in measurements of the quadratic 
electro-optic effect in crystals and liquids are able to provide new valuable data 
complimentary do results obtained by the polarimetric method. For example, we 
have previously investigated the contribution of hydrogen bonds to the quadratic 
electro-optic effect in the paraelectric phase of KDP (KH2PO4) type crystals [1]. 
Usually, nonlinear optical phenomena in the crystals have been described in terms 
of nonlinear response of PO4 tetrahedra with neglecting the contribution of 
hydrogen bonds. In order to check such approach, in reference [1] we have 
compared temperature dependencies of different components of the quadratic 
electro-optic tensor. They have been measured employing the polarimetric method. 
The polarimetric technique is relatively highly sensitive, however, it allows to 
determine only effective coefficients, i.e. linear combinations of individual 
coefficients. We have measured two effective coefficients |no

3g1111 − ne
3g3311| and 

no
3|g3311 − g2211|, where g1111, g2211 and g3311 are the individual quadratic electro-optic 

coefficients and no and ne are the ordinary and extraordinary refractive indices, 
respectively. One observes that contrary to g3311, where the crystal symmetry allows 
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only for contributions of  PO4 groups, g1111 and g2211 may result from contribution 
both of PO4 groups and hydrogen bonds laying in the xy plane. The effective 
coefficients |no

3g1111 − ne
3g3311| and no

3|g3311 − g2211| have been measured applying the 
low-frequency electric field along the same direction, i.e. E = [E,0,0], while the 
light beam direction was different. The same direction of the electric field has 
allowed to eliminate a possibility of different changes in the dielectric susceptibility 
with temperature, and, therefore, different changes in the local field parameter 
affecting the values of individual coefficients. We have found that the temperature 
dependencies of the coefficients are different. This result indicates that the 
contribution of hydrogen bonds cannot be neglected. The results reported in [1] 
have been obtained for the effective, not individual, quadratic electro-optic 
coefficients. Therefore, only qualitative conclusions have been drawn. Contrary to 
traditional polarimetric measurements, interferometric techniques allow for 
measurements of individual coefficients. Thus, the interferometric methods may be 
used to obtain quantitative results.  

Sensitive interferometric techniques which may be applied in measurements 
of the quadratic electro-optic effect would be also very useful in investigations of 
some properties of liquids. Previously, we have investigated the effect of aging 
of transformer oil on the magnitude and the temperature dependence of its Kerr 
constant [2]. Recently, we have found that the Kerr constant of food oils also 
changes with their age. In liquids, the Kerr constant B is defined in terms of  the 
birefringence ∆n induced in the liquid by the modulating electric field E  

2EBn λ∆ = ,    (1) 
where λ is the light wave length. The birefringence originating from the Kerr effect 
makes the liquid optically uniaxial with the optic axis parallel to the electric field 
direction. The form of matrix for the quadratic electro-optic tensor gijkl in liquids [3] 
shows that the Kerr constant  may be related to two components of gijkl, namely 

11111122

3
o gg

2
−=

λ
nB .    (2) 

In our opinion, the knowledge of the magnitude and the temperature dependence 
of two components g2211 and g1111 will give an additional information about 
processes of aging of the oils. One notes that the Kerr constant itself may be 
measured employing relatively sensitive polarimetric technique, however, the 
components g1111 and g1122 may be determined by much less sensitive 
interferometric methods. Denoting the direction of the modulating electric field 
as y, the changes in the refractive indices of the liquid related to the components 
of the quadratic electro-optic tensor are given by 

1111
23

2
1 gEnn yoy =∆      (3) 
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and 

1122
23

2
1 gEnn yox =∆ (4) 

where: no is the refractive index in the absence of the electric field and Δny and 
Δnx are changes in no observed for the light beam polarized parallel and 
perpendicular to the direction of the y direction, respectively. 

Previously we have used an interferometric method to measure the quadratic 
electro-optic effect and the electrostriction in crystals. In the measurements an 
actively stabilized Michelson interferometer has been employed [4, 5]. The 
construction of stabilized interferometer is complicated. Moreover, in nonpolar 
liquids the quadratic electro-optic effect is of the order of magnitude 
10−22 m2V−2. The low electro-optic response involves the use of relatively long 
container for the liquid in one of the interferometer arms which makes 
stabilization more complicated. In this work we propose the use of simple, not 
stabilized, Mach-Zehnder interferometer. An additional, time dependent phase 
shift introduced in one of the interferometer arms increases sensitivity of the 
interferometer allowing for measurements of the quadratic electro-optic tensor in 
nonpolar liquids.  

2. EXPERIMENT

It is known that in the interferometric measurements the sensitivity of the 
light intensity variations to small changes in optical path length is greatest at a 
point halfway between the positions of maximum and minimum intensities of 
the pattern [6]. This point, called often as the middle of interferometer 
characteristic is denoted in Fig. 1 as P. 

In measurements of the quadratic electro-optic effect, the light changes are 
observed on the second harmonic of the modulating electric field. The 
measurements should be performed in the vicinity of the point P. In order 
to avoid the need of stabilization of the interferometer, in the method proposed 
we introduced an additional time dependent phase difference in one 
of the interferometer arm. This was obtained by fixing the mirror in one of the 
interferometer arms on the piezoelectric crystal. The path length in the arm was 
modulated by applying a sinusoidal electric field to the piezoelectric element. 
This additional phase difference allowed to sweep the interferometer throughout 
its transmission characteristic. With the light beam polarized parallel or 
perpendicular to the direction of the modulating electric field, the readings 
corresponding to different point of the characteristic, i.e. the light intensity at 
different points of the inference pattern were recorded. We recorded the intensity 
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Fig. 1. Interferometer characteristic i.e. the dependence of the output light intensity Iwy 
on the phase shift ΔΓ. The point P denotes the phase shift, providing the 
maximum of sensitivity independent of electro-optically induced phase changes 

I2Ω observed on the second harmonic of  the modulating electric field and the 
constant component of the light beam intensity I0. The measurements were 
performed for the transformer oil Orlen TRAFO EN. The results obtained for 
different orientation of polarizers are presented in Figs. 2 and 3. 

The coefficients g1111 and g2211 were obtained by processing the readings 
and taking into account the data obtained in the vicinity of the point P, i.e. when 
I2Ω and I0 reached the maximum and minimum, respectively. Components of the 
quadratic electro-optic effect are related to the experimental data as [4, 7] 

2
0

3

22

1111
2

g
Uln

dm

o

y

π
λΩ

= , (5) 

and 

2
0
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1122
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o
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π
λΩ

= , (6) 
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Reading number 

Fig. 2. The dependence of the the constant component of the light beam intensity I0 and 
of the modulation index Ω

y,xm2  (see Eq. (7) below) on the reading number.
Polarization of the light beam is parallel to the direction of the modulating 
electric field  

Reading number 

Fig. 3. The dependence of the the constant component of the light beam intensity I0 and 
of the modulation index Ω

y,xm2  (see Eq. (7) below) on the reading number.
Polarization of the light beam is perpendicular to the direction of the modulating 
electric field 
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In Eqs. (5) and (6), Ω
y,xm2  is the modulation index 

0
,

2
,2

xy

xyΩ
y,x I

I
m

Ω

= , (7) 

λ is the light wave length, d is the distance between electrodes, l is the path 
length of the light in the oil and U0 is the amplitude of the modulating voltage.  

In the measurements, the He-Ne laser was used (λ = 0.63 μm), l = 98.2 mm, 
d = 5.26 mm, no = 1.484 and the amplitude of the modulating voltage of the 
frequency 430Hz was up to U0 = 2500 kV. The results obtained for the oil Orlen 
TRAFO EN are: g1111 = 6.8·10−22 m2V−2 and g1122  = 11.2·10−22 m2V−2. Expecting 
that the signs of g1111 and g1122 are different, one obtains the effective coefficient 
geff = |g1111 − g1122| to be 18·10−22 m2V−2. This value may be compared to 
geff = 45·10−22 m2V−2 obtained in this work by polarimetric technique. The 
difference suggests the necessity of additional calibration. This may be 
performed by providing modulation of the path length in of one of 
interferometer arms using piezoelectric crystals with known piezoelectric 
constants. 

3. CONCLUSIONS

The quadratic electro-optic coefficients in the transformer oil are one order 
of magnitude lower than these observed in crystals (KDP, ADP). Nevertheless, 
the results indicate that the application of the method allows for measurement of 
the quadratic electro-optic effect in nonpolar liquids, despite the lack of active 
stabilization of the interferometer. 
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ZASTOSOWANIE INTERFEROMETRU  
MACHA-ZEHNDERA DO POMIARÓW 

KWADRATOWEGO EFEKTU 
ELEKTROOPTYCZNEGO W CIECZACH 

NIEPOLARNYCH  

Streszczenie 

Zaproponowano metodę pomiaru kwadratowego efektu elektrooptycznego 
w cieczach przy wykorzystaniu interferometru Macha-Zehndera. Pokazano, że 
dodatkowa modulacja fazy w jednym z ramion interferometru znacząco 
zwiększa czułość pomiaru. Metodę zastosowano do pomiaru składowych tensora 
kwadratowego efektu elektrooptycznego w oleju transformatorowym. 
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ANALYTICAL KINETIC BLOCK MODEL  
OF CRYSTAL-MOTHER-PHASE MULTILAYER 

INTERFACE 

Simple kinetic block model of multilayer crystal-mother-phase 
interface is proposed. The model leads to a system of differential 
equations which can be solved without the need to run Monte Carlo 
simulations. The proposed model is based on Bragg-Williams 
approximation (called also zeroth-order approximation), 
"solid-on-solid" assumption, and other assumptions common with 
thermodynamic Temkin model. Thus, it is possible to test the 
compliance of kinetic and thermodynamic approaches in a situation 
where all other significant differences between models are eliminated. 
Moreover, a comparison with the results of kinetic Monte Carlo 
simulations allows for better understanding of the impact of 
Bragg-Williams approximation. 

Keywords: crystal-mother-phase interface, Temkin’s model, kinetic block 
model, Bragg-Williams approximation. 

1. INTRODUCTION

 The block models of crystal-mother-phase interface, which are known from 
the literature, can be divided into two groups: thermodynamic models in which 
the minimum of free energy of the system is studied and kinetic models where 
time evolution of the interface is considered as a sequence of creations and 
annihilations of solid blocks on the crystal surface. Among the best known 
thermodynamic models are the single-layer Jackson model [1-3], two-layer 
Mutaftschiev model [4], and Temkin model which does not limit the number of 
layers in the interface [5, 6]. Today, there exist many variants of kinetic models 
which are used mainly as a basis for performing kinetic Monte Carlo (MC) 
simulations (see, e.g., Refs. [7-10]). Both groups of models lead to distinction 
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between continuous growth and layer growth mechanism. However, the 
conditions for specific growth mechanism predicted by thermodynamic models 
are not consistent with those obtained from MC simulations [2, 11, 12]. 
Unfortunately, it is difficult to draw clear conclusions about this inconsistency 
when the effects of at least two fundamental differences may be important: 
1) thermodynamic versus kinetic approach, 2) the zeroth-order mean field or
Bragg-Williams approximation used in the thermodynamic models versus 
long-range ordering of solid blocks included in the kinetic MC simulations. 
Here, the zeroth-order approximation means that a solid cell in the solid-fluid 
mixture is surrounded on average by the same number of solid and fluid cells as 
the average composition of the whole layer. 
 Recently, a simple kinetic single-layer model was proposed in Ref. [11], 
which is based on the fundamental assumptions proposed yet in the Jackson 
model, including also the zeroth-order approximation. The model leads to a 
single equation, which could be solved without the need for performing MC 
simulations. It was shown that the kinetic and thermodynamic approaches lead 
to very similar predictions about the growth mechanism when all other 
fundamental differences between models are removed. 
 The aim of this study is to generalize the kinetic single-layer model from 
Ref. [11]. In our improved model, the number of layers in the solid-fluid 
interface is no longer limited, while the zeroth-order approximation is still used. 
The generalization proposed in this work is inspired by the generalization made 
earlier in the thermodynamic models, where more general Temkin's expressions 
lead to Mutaftschiev's or Jackson's expressions when the number of layer in the 
interface is limited [6]. Comparison of the results obtained using our multilayer 
kinetic model and the Temkin model allows one to test the compatibility of 
fundamentally different kinetic and thermodynamic approaches when all other 
assumptions are as close as possible. Moreover, confrontation of our generalized 
kinetic zeroth-order model and kinetic MC simulations allows a better 
understanding of the impact of zeroth-order approximation. This work is based 
on a study carried out in the framework of engineering thesis [13]. 

2. THERMODYNAMIC TEMKIN MODEL

In this work we follow the Temkin model in the formulation presented by 
Gilmer and Bennema in Ref. [6]. Because we will often refer to this model, we 
briefly describe it below. 

In the Temkin model, a completely flat interface placed between the n = 0 
and n = 1 layers is considered as a reference state. The change in the Gibbs free 



    Kinetic model of crystal-mother-phase interface 65 

energy due to roughening of this surface is given by 

mixmixsf STUGG ∆−∆+∆=∆ − , (1) 

where ∆Gf−s is the change in Gibbs free energy due to the replacement of solid 
blocks with chemical potential µs by fluid blocks with chemical potential µf in 
the layers n ≤ 0 and vice versa in the layers n ≥ 1. Hence, the change for the 
whole interface, where the number of layers is not limited, is given by [6] 









+−µ∆=∆ ∑∑

∞

=−∞=
−

1

0

sf )1(
n

n
n

n CCNG , (2) 

where ∆µ = µf − µs, N is the total number of cells in one layer, and Cn = Nns/N is 
the fraction of solid blocks in the n-th layer. 

The symbols ∆Umix and ∆Smix in Eq. (1) are the energy and the entropy 
resulting from mixing of the two phases which were separated in the reference 
state. From the energetic point of view, this means replacing solid-solid bonds 
(with an energy fss) and fluid-fluid bonds (fff) by solid-fluid bonds (fsf). Since 
the creation of one solid-fluid bond requires breaking on average ½ solid-solid 
and ½ fluid-fluid bonds, the energy gain 

sfffss2
1 )( f−f+f=f . (3) 

The probability of finding a solid block at any given location in the n-th layer is 
Cn. As the Temkin model utilizes the zeroth-order (or Bragg-Williams) 
approximation, the probability of finding a fluid block at given position adjacent 
to this solid block is the same as the average probability of finding a fluid block 
in the n-th layer (1 − Cn). Thus, the average number of solid-fluid bonds per one 
cell within the n-th layer is given by 4Cn(1 − Cn), where 4 is the coordination 
number for square lattice. Hence, the energy of mixing for the whole interface 
is [6] 

∑
∞

−∞=

−f=∆
n

nn CCNU )1(4mix . (4) 

According to Boltzmann's formula, the entropy of the interface S = k lng, where 
k is the Boltzmann constant and g is the number of configurations corresponding 
to a given macrostate. In the case of a perfectly flat interface g = 1, which 
implies that S = 0 for the reference state. After roughening of the interface, the 
configurations of the blocks in the (n + 1)-th layer allowed by the solid-on-solid 
assumption may differ only in the sites located above the solid blocks in the n-th 
layer. Among these NCn locations there are NCn+1 indistinguishable solid blocks 
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and N(Cn − Cn+1) fluid blocks so that the number of possible configurations in 
the (n+1)-th layer is 
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Hence, the change in the entropy of the whole multilayer interface is given 
by [6] 
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The use of Stirling's formula ln N! ≈ N ln N − N and the boundary conditions 
C−∞ = 1 and C+∞ = 0  allows the transformation of Eq. (6) into the form 
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Substitution of Eqs. (2), (4) and (7) into (1) gives the total change in the Gibbs 
free energy in the form 
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where the basic parameters α and β related to the conditions of crystal growth 
are given by 

α = 4f/kT, (9) 

β = (µf − µs)/kT. (10) 

The interface is stable when the energy change ∆G has a minimum with respect 
to each Cn. The necessary condition for the existence of this minimum is 

0)(
=

∂
∆∂

nC
TNkG (11) 

for all Cn. Differentiation of Eq. (8) yields [6] 

0)ln()ln(2 11 =−−−+α−α+β− −+ nnnnn CCCCC , (12) 

which must be solved numerically. 
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3. KINETIC ZEROTH-ORDER MODEL 
 

3.1. Single-layer model 
 

Recently, a simple kinetic single-layer model was proposed in Ref. [11]. In 
contrast to the kinetic MC simulations, where full information about the location 
of each unit in the lattice is used, the model is based on zeroth-order approach 
and the state of the interface layer is described by the fraction C = Ns/N of solid 
cells. Among the N sites in the layer, creations are possible only in N(1−C) cells 
filled with fluid and the average frequency +

ik  of creation in a given fluid site 
depends on the number i of its nearest lateral solid neighbours. Similarly, 
annihilations are limited to NC sites filled with solid blocks and the average 
frequency −

ik  also  depends on the number i of solid neighbours. Considering 
the change dC during time dt as the consequence of the difference between the 
flux of molecules being created and the annihilation flux, we can easily write 
equation describing the time evolution of the boundary layer [11] 
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where pi is the probability of finding exactly i lateral neighbours around a 
particular location in the interface layer. In the zeroth-order approach the 
probability of finding a solid block at any single location is always C, regardless 
of the type of blocks in the neighbourhood. Hence, the probability pi is given by 
Bernoulli trial 
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The rate constants +
ik  and −

ik  result from the Arrhenius equation 

 )/exp(0 kTEkk a−= , (15) 

where k0 is the number of trials to occur per unit time and Ea is the activation 
free energy. According to the Binsbergen’s model of nucleation, a jump from 
one free energy level ∆Gj−1 to the next level ∆Gj−1 is hampered by a free energy 
of activation of viscous flow or of rotational diffusion ∆Gη and the total free 
energy of activation is given by [10] 

 )( 12
1

−η ∆−∆+∆= jja GGGE . (16) 
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In the equilibrium state (β = 0) the energies ∆Gj and ∆Gj−1 result from 
consideration of changes in the number of solid-solid, fluid-fluid, and solid-fluid 
bonds. If the effect of supersaturation is also taken into account, the following 
rate constants are finally obtained [7, 10] 

 ( )[ ]242expt β+−α−⋅=+ ifki , (17) 
 ( )[ ]242expt β−−α⋅=− ifki , (18) 

where ft is a constant with dimension of reciprocal time 
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3.2. New multilayer kinetic model 

 
Let us now consider a kinetic zeroth-order model which does not limit the 

numbers of layers in the interface region. The model proposed in this work is 
based on simple statistics similar to that presented in Section 3.1. The state of 
the crystal-mother-phase interface will be described in a way known from the 
Temkin thermodynamic model, i.e. by the array of fractions Cn, where the 
number n of layer varies from –∞ to +∞. Moreover, we follow the boundary 
conditions C−∞ = 1 and C+∞ = 0 as well as solid-on-solid assumption which leads 
to Cn+1 ≤ Cn. 

Considering the creations, we must take into account that, among N(1 − Cn) 
fluid blocks in the n-th layer, N(1 − Cn−1) blocks have no solid neighbours in the 
(n − 1)-th layer. Thus, the number of sites available for creation that satisfy 
solid-on-solid assumption is N(Cn−1 − Cn). Similarly, among NCn solid blocks in 
the n-th layer, NCn+1 of them have a solid neighbour in the (n + 1)-th layer, 
which implies that the number of sites available for annihilations is N(Cn − Cn+1). 
Thus, Eq. (13) generalized for any n-th layer in a multilayer interface takes the 
form 
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where the probability pn,i of finding exactly i lateral neighbours around a 
particular location in the n-th layer is given by 
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It is convenient to start the calculations at t = 0 from a perfectly flat boundary 
between completely solid and completely fluid layers, i.e. Cn = 1 for n ≤ 0 and 
Cn = 0 for n > 0. Therefore, the special cases in Eq. (21) for Cn = 0 and Cn = 1 
are necessary to avoid indefinite symbol 00. 

The multilayer kinetic model described above allows for direct comparison 
of the results with the results of the thermodynamic Temkin model. This 
comparison can be considered as a compliance test between kinetic and 
thermodynamic approaches, while the other assumptions made are as close as 
possible. Moreover, thanks to a well-defined time t in the crystal-mother-phase 
system, the kinetic model allows to calculate the average growth rate R of crystal 
face 
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where d is the thickness of one layer of growth units. Of course, comparison of 
the rate R with the results of Temkin model is not possible. However, it is 
interesting to make a comparison with the results of MC simulations. 

4. RESULTS AND DISCUSION

The Temkin thermodynamic model leads to a system of equations (12). 
Numerical solution of this system of equations shows that a true minimum of 
∆G(Cn) and not a saddle point may exist or not depending on the values of α and 
β parameters.  As shown in Fig. 1, a critical value αc is about 1.07 at equilibrium 
state (β = 0) and this value increases with increasing β. In the case β = 0 no 
growth is possible and αc is traditionally related to the roughening temperature 
TR = 4f/kαc, i.e. if α > αc or T < TR the solid and fluid fractions are separated, 
and if α < αc or T > TR a mixture of solid and fluid blocks become one phase. In 
the nonequilibrium state (i.e. β > 0) there are no thermodynamic barriers for 
crystal growth in the field B in Fig. 1 and the crystal grows continuously, 
whereas if growth occurs in the A field only a layer growth is possible (by a 
two-dimensional nucleation mechanism or a spiral growth mechanism) [6]. 
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Fig. 1. Curve resulting from the Temkin 
thermodynamic model which 
separates the area A where the 
Gibbs free energy ∆G has a 
minimum for each Cn and the 
area B where there is no 
minimum of ∆G 

Fig. 2. Curve resulting from the kinetic 
zeroth-order multilayer model 
which separates the area A where 
Cn(t) dependencies tend to a 
steady state and area B where 
there are no limits to the 
evolution of Cn(t) 

When the kinetic model proposed in section 3.2 is considered, we cannot 
investigate the existence of a minimum of ∆G(Cn), but we can check whether the 
Cn(t) dependencies resulting from numerical solution of Eq. (20) tend to a steady 
state after a sufficiently long time, or are changing all the time. The results 
obtained in this way and shown in Fig. 2 appear to be very similar to those in 
Fig. 1 which result from the Temkin model. As the both models do not limit the 
number of layers in the interface, we had to impose an additional limit of 30 
layers while solving Eqs. (12) and (20) numerically. 
 The Temkin model was also used to find the profiles of concentration of 
solid blocks in the interface layers [6]. Profiles of this type may also be easily 
obtained on the basis of the kinetic model proposed in section 3.2. As shown in 
Figs. 3 and 4, some exemplary profiles obtained for β = 0 using Temkin and 
kinetic models are almost indistinguishable. However, a full comparison of the 
both models for any values of the α and β parameters is not possible. This 
limitation results from the nature of the thermodynamic approach, which allows 
us to find a solution only when the steady state is reached. This problem does 
not appear in the kinetic model where the time evolution of the system may be 
considered for any arbitrary conditions. 
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Fig. 3. Profiles of concentration of solid 
blocks Cn resulting from the 
Temkin thermodynamic model 
for the equilibrium state (β = 0) 
and selected values of  α 

 Fig. 4. Profiles of concentration of solid 
blocks Cn resulting from the 
kinetic zeroth-order multilayer 
model for the equilibrium state 
(β = 0) and selected values of  α 
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Fig. 5. Influence of β parameter on the profile of concentration of solid blocks Cn 

resulting from kinetic zeroth-order multilayer model calculated for α = 2 
 
 

Figure 1 shows that, if we start from the point in the field A, the field B 
may be achieved by reducing the value of α or by increasing the value of β. 
In both cases the surface will be roughened, but the reasons are different. In the 
former case it is high temperature whereas in the second case it is a high driving 
force for the crystallization. As the Temkin, Mutaftschiev and Jackson 
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thermodynamic models do not offer any other possibilities for studying these 
two roughening mechanisms, it may be concluded that the effect achieved is the 
same in both cases [2]. However, the profile of concentration of solid blocks 
resulting from our kinetic model and presented in Figure 5 show, that the β 
parameter has a very weak effect on the profile, while the impact of α is crucial 
(see Fig. 4). 
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Fig. 6. Dependence of average growth rate R on the β parameter resulting from the 

kinetic model described in section 3.2 for selected values of α 
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Fig. 7. Dependence of average growth rate R on the β parameter resulting from kinetic 

Monte Carlo simulations performed for the surface array 60 × 60 and no surface 
diffusion for selected values of  α 
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In order to examine the impact of the zeroth-order approximation, the 
average growth rates resulting from our kinetic model and Eq. (22) were 
compared with analogous rates obtained from kinetic MC simulations using 
simulation algorithm described in Ref. [9]. The results qualitatively consistent 
with our dependencies shown in Fig. 7 were also obtained by other authors (see, 
e.g., Refs. [14, 15]). As the same formulae (17) and (18) for the frequencies of
creation and annihilation were used in both compared models, the only 
significant difference was the use of zeroth-order approximation in our kinetic 
model and an array containing information about the locations of solid and fluid 
blocks in MC simulations. The results presented in Figs 6 and 7 show that both 
methods lead to similar growth rates only for α ≤ 2.0, but substantially different 
shapes of R(β) dependencies are visible for α ≥ 2.5. Furthermore, the rapid fall 
to zero of the values of R predicted by our kinetic zeroth-order model for α ≥ 2.5 
seems to be inconsistent with experimental data. These results show that the 
zeroth-order approximation is very rough and preferential clustering must be 
taken into account in further research. 

5. CONCLUSIONS

A simple kinetic block model of multilayer crystal-mother-phase interface 
is proposed in this work. The model uses Bragg-Williams approximation, 
"solid-on-solid" assumption and the state of the interface is described by an array 
of concentrations of solid blocks in individual layers within the interface. Our 
kinetic model leads to the results which are very similar to those obtained 
previously by the thermodynamic Temkin model. This comparison shows that 
kinetic and thermodynamic approaches are substantially equivalent when there 
are no other significant differences between models. Thus, the differences 
between findings from the Temkin model and kinetic MC simulations, which 
were reported earlier in the literature, result from other assumptions rather than 
those from different thermodynamic and kinetic approaches. 

Our kinetic model includes both the steady-state case and the case of an 
unlimited time evolution of the system. The latter case is not covered by the 
thermodynamic models, where the time in the crystal-mother-phase is not 
defined. The growth rates of crystal face obtained using our kinetic zeroth-order 
model differ significantly from the results of kinetic MC simulations, where 
long-range ordering is taken into account. This comparison shows that the 
zeroth-order approximation turns out to be the main problem of all zero-order 
kinetic and thermodynamic models. It will be shown in a forthcoming paper [12] 
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that preference for bonds between blocks of the same type over mixed-type 
bonds may easily be introduced into our kinetic model. 
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ANALITYCZNY KINETYCZNY MODEL BLOKOWY 
WIELOWARSTWOWEJ GRANICY FAZ 

KRYSZTAŁ-FAZA MACIERZYSTA 

Streszczenie 

Zaproponowano prosty kinetyczny blokowy model wielowarstwowej 
granicy faz kryształ-faza macierzysta. Model ten prowadzi do układu równań 
różniczkowych, które rozwiązuje się bez potrzeby przeprowadzania symulacji 
Monte Carlo. Zaproponowany model wykorzystuje przybliżenie Bragga-
Williamsa (zwane także przybliżeniem zerowego rzędu), założenie znane 
w literaturze jako „solid-on-solid” oraz inne założenia wspólne z termo-
dynamicznym modelem Temkina, co umożliwia sprawdzenie zgodności 
podejścia kinetycznego i termodynamicznego w sytuacji gdy nie występują inne 
istotne różnice pomiędzy modelami. Ponadto porównanie zaproponowanego 
modelu z kinetycznymi symulacjami Monte Carlo umożliwia lepsze 
zrozumienie znaczenia przybliżenia Bragga-Williamsa. 
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DIELECTRIC PROPERTIES OF FERROELECTRIC 
LIQUID CRYSTALLINE MATERIAL WITH CHIRAL 

NEMATIC PHASE 

The ferroelectric liquid crystal with nematic N* phase has been 
investigated using broadband low frequency dielectric spectroscopy. 
The dielectric relaxation modes related to a ferroelectric Goldstone 
mode were detected only in a narrow temperature range. Well defined 
relaxation process was detected in the SmB* phase at about 90 Hz. 

Keywords: dielectric relaxations, ferroelectrics, Goldstone mode. 

1. INTRODUCTION

Many recently synthetized ferroelectric and antiferroelectric liquid crystals 
show a lot of phases and subphases. The most often observed phase sequence is 
as follows: Iso→SmA*→SmC*→SmC*

α→SmC*
β→SmC*

γ→SmC*
A→Cr [1]. 

Using the broadband dielectric spectroscopy it is possible to investigate 
molecular excitations and collective molecular excitation by registrations of 
relaxation processes corresponding to consecutive types of excitations. In SmA* 
phase the soft mode is observed as a collective amplitudon mode [2, 3]. In 
ferroelectric phase both soft mode and Goldstone mode are observed [4, 5], the 
second one is related to fluctuation in azimuthal angle of ferroelectric helix. Soft 
mode occurs near the SmA*-SmC* phase transition and Goldstone mode is 
registered in the whole temperature range of SmC* phase. The Goldstone mode 
typically shows rather weak temperature dependence of the dielectric strength 
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and the relaxation frequency [6, 7], but quite strong temperature dependence of 
the two parameters has also been reported [8-10]. The amplitude of Goldstone 
mode usually  decreases with increasing external electric field [11]. In 
antiferroelectric phase two modes PL and PH are often observed. The modes are 
suggested to be related to the in-phase and anti-phase azimuthal angle 
fluctuations of directors of the anti-tilted molecules in successive layers [12, 13]. 
In the ferrielectic SmC*γ phase the Goldstone-like mode is often observed 
[14, 15]. The dielectric investigations may provide useful information about 
molecular relaxation processes and could be a very handy method for 
identification of phases and subphases in ferroelectric and antiferroelectric liquid 
crystals. 

The presented investigations are focused on dielectric examination of 
ferroelectric phase of a ferroelectric compound possessing rather untypical phase 
sequence. In this compound the ferroelectric phase and chiral nematic N* phase 
co-exist. The parameters characterising the dielectric response of  the 
investigated LC compound in the temperature range corresponding to liquid 
crystalline state are presented.  

2. EXPERIMENTAL

The dielectric response of the ferroelectric liquid crystalline compound 
1H3R (see molecular structure presented below) has been investigated. 

The investigated compound was synthesized in the Institute of Chemistry, 
Military University of Technology (Warsaw).  

The phase sequence in the investigated compound has been reported to be 
as follows  

Kr90,7SmB*100SmC*101,8SmA*105N*108,9Izo 

The dielectric measurements were performed for the liquid crystal compound 
placed between two parallel glass plates with 5×5 mm gold electrodes. We used 
standard cells, commercially available from AWAT. Planar alignment was 
strongly supported by  polymer  coating of  electrodes. The sample thickness

CH3COO(CH2)4O OOC COOC*HC6H13

CH3

(S)
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 was d = 5µm. The measuring sinusoidal signal (0.1 V) was applied nearly 
perpendicularly to the director of smectic layers. The measurements were carried  
out with Solartron 1260A Impedance Analyser with Chelsea Dielectric Interface 
in the frequency range 10−3 Hz ÷ 5∙105 Hz.  

The dielectric measurements were performed during  heating of liquid 
crystal sample. The Havriliak-Negami equation was used for fitting the 
experimental results in the following version 

where σ0 – dc conductivity, ∆ε – dielectric strength, τ – relaxation time, α – 
width parameter, β – asymmetry parameter. 

3. RESULTS AND DISCUSION

The temperature dependence of real part of dielectric permittivity of  the 
investigated compound for three different frequencies is shown in Fig. 1. Highly 
polar LC phase is detected below 102oC. However, it results from the data 
shown in Fig. 1 that the polarization process corresponds to rather low 
polarization phenomena, just below 1 kHz.   
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Fig. 1. Real part of dielectric permittivity vs. temperature for the whole temperature 
range investigated at a few various frequencies 
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The dielectric responses  for different phases are presented in Figs. 2-4.  
Fig. 2 shows the dielectric response in nematic N* and SmA* phases , no 
relaxation process in the frequency range is detected. In the SmA* soft mode 
might probably be registered [4], but the relaxation frequency of this mode is 
usually in the MHz region, out of our setup possibility. 

In Fig. 3 the dielectric response in the SmC* phase is presented. 
A relaxation process at 101.8oC is noticeable. Clearly defined dielectric 
relaxations peaks were found only in the temperature range 101.4oC÷101.8oC 
and are additionally presented in Fig. 4 in the double logarithmic plot. These 
relaxation peaks may probably be attributed to ferroelectric phase due to 
correlation between the temperature ranges. The experimental results were fitted 
with Havriliak-Negami equations. The example of fitting procedure is presented 
in Fig. 5.  
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Fig. 2. Dielectric response in the SmA* and nematic N* phases 
 
Taking into account all the data characterizing the relaxations detected in 

the temperature range  101.4oC÷101.8oC and the coincidence of this temperature 
range and the range of SmC* phase reported earlier [16] it is justified to suggest 
that the relaxations shown in Fig. 4 are related to the Goldstone mode due to the 
phase fluctuations in the azimuthal orientation of the director.  

The obtained relaxation peaks parameters are shown in Table 1. The 
relaxation frequency for the Goldstone mode is of the order of a few kHz 
typically. In our case  the relaxation frequency fluctuate with temperature but all 
the values are in the kHz region. The dielectric strength changes with 
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temperature too, but the high value of dielectric strength are quite typical for 
Goldstone mode registered in SmC* ferroelectric phase. 
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Fig. 3. Dielectric response in the ferroelectric SmC*phase 

101 102 103 104 105
1

10

100

D
ie

le
ct

ric
 p

er
m

itt
iv

ity
 ε

"

Frequency [Hz]

 T=101.40C
 T=101.60C
 T=101.80C

Fig. 4. Imaginary part of dielectric permittivity as a function of frequency for the 
Goldstone mode for three various temperatures 



82         M. Wojciechowski, G.W. Bąk, M. Tykarska 

10-1 100 101 102 103 104 105

Frequency  [Hz]

-1
0

1
2

3

lo
g(

 P
er

m
itt

iv
ity

'' 
 )

NOVOCONTROL RESULTS
101.8��

Fig. 5. Example of fitting procedure for the Goldstone mode using Havriliak-
Negami equation. The data for T = 101.80C are presented in the figure 
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Fig. 6. Dielectric responses in the SmB* phase in two temperatures 
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Table 1 
Parameters of relaxations at 101.4oC ÷101.8oC fitted with HN equation. The MSD 
parameter shows adjustment  to experimental curve 

σ[S/cm] 
10-9 

n Δε τ 
10-4[s] 

νR 
[Hz] 

α β MSD 
10-2 

T[0C] 

5.2 0.62 67 1.48 1076 0.82 1 3.1 101.4 
3.9 0.67 71 3.4 468 0.67 1 3.9 101.6 
30 0.56 144 3.57 446 0.90 1 3.6 101.8 

In the SmB* phase clearly defined stable peaks appear in the frequency 
range 60-90 Hz with dielectric strength about Δε = 50.  The parameters of this 
mode are presented in Table 2. The high value of dielectric strength suggests 
some kind of collective molecular oscillation mode.  

Table 2 
Parameters of relaxations in the range of SmB* phase 

σ[S/cm] 
10-10 

n Δε τ 
10-3[s] 

νR 
[Hz] 

α β MSD 
10-2 

T[0C] 

4.9 0.65 47.5 1.9 83 0.98 1 2.1 95 
5.3 0.65 48 1.89 82 0.98 1 2.05 96 
5.96 0.65 47 1.83 87 0.98 1 2.08 97 
6.84 0.65 46.5 1.76 90 0.99 1 2.15 98 
9.13 0.65 48.9 1.72 93 0.99 1 2.2 99 
11 0.65 49.2 1.77 89 0.99 1 2.4 100 
25 0.66 57 2.67 60 0.96 1 4.2 101 

Mishra et. al [16] investigated the dielectric properties of a similar 
compound possessing quite similar  phase sequence, but showing much broader 
temperature range of SmC* phase. They registered Goldstone mode in SmC* 
phase, some  additional relaxation processes in the N* was interpreted as a soft 
mode and another weak relaxation process in the SmB* phases has also been 
detected. The relaxation process in the SmB*phase was ascribed to the short-
axis relaxation  mode (molecular motion around short axis of molecule). Such 
relaxations round short axis may be expected to be much slower than any other 
molecular relaxation process so comparatively small values of the relaxation 
frequency should not be surprising. However, the values of  relaxation 
frequencies registered in our samples are approximately two orders of magnitude 
smaller than those presented by Mishra et.al. In this situation the interpretation 
of the relaxation process in SmB* phase in the investigated LC material remains 
an open problem.  
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4. CONCLUSIONS 
 

1. The dielectric measurements confirm the existence of the ferroelectric 
phase in a relatively narrow temperature range between 101.40C÷101.8oC  
in the investigated compound.  

2. The Goldstone mode detected in SmC* phase exhibits a relatively low 
but reasonable relaxation frequency close to 1 kHz. 

3. Low frequency dielectric relaxation mode was detected in the SmB* 
phase in the frequency range 60-90 Hz, the mode is probably related to 
some kind of collective molecular motion.  

4. No dielectric relaxation modes were detected in the SmA* and nematic 
N* phases in the frequency range used. 

5. 1H3R compound presented in this paper is very similar to 1H6Bi [15] 
compound, the only difference  between the two materials consists in the 
different number of CH2 groups in the tail. However, the difference in 
both phase sequence and dielectric properties is quite remarkable. This 
supports the suggestion of strong, sometimes crucial influence of non-
polar tails on the dielectric properties of LC materials.  
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DIELEKTRYCZNE WŁASNOŚCI 
FERROELEKTRYCZNEGO  CIEKŁEGO KRYSZTAŁU 

Z CHIRALNĄ FAZĄ NEMATYCZNĄ  

Streszczenie 

Dielektryczne badania ferroelektycznego związku ciekłokrystalicznego 
1H3R z nematyczną fazą chiralną przeprowadzono w obszarze niskich częstości. 
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Procesy relaksacyjne zarejestrowano jedynie w fazie ferroelektrycznej (mode 
Goldstona) oraz w fazie SmB* w obszarze częstości 60÷90 Hz. Przedstawiono 
charakterystyki zarejestrowanych procesów relaksacyjnych. 
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