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HISTORY AND ACHIEVEMENTS 
 OF THE INSTITUTE OF PHYSICS  

OF LODZ UNIVERSITY OF TECHNOLOGY 
 

History and achievements of the Institute of Physics of Lodz 
University of Technology is briefly presented on occasion of 40 
anniversary of the Department of Technical Physics, Information 
Technology and Applied Mathematics.  

 
Keywords: Institute of Physics, Lodz University of Technology. 
 
 

1. INSTITUTE OF PHYSICS  
 

The Institute of Physics was erected in 1970 in the Lodz University 
of Technology (LUT) from the Technical Physics Department of the 
Electrical Faculty and from the Physics Department of the Chemical 
Faculty. It was organized by Dr. Jan Karniewicz, later the full professor in 
physics, who became its first director from 1970 up to 1983. Afterwards 
the Institute of Physics directors were Dr. Andrzej Lipiński (1983-1986), 
Dr. Antoni Drobnik (1986-1992), DSc Cecylia Malinowska-Adamska, 
LUT professor (1992-2001), Professor Włodzimierz Nakwaski 
(2001-2015) and currently DSc Robert Sarzała, LUT professor. 

First researches in the Institute of Physics were devoted to 
experimental and theoretical investigation of processes leading to creation 
of crystalline and amorphous substances, investigation of their physical 
properties and study of interaction between coherent radiation and matter. 
Research conducted in the Institute of Physics has been modified during 
last 40 years according to development of its research staff. New research 
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groups were created which increased the research domain and included 
contemporary problems in science. 

Currently, scientific investigations in the Institute of Physics are 
conducted in six research groups: Photonics, Biogenic Crystals, Physics 
of Dielectrics, Theoretical Physics, Physics of Liquid Crystals and 
Physics of Monocrystals. Research problems include investigations 
of semiconductor emitters of radiation (mostly semiconductor lasers), 
problems of quantization through deformation in the theory of integrable 
systems and in the relativity theory, application of the Weyel-Wigner-
Moyal formalism in quantum mechanics, investigation of electrical 
properties of thin layers of the diamond-like carbon, numerical 
investigations of macroscopic properties of liquid crystal systems, 
investigations of crystallization processes from solutions together with 
analysis of the mechanism of crystal growth inside human body, 
development of quantum methods and calculation algorithms used to 
describe electronic structure of matter and to study electro-optical 
phenomena. 

  Research and didactic staff of the Institute of Physics is currently 
composed of 25 academic teachers including 11 professors and DSc 
doctors, 12 doctors and 2 MSc teachers. During 2011-1016, one research 
worker received the full professor title, the DSc title was received by 3 
research workers, and the PhD title was granted to four research workers. 
Every year the staff of Institute of Physics participates in many scientific 
conferences delivering reports and presenting results of the latest 
investigations. Besides, the Institute of Physics organizes domestic and 
international conferences. Recently the institute organized the VCSEL 
Day conference (2015) and was one of organizers of the VI Workshop on 
Physics and Technology of Semiconductor Lasers (2015) as well as the 
first Conference of Polish Society of Relativity (2014).  

Results of investigations performed in the institute are published 
every year in tens of papers in many high-range scientific journal. In 
2012-2015, the research workers from the Institute of Physics published 
88 papers in journals listed in the official register of the Ministry of 
Science and Higher Education. Besides, our results are also permanently 
published in our Scientific Bulletin of the Lodz University of Technology, 
Physics (edited by Professor G. Derfel).  
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 Over 20 research projects (for over 5.5 million PLN) have been 
accomplished in the Institute of Physics during last 6 years. Most of them 
have been accomplished under the following Polish and international 
grants: “The model of a high-power, stable operated single-mode VCSEL 
based on photonic crystals” (LIDER, PhD M. Dems), “Modern surface-
emitting lasers with a photonic crystal and high-contrast grading” 
(SINGAPUR, DSc T. Czyszanowski), “Fedosov construction in 
non-commutative field theories” (MNiSW JUVENTUS PLUS, PhD 
M. Dobrski), “Development of new methods of quantum-chemical 
embedding with the aid of reduced density matrixes” (SONATA BIS 2, 
DSc K. Pernal), “Investigations of physical mechanisms of nucleation, 
growth and aggregation of carbonate apatite and struvite in relations to 
the infectious urinary Stones and investigations of an influence of 
substances able to modulate of these processes” (OPUS 6, DSc 
J. Prywer), “Modeling of surface-emitting nitride semiconductor lasers 
with a vertical cavity” (OPUS 7, DSc R. Sarzała). 

 In 2016, four projects (for 2.5 million PLN) were started including 
the project entitled “Photonic analog processor using nonlinear VCSEL 
answer”, obtained by  DSc T. Czyszanowski, under the SONATA BIS 
program.  

Some of our projects are realized as a collaboration with foreign 
institutions: the University of Southern Denmark (Odense, Denmark), the 
Université Pierre et Marie Curie (Paris, France), the École Polytechnique 
Fédérale de Lausanne (Lozanna, Switzerland), the Technische Universität 
(Berlin, Germany), the Vrije Universiteit Brussel (Bruksela, Belgium), 
the Nanyang University of Technology (Singapore), the Laboratoire 
d'Analyse et d'Architecture des Systèmes (Tuluza, France), the Rutherford 
Appleton Laboratory (Didcot, England). Besides, a bilateral agreement 
was signed with the Vrije Universiteit Brussels concerning common PhD 
students. The researchers from the Institute of Physics are collaborating 
with scientists from many countries. They visited foreign institutes as 
visiting professors and coordinated international projects.  

Some activity in the field of applications is also carried out in the 
institute. Results of these investigations have been awarded many times 
during international exhibitions and have been protected by many patents. 
In particular, during last ten years our researchers have been awarded 
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14 patents. Their achievements have been presented during various 
international exhibitions and have been awarded 37 prizes, including 
11 gold medals. For example, “Diamond electrode for detection of heavy 
metals in water” received 4 prices, “Biosensor based on a diamond layer” 
received gold medal during the international exhibition of inventions in 
2014. Researchers from the Institute of Physics have been awarded many 
times the state distinctions and were awarded for merits for Lodz 
(“Łódzkie Eureka” statuette in 2014 r.). Besides, they received many 
individual and collective Rewards from the Minister of Science and 
Higher Education, including the 2010 award for innovative activities 
and many rewards and distinctions awarded by international bodies.  

In 2015, DSc Katarzyna Pernal, was awarded the IAQMS Medal of 
the International Academy of Quantum Molecular Science for her 
outstanding research achievements and her contribution in the theory of 
functional density matrix. The medal is awarded every year to one person 
only by the international academy assembling the highest world research 
authorities (including a number of Noble Prize winners), and is the most 
prestigues award in the quantum and theoretical chemistry. 

Research Workers of the Institute of Physics are editors or members 
of international advisory boards of some research journals: Research and 
Technology (DSc J. Prywer),  Scientific Reports (DSc K. Pernal), Opto-
Electronics Review (DSc T. Czyszanowski), Optica Applicata (Professor 
W. Nakwaski). Besides, they are taking part in the activity of National 
Science Centre and in groups of experts of the Ministry of Science and 
Higher Education. 

Institute of Physics takes also pride in achievements in didactics of 
physics. Our students are educated on the stationary studies of the first 
degree in two specializations: Technical Physics as well as Science and 
Technology, on the stationary studies of the second degree also in two 
specializations: Medical Physics and Optoelectronics and on the studies 
of the third degree finished with doctorate in physics. During their 
studies, students are actively participating in investigations carried on in 
research groups of our institute. Besides, they develop their interest in the 
student science circle “Schrödinger cat”. In 2009, the students from this 
circle got the prestige award in the competition Popularizer of Science 
organized by the Ministry of Science and Higher Education. Our students 
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have received many times the title of the Best Graduate Student of the 
Lodz University of Technology. The total number of Technical Physics 
graduates reached 657, including 403 graduates during last 15 years.

In 2015, a reconstructed and modernized industrial building was 
erected for the Institute of Physics. Today the building is one of the most 
modern didactic objects in the Lodz University of Technology. The work 
conditions of our didactic staff have been significantly improved. In the 
new building, 6 new lecture-rooms, 11 didactic laboratories, 2 rooms for 
designing projects and 3 rooms for personal student work have been 
created. Laboratories have been equipped in 479 modern didactic devices 
for 3 million PLN. In the building, 940 students and pupils may have 
classes simultaneously. Among others, the laboratory for interactive 
experiments for teenagers (XLAB) and the room for demonstration of 
physical phenomena for children (Arena Magica) have been organized. In 
this modern building, as many as about 40 popularized scientific lectures 
and classes for about 1500 pupils from fundamental, grammar and high 
schools have been given until now.

HISTORIA I NAJWAŻNIEJSZE OSIĄGNIĘCIA 
INSTYTUTU FIZYKI POLITECHNIKI ŁÓDZKIEJ

Streszczenie 

Z okazji 40. rocznicy powstania Wydziału Fizyki Technicznej, Informatyki
i Matematyki Stosowanej przedstawiono historię i najważniejsze osiągnięcia 
Instytutu Fizyki Politechniki Łódzkiej jako jednej z jednostek organizacyjnych 
tego Wydziału.  
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PHOTO-ENHANCED CONDUCTION IN 
INHOMOGENEOUS THIN FILM SPACE CHARGE 

LIMITED CONDUCTING SYSTEMS 
 
 

Photo-enhancement of space-charge limited currents in 
deliberately modified thin-film structures is studied using numerical 
methods. The obtained results suggest that it should be possible to 
obtain optically induced increase in current density of the order of 107 
in modified thin film structures as a result of deliberate modification 
of trap density at the emitter consisting in formation of high density 
of traps at the emitter.    
 

Keywords: space charge limited currents, optical switching. 
 

1. INTRODUCTION 
 
Space charge limited (SCL) currents are registered in many inorganic and 

organic thin film systems potentially useful for microelectronics [1-8]. In the 
case of simple trap-free SCL conducting system the total current density is 
given by: 

       
3

2

08
9

d
Vj       (1) 

where e is the electron charge,  is the mobility, d the sample thickness,  and 0 
are the dielectric constant and the permittivity of free space respectively, V is the 
voltage applied.  When the concentration of thermally generated free carriers is 
greater than the concentration of injected charge from emitter, the current 
follows Ohm’s law; otherwise the current becomes proportional to V2. The 
voltage at which the transition from Ohm’s law to SCL regime occurs depends 
on concentration of thermally generated charge and the transition can occur in 
a wide range of voltages. For an insulator containing a mono-energetic trapping 
level of shallow traps of charge carriers the expression for SCL currents is 
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similar to that given by eq. (1) but the equation is multiplied by a practically 
voltage-independent constant  being the free-to-total charge concentration 
ratio.   

       
3

2

08
9

d
Vj       (2) 

 Most papers refer to spatially homogeneous distribution of charge traps 
even if the SCL theory is used to describe SCL currents in thin inhomogeneous 
layers. The problem of SCL currents in films with non-uniform spatial 
distribution of shallow traps was discussed by Nicolet [9] and Sworakowski 
[10]. Numerical solutions of dark and photo-enhanced SCL currents in some 
inhomogeneous polycrystalline structures of organic molecular films were also 
presented in [11,12]. Recently the problem of  SCL currents in inhomogeneous 
films was studied by Dacuna and coworkers [13,14]. Delannoy and coworkers 
[15] discussed the problem of photoenhanced SCL currents in homogeneous 
insulators under inhomogeneous excitations. The main conclusions resulting 
from the papers are as follows: 

 Traps at the emitter can influence substantially the current-voltage 
characteristics. The influence of traps on shape of current-voltage 
characteristics can be used to estimate both the value of surface 
concentration of trapping states and the decay of the concentration at the 
emitter [14]. Both the above parameters can be also estimated using 
photo-enhanced SCL currents [12]. 

 In the case of shallow traps a non-uniform trap distribution should not 
influence the current-voltage characteristics substantially, but in the case 
of non-uniform spatial distribution of deep traps the current-voltage 
characteristics changes significantly, especially if the traps are close to 
the emitter. 

 Photo-enhancement of SCL current leads to photo-excitation of charge 
carriers out of deep trapping states and finally leads to substantial 
increase of current if the light flux is strong enough. This should enable 
to switch optically from low-conducting to high-conducting state in 
some thin-film systems with spatially non-uniform charge trap 
distribution on condition that injection of charge from electrodes is 
strong enough to obtain SCL electrical conduction. 

 Inhomogeneous excitation (with strongly absorbed light for instance) of 
homogeneous thin film insulator containing traps leads to  rather small  
increase in current, approximately does not exceeding 20% [15]. 
However, if the sample is not homogeneous and the trap concentration 
in the vicinity of emitter is high, much larger increase in current value 
under excitation is possible.  
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The non-uniform trap distribution in polycrystalline or any other 
inhomogeneous thin-film structures may be not easy to control. However, 
nowadays it is technologically possible to control spatial trap distribution of 
reproducible crystalline  thin-film structures by  intentional doping. The purpose 
of this paper is to solve numerically photo-enhanced SCL currents in thin film 
insulators with a number of deliberately chosen rectangular charge trap 
distributions in order to confirm the possibility of optical switching in such SCL 
thin-film systems and to estimate the increase in electrical current density  
resulting from photo-excitation. 
 
 

2. BASIC ASSUMPTIONS AND DESCRIPTION 
OF NUMERICAL PROCEDURE 

 
On the assumption that diffusion current can be neglected (usually 

acceptable for voltages higher than a few kT/e) unipolar SCL currents in solid 
thin film dielectrics can be described by Poisson equation and the continuity 
equation [16]: 
       

tf nne
x
F

0d
d      (3) 

       Fenj f
       (4) 

where F is the electric field intensity, nf and nt are concentrations of free and 
trapped charge, j is the current density. For the purpose of the numerical 
procedure the later equation was used in the form: 

       
x
F

F

n

x

n ff

d
d

d

d       (5) 

The concentration of trapped charge carriers is given by: 

    

kT
EE

gn
N

xNxn
tc

f

c

t
t

exp1
     (6) 

where Nt(x) is the spatial distribution of traps, Nc is the effective density of states 
in the conduction band, g is the degeneracy factor. Ec and Et are the energies 
of the bottom of the conduction band and the trapping level. The occupation of 
traps in the case of photo-enhanced SCL currents additionally depends on the 
light intensity I(x) and is given by [17]: 
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A is the quantity transforming the light intensity into free charge carriers (photo-
detrapping efficiency),  is the absorption coefficient and  is the thermal 
collision factor. The wavelength has to be short enough to excite the trapped 
carriers to the conduction band. The incident light intensity I0 decays 
exponentially as:  

   xIxI exp0       (8) 
Fig. 1 shows a schematic view of sample taken for the calculations. The trap 
concentration in the system was taken as follows: 
     1)( NxNt    for 0< x ≤xd          (9a) 
     0)(xNt   for L≥ x >xd             (9b) 
MATLAB mathematical software was used to solve the two equations. The 
values of charge concentration for x = 0 N(0) = 1028 m 3 was assumed 
(the typical value for metals, the greater values do not influence the results), 
the mobility of carriers was assumed to be 10 6 m2/Vs, Nc = 1025 m 3, = 1012 Hz 
and = 3 were taken for the calculations. The numerical procedure used to solve 
the above problem has been tested for N1 = 0 and solutions identical with 
analytical expression for unipolar SCL currents in the trap-free case have been 
obtained.  

 
 
Fig. 1. Sample structure. The concentration of traps in the modified region is  

independent of the distance x,  the concentration  of traps in the  rest of sample 
 is assumed to be negligible. The thickness L = 6 m  is  taken  for  the  
calculations.  The emitter is polarized either negatively or positively depending 
on the injecting properties of the electrode 
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3. RESULTS 
 
The calculations were carried out for the following values of parameters: 

sample thickness L = 6 m; four values of thickness of the modified layer at the 
emitter containing traps: 0.2 m, 0.5 m, 1 m and 2 m; the concentration of 
traps m , · m , 1020 m 3, 3·1020 m 3. The values of the absorption 
coefficient  and the quantity A transforming the light intensity into free charge 
carriers are strongly dependent on material properties. Four values of the 
absorption coefficient corresponding to consecutive values of thickness was 
taken: 5·106 m, 2·106 m, 106 m and 5·105 m. The value of A was assumed to be 
10 22 m3.  Such a value is typical for some organic molecular materials [18], but 
the value is not crucial for the calculations because it is possible (and necessary 
to obtain desirable result) to find such an intensity of incident light for which 
nearly all the traps are empty due to excitation of trapped charge to the 
conduction band and the current becomes close to the current characteristic of 
trap-free case. Assuming the accepted value of A the illumination I0 between 
1017 quanta/cm2/s and 1022 quanta/cm2/s is required to change the occupation of 
traps at illuminated electrode and influence the current values [12].  Five values 
of the trap depth Et in the range  between 0.35 eV and 0.75 eV were taken for the 
calculations. Such trap depth is quite typical for many dopants and structural 
disorder in both organic and inorganic crystals. 
 Fig. 2 shows solutions of SCL dark currents for the 7 values of trap depth. 
The shape of current-voltage curve is typical for SCL currents in thin-film 
dielectrics with monoenergetic trapping level. At the voltage equal to VTFL 
(voltage of trap-filled limit) the traps become filled and the current rapidly 
increases normally by a few orders of magnitude. As expected,  the  influence  of  
traps  increases  with  increasing  trap depth. For the voltage 1 V the increase in 
current value under illumination is equal to a few orders of magnitude for the 
higher values of trap-depth.   
 In order to estimate the influence of illumination of the considered 
structures on their conducting properties we have to compare the photo-
enhanced and dark currents. Fig. 3 shows the SCL currents in a sample 
characterized by the thickness of trapping layer xd = 2 m and the concentration 
of traps N1 = 1020 m 3. 
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Fig. 2. SCL dark current-voltage characteristics for 5 different values of trap depths 

  N1 = 1020 m 3, xd = 1 m, = 106 m 1 
 
As results from the figure the increase in current density for the voltage equal to 
0.8 V exceeds 6 orders of magnitude. Table 1 shows the ratio of photo-enhanced 
current density to the dark current density for the trap depth Et = 0.75 eV for 
three various voltages. 
 

 
Fig. 3. Comparison  of  SCL  current-voltage  characteristics  of  photo-enhanced  and 

dark  currents for a few values of trap depth N1 = 1020 m 3, xd = 2 m. The arrow 
shows the increase in current value resulting from photo-enhancement. 
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The voltages greater than 0.06 V are taken into account because neglecting the 
diffusion current we assume that the voltage is greater than a few kT. As we see 
the increase in current density jphoto-enhanced/jdark changes in the range between 
3·104 and 107 depending on both the concentration of traps and on the width of 
the trapping layer at the emitter.  

Table 1 
Values the ratio jphoto-enhanced/jdark for trap depth Et  = 0.75 eV and for various values of the 
concentration N1 and the thickness of trapping layer xd 
xd 
N1 

 
voltages 

2·10 7 m 5·10 7 m 10 6 m 2·10 6 m 

1019  m 3 U1=0.06 V 3.57·104 -- -- -- 
U2=0.1 V  -- 2.6·105 -- -- 
U3=0.2 V -- -- 4,61·105 106  (1) 

3·1019 m 3 U1=0.11 V 4·105 -- -- -- 
U2=0.3 V -- 6.18·105 2·106 -- 
U3=0.5 V -- 6.2·104 1.5·106 2.75·106 

1020 m 3 U1=0.3 V 1.33·106 -- -- -- 
U2=0.5 V 8·105 3.75·106 -- -- 
U3=1.0 V -- 2.4·106 7.14·106 3.75·106 

3·1020 m 3 U1=0.5 V 3.83·106 -- -- -- 
U2=1.0 V 3.03·106 1.11·107 107 -- 
U3=2.0 V -- 8·106 107 9·106 

(1) For U3=0.21 V 
 

 
Fig. 4. The ratio jphoto-enhanced/jdark resulting from illumination of the sample as a 

function of trap depth for the concentration N1 = 1020 m 3 and the thickness 
xd  = 2 m. The incident light intensity was taken high enough to obtain photo-
enhanced current very close to trap-free current 
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The ratio depends also on the trap depth. Fig. 4 shows the relation between the 
ratio jphoto-enhanced/jdark and the trap depth for the concentration N1 = 1020 m 3 and 
the width xd = 2 m. It results from the figure that it may be possible to change 
substantially the value of SCL current in thin-film system with non-uniform 
spatial trap distribution using optical excitation of charge carriers in the modified 
trap-containing region at the injecting electrode.  
 
 

4. CONCLUSIONS 
 
The analysis presented above suggests that it is possible to develop thin-

film structures dominated by SCL conduction which enables strong optical 
enhancement of their electrical conductivity. It might be also possible to 
modulate electrical conduction of such structures, but this is quite a complex 
problem additionally involving kinetics of trapping-detrapping phenomena.  
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FOTOWZMOCNIONE PRZEWODNICTWO 
W NIEJEDNORODNYCH UKŁADACH 

CIENKOWARSTWOWYCH ZDOMINOWANYCH 
PRZEZ PRĄDY OGRANICZONE ŁADUNKIEM 

PRZESTRZENNYM 
 

Streszczenie 
 

Badane są metodami numerycznymi prądy ograniczone ładunkiem 
przestrzennym w świadomie modyfikowanych strukturach cienko-
warstwowych. Otrzymane wyniki sugerują, że powinno być możliwe 
uzyskanie optycznie indukowanego wzrostu gęstości prądu rzędu 107 
w układach z modyfikacją koncentracji pułapek przy emiterze, polegającą 
na wytworzeniu cienkiej warstwy o dużej koncentracji pułapek. 
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TWO-DIMENSIONAL DEFORMATIONS IN TWISTED 

FLEXOELECTRIC NEMATIC CELLS  
 
 

Electric field induced deformations occurring in twisted nematic 
cells filled with liquid crystalline material possessing flexoelectric 
properties were simulated numerically. The aim of computations 
was to compare the two-dimensional periodic deformations with  
one-dimensional distortions reported in our earlier paper occurring in 
the same cells. It was found that the periodically deformed structures 
have lower free energy counted per unit area of the layer than the 
one-dimensional deformations. 

 
Keywords: twisted nematic, flexoelectricity, periodic patterns. 
 

1. INTRODUCTION  
 

Twisted nematic cells are fundamental for construction of liquid crystal 
displays. The deformations of the twisted director field occurring under bias 
voltage are crucial for operation of electro-optic liquid crystal devices. Their 
development under the action of external electric field is well known [1,2]. 
Nevertheless, if the nematic material possesses flexoelectric properties [3,4], 
the deformations reveal some novel features. They are interesting because  
flexoelectricity can become essential feature of a nematic mixture if it contains 
mesogenic substances composed of bent-core molecules which exhibit giant 
flexoelectric properties [5,6].  

In our previous paper [7] we reported the results of numerical simulations 
which  concerned deformations of four particular twisted flexoelectric nematic 
cells. The problem was considered as one-dimensional. In the present paper, we 
consider the same cells characterized by the same sets of parameters, however 
we adopt another approach, i.e. we investigate occurring of two-dimensional 
deformations. Such two-dimensional deformations take the form of periodic 
pattern and can be seen under microscope as parallel stripes. They were detected 
experimentally in planar, homeotropic, twisted and super-twisted nematic layers. 
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In some cases, the periodic deformations were attributed to flexoelectricity  
[8-12], nevertheless they can arise in various configurations without contribution 
of flexoelectricity and were observed in magnetic field as well [13-16]. The 
deformation in the form of stripes is undesirable effect which destroys uniform 
appearance over area of an excited pixel of a LCD [17]. The comprehensive 
review of the periodic patterns of various nature is given by Hinov et al. [18]. 
Role of flexoelectricity in pattern formation is described in [4]. Structure and 
properties of periodic pattern were the subject of many theoretical and numerical 
studies [19-27].  

The aim of this paper is to compare the two-dimensional periodic 
deformations with one-dimensional distortions which occurred in the same cells 
and were described in our earlier paper [7]. It is shown that the periodically 
deformed structures have lower free energy than the one-dimensional 
deformations. 

 
2. ASSUMPTIONS AND METHOD  

 
The twisted nematic structure of thickness d confined between two plane 

electrodes parallel to the xy plane of Cartesian coordinate system positioned 
at z = ±d/2 was considered. We assumed that all the physical quantities 
and variables describing the two dimensional structures depended on two 
coordinates, y and z, and were constant along the x axis. The director distribution 
n(y,z) was determined  by means of the polar angle (y,z)  measured between n 
and the xy plane and by the azimuthal angle (y,z)  made between the x axis and 
the projection of n on the xy plane. Voltage U was applied between the 
electrodes. The lower electrode was earthed, i.e. V( d/2) = 0. Boundary 
conditions were determined by the polar and azimuthal angles s1, s2, s1 and 

s2
  which determined orientation of the easy axes e1 and e2 on the lower and 

upper electrode, respectively. The anisotropic surface anchoring, expressed by 
the formula proposed in [7], was assumed. The anchoring energy was 
determined by polar and azimuthal anchoring strengths, W , W , W , W  and 
by means of dimensionless anisotropy parameters ,θ iii WWw  i = 1,2. The 
elastic constants, the flexoelectric coefficients of nematic and the surface tilt 
angles were identical in all the cells: k11 = 6 pN, k22 = 4 pN, k33 = 9 pN, 
e11 = 0, e33 = 40 pC/m, s1 = s2

 = s
 = 0.5°. Other parameters of the layers are 

gathered in Table 1. The presence of ions was neglected, i.e. the nematic was 
treated as perfect insulator. The equilibrium structures of the director field inside 
the layer were determined by minimization of the free energy counted per unit 
area of the layer. For this purpose, we used the method which  was  successfully   
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Table 1 
Parameters of the layers 
 

 Cell A Cell B Cell C Cell D 
 4 4 4 8 

W  [J/m2] 10−4 10−4 10−4  3.3×10−4 
W  [J/m2] 10−5 5×10−5 10−4 3.3×10−5 
W  [J/m2] 2×10−5 2×10−5 2×10−5 5×10−5 
W  [J/m2] 2×10−6 10−5 2×10−5 5×10−6 
w 10 2 1 10 
d [ m] 3.50 3.30 3.245 2.32 

s2  s1  90° 90° 90° 86.6° 
 

applied  in  earlier works  [23,24]. A single  stripe of width  was considered 
during the computations. It was parallel to the x axis which means that the wave 
vector q of the periodic structure was directed along the y axis. The periodic 
boundary conditions along the y axis were imposed. The free energy of a single  
stripe was expressed as a function of the set of variables which contained the 
discrete angles ij and ij defined in sites of the regular lattice, the spatial period 
of deformations  and the angle 212 ss  between the stripes and the 
average direction of the easy axes 2121 eeeee . Energy of the stripe was 
divided by in order to obtain the total free energy per unit area of the layer:  
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where n1, n2 denote the directors adjacent to the lower and upper plate, 
respectively whereas 1 and  2 are their polar orientation angles. 
The final set of the variables, which approximated the real equilibrium director 
distribution, was calculated in the course of an iteration process during which 
these variables were varied successively by small intervals. The free energy per 
unit area of the layer was calculated after each change. New values of the 
variables were accepted if they led to the lower free energy. This procedure was 
repeated until no further reduction in the total free energy could be achieved. 
Then the interval was decreased and the process was repeated. As a result, 
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a state with minimum energy, characterized by the angles ij and ij, spatial 
period  and orientation of the stripes , was obtained.  

The electric potential distribution V(y,z) in the layer was calculated by 
resolving the Poisson equation written here in compact form: 

0
z

el

y

el

V
g

zV
g

y
                                            (2) 

where gel is the electric part of the bulk free energy density, yVV y , 
zVVz ,  0)2/( dV  and UdV )2/(  where U > 0. 

 
3. RESULTS 

 
In all the four layers a small one-dimensional deformations appeared 

at low voltages starting from U = 0, due to the non zero tilt angles  
s1 = s2

 = 0.5°. Two different types of two-dimensional deformations were 
found. The first type, which we denote as Type 1, arose on the background of 
the one-dimensional distortions at some threshold voltage U1. The calculations 
showed that above this threshold the energy of the periodic deformations was 
lower than that of the one-dimensional deformations which would arise at the 
same voltage. The dependence of the angles  and  on y coordinate can be 
approximated by functions proportional to y2sin  and y2cos  
respectively. Maximum amplitude of this variation reached c. 40°. The stripes 
orientation angle  depended on voltage and varied between c. 10° and 30°. The 
spatial period decreased with increasing voltage. This form of distortion 
developed up to some higher threshold, U2. The second type of the periodic 
deformations, denoted as Type 2, appeared rapidly at this threshold. The energy 
per unit area decreased although the distortion became much stronger. Variation 
of the angles  and  along the y coordinate differed significantly from 
sinusoidal. Maximum amplitude of variation tended to c. 90°. The stripes of 
Type 2 were oriented at  = 45° with respect to the vector e, i.e. they were 
perpendicular to the y axis and simultaneously parallel to the easy axis e1, where 
the anchoring was stronger. The spatial period decreased farther with voltage. 
When the voltage was lowered, the Type 2 pattern was maintained below U2, 
which led to hysteresis. The stripes became wider with decreasing voltage and 
they kept constant orientation  = 45°.   

The structure of stripes is determined by the functions (y,z), (y,z). 
However for simplicity, we present the deformations by y-dependence of 
the angles (z = d/2) and (z = d/2) which determine polar and azimuthal 
orientations of director adjacent to the upper electrode where the anchoring is 
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weaker than that on the lower plate. In Fig. 1a, the profiles characterizing the 
periodic pattern of both types arising in the cell A for low and high voltage are 
illustrated by means of those angles plotted as a function of reduced coordinate 
y/ . In Fig. 1b, the structure of the stripe of Type 2 is presented by means of 
cylinders symbolizing the director. 
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Fig. 1. (a) Periodic deformations illustrated by angles  and  adjacent to the upper 

electrode varying with the reduced coordinate y/  perpendicular to the stripes. 
Cell A. Dashed line – Type 1, U = 0.55 V, continuous line – Type 2, U = 0.80 V, 
(b) Director field within a single stripe of Type 2. Cell A, U = 0.80 V 

 
The hysteretic behaviour is shown in Fig. 2 where the amplitude of the  

angle (z = d/2) is plotted as a function of voltage. Figs. 3 and 4 exemplify 
the voltage dependence of the spatial period and of the angle , respectively.  

 

(a) 

(b) 
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Fig. 2. Amplitude of the angle  adjacent to the upper electrode as a function of voltage 

plotted for all four layers 
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Fig. 3. Spatial period of the two-dimensional deformations in the layer B as a function of 
voltage. The lower branch corresponds to the Type 1 of patterns, the upper branch 
concerns the Type 2 
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Fig. 4. Orientation of the stripes determined by the angle  as a function of voltage. Cell 
B. The lower branch corresponds to the Type 1 of patterns, the upper branch 
concerns the Type 2 
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The stripes of Type 2 widened when the bias voltage was decreased. Two 
halves of the stripe could be distinguished. Deformation in the halves were 
uniform and had opposite directions, i.e. the halves differed in signs of polar and 
azimuthal angles. The halves  were  separated by thin regions where the polar 
angle  took significant values and the azimuthal angle  changed its sign. At 
sufficiently low voltage the spatial period  tended to infinity, which means that 
the uniform deformation in one half, coherent with the tilt angle s, spread over 
the whole layer.  
 
 

4. SUMMARY 
 

The four layers considered in this paper differed in thickness and in 
boundary conditions, in particular in the anisotropy of the anchoring strengths. 
Differences in anchoring strengths are particularly significant when the nematic 
possesses flexoelectric properties. They are responsible for different threshold 
voltages and different spatial periods. Nevertheless qualitative similarities 
between patterns observed in the four layers are evident. In each case the two 
types of stripes were found and rapid transitions with hysteresis between them 
were detected. The results agree qualitatively with experimental observations 
which showed the existence of stripes oriented at the angle  < 45° [10]. The 
director distributions in the stripes of both types found here are similar to 
the structures arising in the non-twisted planar layers which were simulated in 
our earlier work [27]. Simultaneously they are different from the structures of 
patterns arising in magnetic field which were simulated in [25] and denoted 
as X and Y stripes. 
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DWUWYMIAROWE ODKSZTAŁCENIA 
SKRĘCONYCH WARSTW NEMATYKÓW 

FLEKSOELEKTRYCZNYCH  
 

Streszczenie 
 

Przeprowadzono symulacje wywołanych polem elektrycznym odkształceń 
występujących w skręconych warstwach nematyków posiadających właściwości 
fleksoelektryczne. Ich celem było porównanie deformacji dwuwymiarowych 
z deformacjami jednowymiarowymi tych samych warstw, opisanymi we 
wcześniejszym artykule. Stwierdzono, że struktury przestrzennie okresowe mają 
niższą energię niż deformacje jednowymiarowe.  
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STUDY OF ELECTRICALLY INDUCED 
ORIENTATIONAL ORDERING IN MINERAL OILS 

ON THE EXAMPLE OF ORLEN OIL TRAFO EN 
 
 

Abstract: A simple model of orientational ordering of molecules 
in the liquid under the influence of an applied sinusoidal electric field 
of low frequency is presented. The predicted theoretical dependencies 
of linear birefringence and light transmission coefficients on the 
intensity of the applied field were confirmed by experimental data 
obtained for transformer oil ORLEN OIL TRAFO EN. It was found 
that the intensity of orientational effects in the oil depends strongly not 
only on the current conditions, but also on the thermal history of the 
sample. Furthermore it is shown that the minimum amount of dissolved 
contaminants (e.g. polyethylene) strongly increases the effects. The 
results suggest that it is necessary to reconsider the techniques for 
measuring the Kerr effect in liquids associated with deformation of 
electron cloud, because the traditional approach does not take into 
account the orientational effects occurring simultaneously with the 
Kerr effect. 

 
Keywords: orientational ordering, mineral oil, polarimetric technique, low 

birefringence liquid, linear dichroism. 
 

1. INTRODUCTION  
 

An electro-optic effect is defined as a change in the optical properties of 
a material medium due to an applied electric field E which varies slowly 
compared with the frequency of light [1,2]. Traditionally, this phenomenon is 
considered as a change in refractive indices n or the components of dielectric 
impermeability tensor [Bij] resulting from deformation in the electron cloud and 
is divided into: (1) Pockels effect with the linear relationship i.e. n ~ E, (2) 
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Kerr effect with the quadratic relationship i.e. n ~ E2, and (3) other effects of 
higher orders. Moreover, in liquids and gases, reorientation of the molecules in 
an electric field may lead to significant changes in the refractive indices and/or 
the absorption of light. This mechanism, however, does not lead to any simple 
relationship of the type n ~ En and requires a fundamentally different 
description. 

The orientational effects have not been taken into account in many earlier 
works related to the Kerr effect in various vegetable, mineral and synthetic oils 
which contain molecules with long carbon chains (see e.g. Refs. [3-8]). 
However, the measurement techniques used previously do not guarantee correct 
results for electronic electro-optic constants when orientational effects introduce 
significant phase shift in measured sample and/or changes in light transmittance. 
Therefore, there is a need to estimate the limitations of traditional measurement 
techniques and to develop new, more general methods in the future. 

The aim of this paper is to present a simple statistical model of orientational 
ordering in an applied alternating electric field and its experimental verification 
on the example of transformer oil ORLEN OIL TRAFO EN. The results are 
used to discuss the consequences for measurements of the Kerr constant using 
optical polarimetric method. 
 

2. THEORETICAL ANALYSIS 
 

2.1. Internal symmetry of transformer oil between electrodes 
 

Changes in orientational ordering occur relatively slowly in comparison to 
the processes associated with deformations of the electron cloud. Thus, ordering 
of an initially isotropic liquid can be considered as a transition to the new lower 
internal symmetry. In the case of optically inactive liquids, the symmetry of 
disordered liquids is described by the m Curie group while more or less 
ordered liquids have one of the symmetries: /m, m and /mm [1,2]. When 
orientational ordering is caused by an alternating electric field with no DC 
component (as in our experiment) the m symmetry may be excluded. 
Moreover, the optical Z axis of ordered liquids typically follows the direction 
of the applied electric field E, which results in the same form of electric 
impermeability tensor for the other two /m and /mm symmetries, i.e. 
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where slow orientational processes cause changes in major refractive indices n01 
and n03, while the quadratic electronic electro-optic effect is described by qij 
coefficients. 

Let us consider the system, as in Refs. [3-8], where the electric field E is 
applied perpendicularly to the direction of light propagation s. It is convenient to 
introduce another coordinate system with the axes Z'||s and X'||E and in which 
the impermeability tensor has the form 
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The phase difference between the slow and fast waves in the liquid is given by 
 ))(/2( fs nnl , (3) 
where ns and nf are the refractive indices of the slow and fast waves, 
respectively,  is the is the wavelength of light and l is the path length. Because 
the components of tensor (2) satisfy the relation 22112211 BBBB  and 

012B  we can write with a good approximation [9] 
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where n0 is the average field-free refractive index (n01 + n03)/2. 
 

2.2. Contribution of the Kerr effect to DC phase shift 
 

In many works, quadratic electro-optic effect is described by the Kerr 
constant K defined as 

n =  K E2. (5) 
Comparison of Eqs. (4) and (5) shows that there exists a relationship 
 1333

3
0

1
2
1 qqnK . (6) 

In all our experiments a sinusoidal modulating field E(t) = E0 sin( t) has 
been applied, where the angular frequency  was set to 2620 rad/s (417 Hz). 
Hence, from formula (6), it follows that the contribution of the Kerr effect to the 
phase shift is K = lKE0

2[1 – cos(2 t)]. Substituting l = 5 cm in our 
experiment, the maximum amplitude of the applied field E0max = 1.3·106 V/m 
and the Kerr constant K = 1.8·10 15 mV 2 [5] measured previously in a similar 
fresh transformer oil, one obtains the contribution of the Kerr effect to the DC 
component 0 of the phase shift up to about 0.027 degrees. Such a weak 
contribution of the Kerr effect is insufficient to explain our experimental results 
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where the phase shift induced by an applied field is many times greater and 
a quadratic relation 0 ~ E0

2 is not satisfied. 

2.3. Statistical description of orientational ordering in an electric field

According to the Lambert-Beer law the intensity I(l) of the light beam
passing through the sample along the Z' axis is given by 

I(l) = I(0) · 10 A, (7)
where A is the absorbance (also known as optical density) defined as 

A = lC. (8) 
In Eq. (8)  is molar extinction coefficient and C the concentration of light-
scattering (absorbing) particles in the sample. 

Absorption of visible light is associated with transitions of electrons to 
excited states. We assume that there is only one kind of transition possible in 
a given sample. For non-magnetic electrically neutral particles the rate of light 
absorption depends on the transition dipole moment  and it can be shown that 
the absorbance is proportional to the square of the projection of the  vector onto 
the light-wave electric field vector E [10]

A ~ 2 cos2 , (9) 
where  is the angle between the and E vectors. 

When a low-frequency electric field E is applied, the potential energy of the 
particle in the field is given by 

2/
d)( EpU –½ E2 cos2 , (10)

where p is the electric dipole moment induced by the field E 
p = E cos . (11) 

In our simple model we assume that p||  for a given particle and the vectors p
and  are directed along the axis of the particle. However, a permanent dipole 
moment interacting with the field E is not taken into account. 

In the field E the  vectors with the same probability density form a cone 
around the E||X' axis. Hence, square of the average projection of the  moments 
onto the X' axis yields the following absorbance for the polarization E||X': 

22 coskAX (12) 

and the absorbance for the polarization E||Y'
22

2
122

2
1 cos1sin kkAY . (13) 

In order to find the average value of squared cosine of the  angle we follow the 
Kielich’s model of macromolecules reoriented by an AC electric field [11,12]
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, (14) 

where the integration is performed over all solid angles d  between two cones 
whose half angles are  and  + d , i.e. 
 d  = sin( ) d . (15) 
The energy distribution of electric dipoles in an electric field is traditionally 
described by the Boltzmann’s distribution: 
 N(U) = N0 exp( U/kBT). (16) 
Collecting together Eqs. (10), (11) and (14)-(16) we have: 

 1
!)12(
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d)exp(

d)exp(
cos

1

0

1
1

1

2

1

1

22

2

k

k
x

kk
xx

sxs

ssxs
, (17) 

where s = cos  and x = E2/2kBT are new variables. 
Since attenuation of light beam in the oil sample is caused by various 

molecules, we separated the total measured absorbance into the absorbance 
dependent on the polarization of light and the isotropic absorbance Aizo 

 2
izo log XX TAA , (18) 

 2
izo log YY TAA , (19) 

where 2
XT  and 2

YT  are the amplitude transmission coefficients defined as the 
ratio I(l)/I(0) for the X' and Y' polarization, respectively. In practice, the light 
intensities I(0) and I(l) inside the oil sample are not directly available for 
measurement. Therefore, we measured the overall transmission I/Iin through the 
system comprising the oil sample together with other optical elements such as 
half-mirror, polarizers, cuvette and quartz windows in the measuring chamber. 
Then we divide this transmission by the transmission *

in
* II  measured for the 

system with an empty cuvette and the same orientation of polarizers 

 *
in

*
in22 or
II
IITT YX . (20) 

As seen from Eqs. (18) and (19), the linear dichroism may be described by an 
expression independent of isotropic absorbance, i.e.  

 2
2

2

log k
T
T

X

Y , (21) 
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where 2
12

2
3 cos  is the orientational order parameter. Moreover, the 

isotropic absorbance may be determined independently of the dichroism with an 
accuracy to the constant factor k 2/3 
 2

3
13/43/2

izo log kTTA YX . (22) 
The induced linear birefringence resulting from orientational ordering of the 

particles in an applied electric field is proportional to the parameter  [11-13]. 
Hence, the slowly varying DC component of the phase difference may be written 
as 
 cs0 , (23) 
where s is the phase shift at saturation state (x  ) and a constant phase shift 

c was added to take into account the influence of other elements in the optical 
path, e.g. a quartz cuvette. The similar form of Eqs. (21) and (23) allows easy 
comparison of the two effects of different nature but having a common source in 
orientational ordering of the molecules in an applied electric field. 

At weak fields x << 1 the (E) dependency is nearly a quadratic function 
[13] 

 2

B15
1

15
2 E

Tk
x  (24) 

and the Kerr constant may be calculated. When the values of s and /2kBT are 
found by fitting the theoretical expressions to experimental data, the Kerr 
constant defined as in formula (5), but now related to orientational mechanism, 
is given by 

 
Tkl

K
B

s

215
]rad[ . (25) 

 
2.4. Transmission of light beam through measurement system 

 
Let us consider an optical system composed of an ideal polarizer, 

homogeneous dichroic and linearly birefringent medium and an ideal analyzer. 
We describe the system in X'Y'Z' coordinates where light propagates along the 
+Z' axis and the X' axis is the optical axis in the liquid induced due to an 
orientational ordering in the field E. The azimuth of the polarizer p and 
analyzer a will be given relative to the +X' axis selected as a reference zero 
azimuth. The transmission of the light beam through the system can be found 
using, for example, Jones matrix calculus with the general form of the Jones 
M-matrix derived by Ścierski and Ratajczyk [14,15]. In particular, for a = 45° 
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and p = 315° or a = 315° and p = 45° the ratio of the intensity of outgoing 
light I to the intensity Ip immediately after the polarizer is given by the formula 
 cos2)( sf

2
s

2
f4

1
p TTTTII , (26) 

where Tf and Ts are the amplitude transmission coefficients for the fast and slow 
waves, respectively. Similarly, for the next configuration a = p = 315° or 

a = p = 45° 
 cos2)( sf

2
s

2
f4

1
||p TTTTII . (27) 

The values of I, Tf, Ts and  can always be decomposed into DC components I0, 
Tf0, Ts0, 0; the components measured at modulating frequency ; the 
components at the second harmonic 2 , etc. In particular Eqs. (26) and (27) 
allow to find 

 
0||0

0||0

sf

2
s

2
f

0 2
arccos

II
II

TT
TT . (28) 

The transmissions Tf and Ts can be measured directly, but it requires another two 
configurations a = p = 0° and a = p = 90°. As we are unable to distinguish 
between the fast and slow waves, we will use the symbols TX' and TY' and it must 
always be true that TX' = Tf and TY' = Ts or TX' = Ts and TY' = Tf such that 

 
.90for

,0for

ap
2

ap
2

p
Y

X

T
T

II  (29) 

Therefore, if the transmissions Tf and Ts change significantly with the applied 
field, it should be possible to measure non-zero values of I  and I2 . 
 

3. EXPERIMENTAL 
 

A sample of ORLEN OIL TRAFO EN was poured into a quartz cuvette. It 
is an insulating oil obtained from highly refined petroleum oil fraction. The oil 
does not contain oxidation inhibitors, metal passivators and others additives. The 
oil has very good electrical insulating properties, such as high breakdown 
voltage and low dielectric losses. Moreover, it has a high resistance to thermo-
oxidation and has good stability in the electric field [16]. 

All components that come into contact with the oil were carefully cleaned 
with butyl acetate before the experiment. A pair of plane-parallel electrodes 
immersed in the oil were made of stainless steel. The electrodes were kept at a 
precise distance of d = 4.12 mm by the separators made of Teflon. The length of 
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the electrodes l = 49.2 mm was almost equal to the length 50 mm of cuvette. The 
cuvette with the oil and electrodes was placed into the measurement chamber. 
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Fig. 1. The experimental setup 
 

The experimental setup used in our measurements is presented in Fig. 1. 
A light beam of wavelenght λ = 632.8 nm from the He-Ne laser falls on 
the half-mirror, where it is divided into two beams. One of them falls on the 
photodetector Thorlabs PDA36A–EC connected to KEITHEY 2000 digital 
multimeter working as a DC voltmeter, while the second beam falls on 
the quarter-wave plate manufactured by Melles Griot. After passing through the 
retardation plate the beam passes through the Polaroid polarizer P, then through 
the measuring chamber and the analyzer A. Afterwards the beam falls on the 
second photodetector Thorlabs PDA100A–EC. Three components of the signal 
from this photodetector were recorded: the DC component was measured by 
KEITHEY 2000 digital multimeter working as a DC voltmeter, the RMS 
voltages at the first and the second harmonic of modulating field were measured 
by two digital signal processing lock-in amplifiers produced by EG&G 
instruments, model 7265. The “1ω” lock-in amplifier was also used for 
generating the modulating signal that was amplified by amplifier YAMAHA 
A-500 and passed through a transformer TSZ 90 VA TELTO in order to obtain 
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the voltages up to about 3700 V RMS. An over-current relay was added after the 
transformer for safety. The polarizer P and the analyzer A were rotated using 
Thorlabs NR360S/M stepper motors connected to Thorlabs BSC203 controller. 

The measuring chamber was heated using 8 ceramic cement power resistors 
connected to MOTECH LPS-305 programmable power supply and the 
temperature was measured by KEITHEY 2700 digital multimeter with PT100 
sensor. A computer program controlled the process of heating and cooling, the 
measurements and the data acquisition. 
 
 

4. RESULTS AND DISCUSSION 
 

A fresh transformer oil ORLEN OIL TRAFO EN (www.orlenoil.pl) was 
poured directly from the original canister into a quartz cuvette and the electrodes 
were immersed in the oil. Before starting the measurements the oil in the cuvette 
was heated for 6 hours to a temperature of 25, 60, 70, 80 or 90°C (one 
temperature for one measurement series). After heating, the oil was cooled down 
for about 12 hours and all our measurements started after reaching room 
temperature 22...23°C. The alternating electric field between the electrodes was 
increased step by step from 0 up to about 9·106 V/m RMS including 40 different 
non-zero levels and after reaching the maximum intensity the field was reduced 
to zero in the reverse order. Thanks to the use of stepper motors controlled by 
the computer, measurements for several orientations of the polarizer and the 
analyzer were quickly made for each fixed level of the field strength. When the 
whole cycle including heating at a given temperature, cooling and measurements 
was completed, the cycle for another heating temperature began. Due to 
time-consuming procedure, our measurements were performed for only one 
frequency of the applied field f = 417Hz. 

The results obtained for pure oil heated at various temperatures are shown 
in Figures 2 and 3. As one can see, the oil heated at temperatures T not 
exceeding 70°C exhibits nearly no linear birefringence nor linear dichroism 
induced by an applied electric field. However, the effects manifest themselves 
far stronger in the oil which was heated to temperature 80 or 90°C. The cuvette 
used in our measurements did not turn out to be neutral optically and the phase 
shift of 2.3...2.4 degrees visible on Fig. 2 for ERMS = 0 corresponds to the shift 
measured for the empty cuvette. 

The birefringence shown in Fig. 2 for T = 70°C is nearly proportional to the 
square of the field strength (excluding the offset introduced by the cuvette) and 
no saturation is visible. In the case of higher temperature of heating we can still 
observe a quadratic dependence in the area of weak field but a saturation is also 
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visible for higher field of order of 106 V/m. The values of the Kerr constant K' 
(25) and the saturation birefringence ns = s /(2 l) obtained by fitting the 
theoretical expressions from section 2.3 to experimental data are presented in 
Table 1. 

Reorientation of molecules in a viscous oil is a rather slow process. With 
increasing values of ERMS a time of about 2.5 h is required to obtain a good 
agreement between experimental data and theoretical (ERMS) dependency of 
Section 2.3. In contrast to this, a relaxation process observed with decreasing 
value of ERMS is much slower, which can be seen particularly clearly in Fig. 2 for 
the data at T = 90°C. 
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Fig. 2. Phase shift 0 and corresponding linear birefringence ns  nf = 0 /(2 l) induced 

in pure oil sample as a function of field strength ERMS. Interpolation was plotted 
according to Eqs. (23) and (17). For the data at T = 90°C the interpolation was 
limited to experimental data obtained for increasing intensity of the field 

 
Table 1 

The Kerr constatnt K' for orientational mechanism and the saturation birefringence ns 
for pure oil at room temperature after heating at temperature T. The values of ns are 
decoupled from the influence of the phase shift c in the cuvette 
 

Temperature of heating 
T [°C] 

weak field 
K' [10 10 mV 2] 

saturation 
ns [10 6] 

90 8.7    0.82 
80 4.7    1.02 
70   0.03    0.04 
60     0.008 < 0.01 
25     0.007 < 0.01 
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Fig. 3. Transmissions TX'

2 and TY'
2 of light polarized in the X' and Y' plane as a function 

of the field strength ERMS in pure oil. The graph shows only the results obtained 
for increasing values of ERSM. Interpolation was plotted according to Eqs. (12), 
(13) and (17)-(19) for Aizo = 0 
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Fig. 4. Dependence of log(TX'

2/ TY'
2) term on field strength ERMS obtained for the 

pure oil. Interpolation was plotted according to Eq. (21) together with 
Eq. (17) 

 



42                 M. Izdebski, M. Adamus, E. Jóźwiak, R. Ledzion  

Changes in the transmission of light due to reorientation of molecules in an 
applied electric field occur simultaneously with other changes which do not 
depend on polarization of the light nor the applied field, namely, the oil becomes 
less transparent during the heating and then returns slowly to its original 
transparency at room temperature. For this reason, the interpolation plotted in 
Fig. 3 for the data at T = 90°C does not fit well with the experimental data. Since 
we do not know the law describing the change in isotropic absorbance Aizo, we 
cannot compensate its influence on the TX'

2 and TY'
2 transmissions. However, as 

we showed previously in Eq. (21), the term log(TX'
2/TY'

2) does not depend on Aizo. 
For this reason the interpolation shown on Fig. 4 for the data at T = 90°C fits 
better than that in Fig. 3. 

Eqs. (21) and (23) show that log(TX'
2/TY'

2) and  depend on the order 
parameter  in the same manner. Consequently, their dependence should be 
linear, which is confirmed from the plots of Fig. 5. 
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Fig. 5. Linear relationship between log(TX'

2/TY'
2) term and phase shift 0 plotted for the 

results shown in Figs. 2 and 4 
 

It is worth noting that the effects resulting from the reorientation of 
molecules in an applied electric field may be much stronger after adding a small 
amount of impurities with long straight molecules. An example of the results 
obtained for the transformer oil with the addition of polyethylene is shown in 
Fig. 6. 
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Fig. 6. Plots of phase shift 0 and transmissions TX'

2 and TY'
2 of light against field 

strength ERMS for 10 g of transformer oil ORLEN OIL TRAFO EN containing 
0.04 g polyethylene which was partly dissolved in the oil during heating at 70°C 
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Fig. 7. Modulation depth I(2 )/Iin measured as a function of field stength ERMS at second 

harmonic of modulating signal of the frequency f = 417 Hz obtained for the oil 
with addition of polyethylene. Sign of phase 2  is taken as the sign of ±I(2 ). 
Configuration applied a = p = 0° excludes interference and contribution of the 
Kerr effect (see Eq. (29)) 

 
 

Reorientation of particles in an electric field is a very slow process in 
comparison with changes resulting from the electronic electro-optic effect. Thus, 
it can be expected that modulation of the transmission coefficients at the first or 
second harmonic of the modulating field should not be a significant effect when 
the Kerr constant is measured using the modulating field with a frequency of 
several hundreds of hertz. However, the addition of polyethylene results in a 
surprising modulation which we cannot explain as a manifestation of the Kerr 
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effect nor oscillations of the angle . The modulation manifests most strongly 
for the light polarized in the direction of the applied field X'. The modulation 
depth shown in Fig. 7 is a few percent of the depth occurring in a typical system 
for measuring the Kerr constant employing polarimetric technique with 
a quarter-wave retardation plate. 
 
 

5. CONCLUSIONS 
 

All materials show Kerr effect that originates from the deformation of 
electron cloud and its intensity may be considered as constant for a given 
chemical composition and temperature. In contrast to the electronic effects, the 
effects related to the reorientation of the molecules of liquid in an alternating 
electric field may or may not manifest itself clearly depending on the history of 
the sample. The electrically induced birefringence and dichrozim observed in 
ORLEN OIL TRAFO EN are strongest immediately after heating and cooling to 
room temperature and disappear after a time of a few weeks when we are no 
longer able to distinguish between samples with different thermal history. It 
should be noted, however, that the temperature 90°C in our experimental setup 
could not cause significant changes in the chemical composition of the samples. 
The samples of the oil heated at various temperatures and cooled to room 
temperature show different dependence of the birefringence n and the light 
transmission coefficients TX' and TY' on the electric field strength E. In the case 
of samples heated at temperature 80 or 90°C we can observe both the n ~ E2 
dependence for weak field (orientational Kerr effect) and the saturation for 
higher field of order of 106 V/m. The saturation was not reached for lower 
heating temperature. 

The observed thermal activation of orientational effects in ORLEN OIL 
TRAFO EN may result, for example, from the presence of a minimum amount 
of suspended solid particles which dissolve at a higher temperature and then are 
precipitated for a long time after cooling to the room temperature. Intensification 
of orientational effects after adding a small amount of polyethylene to the oil 
seems to confirm this hypothesis. However, it is also possible to formulate 
another hypothesis: ORLEN OIL TRAFO EN typically contains 8% of water 
[16], which means that the hydrolysis and self-ionization of water leads to the 
formation of hydrogen bonds with the molecules of the oil and the number 
of bonds increases quickly with increasing temperature. The addition of 
polyethylene probably result in the formation of hydrogen bonds between the 
polyethylene chains at lower temperature than in the case of other oil particles. 
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Hydrogen bonds disappear during cooling but the slow rate of this process may 
be responsible for the memory effect observed in our experiment. Thus, the 
observed changes in orientational effects cannot be considered as a good 
measure of the quality of the oil, while the electronic Kerr constant reflects 
roughly the average composition of the sample. 

The electronic Kerr effect in liquid is usually measured using polarimetric 
technique and some assumptions are traditionally applied to simplify the 
measurement procedure (compare e.g. Refs [3-8]): 
1. The liquid does not introduce any phase shift with the exception of very 

small changes  resulting from the electronic Kerr effect. Thus, according 
to Eqs. (26) and (27), the system with quarter-wave plate (where the total 
phase difference is  =  ± 90°) gives an almost linear relationship between 
I and . 

2. The transmission Tf = Ts does not depend on the polarization of the light. 
3. The Tf and Ts transmissions show no change with the applied field. 

The results presented in this study show that all of the above assumptions 
may be questionable for some liquids. To the best of our knowledge, no method 
known from the literature is suitable for measurements of the Kerr effect where 
assumption 3 is not satisfied. Therefore, there is a need to develop a new, more 
general procedure for measuring the Kerr constant in liquids. When the 
traditional polarimetric method with static quarter-wave plate is still intended to 
be used for a liquid, assumptions 1-3, mentioned above, should be verified 
experimentally for the liquid prior to the measurements. 
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BADANIE INDUKOWANEGO ELEKTRYCZNIE 
ORIENTACYJNEGO PORZĄDKOWANIA W OLEJACH 

MINERALNYCH NA PRZYKŁADZIE OLEJU 
TRANSFORMATOROWEGO ORLEN TRAFO EN 

 
Streszczenie 

 
Przedstawiono prosty model orientacyjnego porządkowania molekuł cieczy 

pod wpływem przyłożonego sinusoidalnie zmiennego pola elektrycznego 
niskiej częstotliwości. Teoretyczne zależności liniowej dwójłomności oraz 
współczynników transmisji światła od natężenia przyłożonego pola zostały 
potwierdzone przez dane doświadczalne otrzymane dla oleju transforma-
torowego ORLEN TRAFO EN. Stwierdzono, że intensywność efektów 
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orientacyjnych w tym oleju zależy silnie nie tylko od bieżących warunków, 
lecz także od termicznej historii próbki. Ponadto pokazano, że minimalny 
dodatek rozpuszczonych zanieczyszczeń (np. polietylenu) może zdecydowanie 
wzmocnić te efekty. Otrzymane wyniki sugerują, że należy ponownie rozważyć 
techniki pomiaru efektu Kerra w cieczach, związanego z deformacją chmury 
elektronowej, gdyż tradycyjne podejście nie uwzględnia efektów orientacyjnych, 
które występują jednocześnie z efektem Kerra. 
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THE EFFECT OF SYMMETRY OF A MOLECULE 

ELECTRONIC DENSITY ON THE DIPOLE MOMENT 
OF UNIT CELL AND HOLE CONDUCTIVITY OF THIN 

POLYCRYSTALLINE FILMS OF ANTHRONE AND 
ANTHRAQUINONE  

 
 

The electronic structure of anthrone and anthraquinone 
molecules in the gas state and in the simulated crystal unit cell were 
calculated with time dependent-density functional theory (TD-DFT) 
method. The values of dipole moment of single molecule and of 
single crystal unit cell were also determined with TD-DFT method. 
The results of TD-DFT were compared with known crystal structures 
of both compounds [1,2]. For both molecules it was observed 
improvement of matching the length of corresponding bonds when 
calculated for the unit cell. Unexpectedly high value of dipole moment 
was calculated for the single unit cell of anthrone. This fact can be 
responsible for the nano-dimension properties of anthrone as the 
carriers mobility or high boiling point. 

 
Keywords: anthrone, anthraquinone, TD-DFT, hole drift mobility, carrier 

transport, dipole moment, polycrystalline films.  
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1. INTRODUCTION 
 

The range of possible applications of organic semiconducting materials is 
wide. One can mention electronic switches, batteries, light emitting diodes and 
Schottky diodes, field effect transistors, solar cells as the most important 
applications [3,4,5]. Such wide application of these materials is associated with 
the continuous investigations of their properties.  

The characteristic feature of organic molecules is flexibility of designing 
molecular material optimally adapted to desired characteristic of their properties. 
The adequate arrangement of the condensed rings and substituents is possible 
due to the prior analysis based on a knowledge of the desirable electrical and 
mechanical properties of the material. Investigations of the crystalline structure 
and theoretical predictions with use of molecular structure calculations are very 
helpful. However, the variety of phenomena that affect the conduction imply that 
the results of theoretical calculations must always be tested experimentally. The 
well-known theories can only partly explain the experimental results. 

The efficiency of charge transport through the film is largely influenced by 
the degree of molecular organization. The most common intermolecular 
interactions that contribute to molecular packing are the -  and C-H-  
interactions, commonly found in acenes and tiophenes derivatives [6].  

When neutral organic molecule is charged during hole type transport, it 
forms cationic open - shell electronic configuration [7] corresponding to:  

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

reorganization energy ( int). Electronic polarization of surrounding molecules is 
connected with external reorganization energy ( ext). 

The energy of the reorganization is closely related to the transport of charge 
carriers. The source of the creation of this energy is a geometric relaxation of the 
distribution of electron density in the volume of material associated with the 
charge transfer and described by an effective electronic coupling matrix element 
(Jij) between neighbouring molecules, dictated largely by orbital overlap. Fig. 1 
illustrates the meaning of the reorganization energy considered in connection 
with the elementary hopping step.  

The total reorganization energy between i and j molecule may be described 
as a sum of internal and external terms [8] characterized by four energies [9]: 
E (neutral molecule in neutral molecule geometry), E* (neutral molecule in ion 
geometry), E*

+ (ion in ion geometry), and E+ (ion in neutral geometry). 
          EEEEext

ijijij
int    (2) 
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Fig. 1. Schematic representation of the potential energy surfaces of the neutral and 

cationic molecules (Q – reaction coordinate, U – potential energy)   
 
The susceptibility in respect to the intramolecular structure of the molecules 

and the structure in their co-ordination sphere on the deformations is caused by 
moving the charge carriers. More detailed studies [10,11] reveal a strong 
correlation between the localization of the charge carriers and their 
reorganization energy in organic molecular crystals. Small reorganization 
energies are usually associated with a strong delocalization of charge carriers. 
Delocalization of charge carriers enables to obtain larger mobilities due to 
reduced dependence of the conductivity on thermal fluctuations of the geometry 
of the entire system. 

It leads to the problem of relationship between the symmetry of electron 
density of the molecule and transport properties of thin layer built of these 
molecules [6,7,8,12].  

In the high temperature limit, the transfer rate for a charge to hop from 
a site i to a final site j for aromatic compounds is [8,13]: 

Tk
E

Tk
J

k
Bi

ijij

Bij

ij
ij 4

exp
4

2 22

,  (3) 

where T is temperature, kB is the Boltzmann constant, Eij – is difference of 
electron energy between the initial and final molecular sites, -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 of the fact that nuclear dynamics is much slower than 
the dynamics of charge carriers and that the electronic coupling is weak. This 
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situation 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 are commonly 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 (high occupied orbital) 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 can be described 
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 eigenstates of the 
non-interacting dimer, respectively.  

Dipole-dipole interactions energy between the dipole 1s placed in the centre 
of the coordinate system having direction s1 in the field originated from the 
network of point dipoles with manifold of directions sn can be described in the 
form of the sum of interactions with all other dipoles [18]: 
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3

2 n n

nnn

n

n

r
rsrs

r
ssdJ ,   (5) 

where: r1n is a position of n-th dipole, α-sign a manifold of the network of point 
dipoles. This energy for solid anthraquinone, with the molecules without 
significant natural dipole moment is of the order of 10 5-10 6 eV, that is much 
less than the van der Waals potential energy (estimated for this material in the 
range of 10 3-7·10 2 eV). For anthrone molecules with a significant natural 
dipole moment of 3,5 D (1,19·10 29 Cm) (in benzene) [14] the energy of dipole-
dipole interaction can be as much as 10 3-10 2 eV, that is the value comparable 
to the van der Waals potential. These additional dipole-dipole energies present 
for anthrone structures can lead to increase of the interactions between anthrone 
molecules in the condensed state (in comparison to the anthraquinone 
molecules) and to the enlarging overlapping of the wave functions what is 
favourable to enhance conduction of the charge carriers via localized states.  

Our research is related to thin films of two compounds, i.e. anthrone 
and anthraquinone built on the basis of anthracene skeleton, with the 
molecular weight for anthrone MW = 194,228 g/mol and for anthraquinone 
MW = 208,212 g/mol. In Table 1, density, molecular weight, melting point and 
boiling point of these materials are presented in relation to the same properties of 
anthracene, i.e. the compound of which these materials are derivatives. 
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Both mentioned above compounds crystallize in the nearly identical crystal 
lattices [16], monoclinic system with point group C2h

5 and space group (P21/a) 
with bimolecular unit of the dimensions (at 20°C): a0 = (15,83±0.04) Å, 
b0 = (3,97±0.01) Å, c0 = (7,89±0.01)Å, β =102,5° for anthraquinone [2], and 
a0 = (15.80±0.03) Å, b0 = (3.998±0.005) Å, c0 = (7.860±0.016) Å, β = 101° 
40'±10', Z = 2 for anthrone [1]. The main difference, essential for our studies, is 
the fact that the anthraquinone molecules being centrosymmetric possess small 
dipole moment in solution, near zero [14], opposite to the non-centrosymmetric 
anthrone molecules which are characterised by large dipole moment of 3,5 D 
[14].  

 
             Table1  
Basic properties of anthrone and anthraquinone in comparison to anthracene 

[15,16] (MW-molecular weight, Mp-melting point, Bp-boiling point, d-density) 
 anthrone (C14H10O) anthraquinone (C14H8O2) 

 
anthracene (C14H10) 

CAS number 90-44-8 84-65-1 120-12-7 
MW. [g/mol] 194.228 208.212 178.229 
Mp  [K] 428 559 483 
Bp [K] 994 653 613 
d [g/cm3] 1,33 1,44 1,28 

 
The X-ray analysis of the structure of solid anthrone demonstrates 

appearance of the diffuse layers for the planes (100) and (001) [17], what results 
in appearance of the symmetry of the unit cell identical to the anthraquinone unit 
cell. It is surprising because the molecules of anthrone have a lower symmetry. 
This property may be attributed to the statistical disorder for the direction and 
sense of dipole moment vector which are strictly correlated with the position of 
the oxygen atom in the neighbouring molecules. In the row of molecules parallel 
to [010] direction, the molecules regularly change their direction and sense of 
dipole moment. Calculation of the dipole interaction in the crystalline anthrone 
made for the pair of molecules inverted around their centres of mass with 
application of Ising coupling parameter for the electrostatic interaction (appeared 
between carbonyl dipoles of neighbouring molecules) leads to the good 
agreement of the results with diffuse scattering observed in the X-ray analysis 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. 
Such a disorder in the scope of orientation disorder additionally reduces the 
correlation length in translational symmetry [18].  
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Possible existence of an additional interaction occurring in the anthrone, 
demonstrated by the presence of a higher boiling point in comparison to this one 
in anthraquinone (see Table 1), leads to increased conductivity of this compound 
in comparison to anthraquinone-despite the similar structure. 

Therefore, the presence of such an interaction should be seen in the 
difference of properties of anthrone molecules in the solid state in comparison to 
their properties in the gas state. It would be natural to expect the differences 
in physical properties observed at the unit cell level for both anthrone and 
anthraquinone in relation to the same properties observed for a single molecule 
in the gas phase. The additional interaction between anthrone molecules should 
affect the value of the transfer integrals determining the probability of the charge 
carrier transfer between neighbouring molecules [19]. It just might be the reason 
for the increase of measurable electrical conductivity of anthrone in comparison 
to the electrical conductivity of anthraquinone.  

We have conducted two step theoretical calculations with use TD-DFT in 
order to clarify this issue. In the first stage we have used quantum-mechanical 
calculations for determination the electronic structure and properties of a single 
molecule for both compounds. The calculations were made in the manner 
described in our previous paper [20]. In the second stage we have calculated the 
electronic structure and properties of a single crystal unit cell for both studied 
compounds. The results obtained in the second stage allowed us to describe 
intramolecular and intermolecular electron interactions for molecules situated in 
the equilibrium positions determined by a symmetry of the crystal unit cell. Such 
calculation allowed us to specify direction and value of the dipole moment of the 
single molecule and the single unit cell.  

We have tried to made an analysis useful for evaluation the experimental 
values of the drift mobility for both studied compounds based on these 
calculations. 

In the calculations we have used the convenient method applying for 
calculating excited states TD-DFT. The main merit of TD-DFT is presence of 
time dependent potential produced by electric field. Such TD-DFT external 
time-dependent potentials can be considered as a weak perturbation. Using this 
method, the dynamic process such as transition between two eigenstates can be 
described [21]. TD-DFT enables extraction of the information about excitation 
energies, frequency-dependent response properties and photo absorption spectra 
of the studied molecule. As is well known the polycyclic organics TD-DFT is 
compromise between accuracy and computational performance. 
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2. EXPERIMENT AND RESULTS 
 

2.1. Experiment 
 

We have used a special grade anthraquinone and anthrone (purified with 
zone melting) for experiment. Tests were carried out for measured cells 
“sandwich” type, i.e. in the shape of planar condenser filled with the studied 
hydrocarbon layer. The planar Au electrode was deposited on the glass substrate 
in the vacuum of the order of 10 5 Tr, and the semitransparent front electrode 
was made of Al. The substrate temperature during evaporation was around 
300 K. The same conditions of vacuum thermal deposition for all tested samples 
provided the identity of the obtained structure of the layers for both studied 
materials, measured with use of the X-ray powder diffraction method.  

Structural examinations of obtained anthrone and anthraquinone 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°.  

The drift mobility for hole was determined for the layers of anthrone and 
anthraquinone with use of the time of flight method (TOF) exactly in the same 
manner as was described in detail in [22]. 

Performed measurements allowed us to make the comparative analysis of 
the mobility values in the anthrone and anthraquinone polycrystalline layers. 

The mean values of the mobility of holes in the layers of anthrone were 
(7±2)·10 3 cm2/Vs and for anthraquinone were (8±2)·10 4 cm2/Vs.  

It was difficult to explain the experimental difference in hole mobility 
values of approximately one order of magnitude according to similarity of the 
crystal structures of the layers. 
 
 

2.2. Computational methodology 
 

2.2.1. Calculation of molecules 
 
 

The calculations were made with use TD-DFT which is one of the best 
known methods for calculation of exciting states, frequency – dependent 
response properties and photo absorption spectra of a given molecule. All 
calculations were carried out with GAUSSIAN 09 program [23]. It was 
performed using the PLATON project's infrastructure at the Technical 
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University of Lodz Computer Center. The structures of anthraquinone 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 
structure was considered completely optimized as stationary point was located 
and was confirmed by absence of imaginary frequencies. Based on the optimized 
geometric structure, the I.R, Raman, HOMO, LUMO and band gap calculations 
were performed with the same level of theory at the ground state. UV–Vis 
spectra were simulated with Time Dependent-Self Consistent Field method 
(TD-SCF) using B3LYP/6-311+g(d,p). 

The optimized geometric structures with electrostatic potential map of 
the anthraquinone and anthrone molecules in the ground state are shown in 
the Fig. 2. The both structures were found to be planar, but the distribution of the 
atom charges in the anthrone molecule indicates the presence of dipole moment 
marked in the Fig. 2 by an arrow.  

The same molecules in the crystal are still planar but distances between the 
corresponding atoms in the molecule are different when compare to the atoms in 
the molecule in the gas state [1, 2, 24].  

Shortening of the lengths of the C-O bond was described in the [24] as 
the measure of an effect for the crystal field on the aromatic character of the 
molecules of the 27 derivatives of anthraquinone.  

 

a)  b)  
Fig. 2. Electrostatic potential map of anthraquinone a) and anthrone b). The plots are 

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

In Tables 2 and 3 (atoms in the bonds in both tables are signed as in the 
Fig. 2). The comparison of the bond lengths obtained from our calculations with 
use of TD-DFT for a single molecule with the corresponding bond lengths inside 
the molecule obtained from X-ray diffraction in the crystal phase from the works 
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of Murty [2] for anthraquinone and Srivastava [1] for anthrone is shown. The 
effect of intermolecular interactions in the crystal structure is well seen in the 
shortening of the length of C-O bond for molecules of anthrone.  

For anthrone this shortening is equal to 9.32%, but for anthraquinone is 
small and equals to 0.32%. This result indicates the greater influence of the 
crystal field on the molecule of anthrone then on the molecule of anthraquinone. 

 
 
         Table 2 
Bond lengths for anthraquinone molecule in gas phase in comparison to the solid state 

bond TD-DFT X-ray analysis [2] =103 ·({1} – {2}) W= 102·({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 3 
Bond lengths for anthrone molecule in gas phase in comparison to the solid state 

bond TD-DFT X-ray analysis [1]  = 103 ·({1} – {2}) W = 102 ·({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 

 
 

2.2.2. Quantum-mechanical calculations of the crystal unit cell 
 

The next stage of our work with use of TD-DFT was the calculation of the 
geometrical structure of molecules and the geometry of interactions between 
them in the crystal. The calculations were completed with the assumption that 
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the final 3D packing was matching point group symmetries. The calculations has 
been made with use of DFT B3LYP/sto-3g method. The calculation conducted 
for anthrone structure shows the convergence in the restricted scope. That 
caused the inability to obtain a global minimum for this structure.  

 
         Table 4  
Bond lengths simulated for anthraquinone molecule in gas phase in comparison to bond 
lengths in molecule within simulated unit cell (atoms signed as in Fig. 2) 

bond TD-DFT  
for a molecule 

TD-DFT  
for a unit cell  = 103 ·({1} – {2}) W = 102·({3}/{1}) 

 [Å]   {1} [Å]    {2} [Å 10 3]    {3} [%]    {4} 
24O – 7C 1.220 1.216 4 0,32 

7C – 4C 1.492 1.500 8 0.54 
4C – 3C 1.406 1.403 3 0,02 

3C – 22C 1.492 1.500 8 0.54 
22C – 23O 1.220 1.216 4 0.32 

4C – 5C 1.398 1.385 13 0.93 
5C – 6C 1.390 1.382 8 0.58 
6C – 1C 1.398 1.390 8 0.58 
1C – 2C 1.390 1.394 6 0.43 
2C – 3C 1.398 1.382 15 1.07 

 
 
         Table 5 
 Bond length simulated for anthrone molecule in gas phase in comparison to bond 
lengths in molecule within simulated unit cell (atoms signed as in Fig. 2)  

bond TD-DFT  
for a molecule 

TD-DFT  
for a unit cell  = 103 ·({1} – {2}) W = 102 ·({3}/{1}) 

 [Å]   {1} [Å]    {2} [Å 10 3]    {3} [%]    {4} 
19O – 9C 1.223 1.216 7 0,57 

9C – 6C 1.489 1.500 11 0.74 
6C – 4C 1.402 1.403 1 0.07 
4C – 7C 1.507 1.403 104 6.90 

     
6C – 5C 1.404 1.385 19 1.35 
5C – 1C 1.385 1.382 3 0.22 
1C – 2C 1.399 1.364 35 2.50 
2C – 3C 1.389 1.394 5 0.36 
3C – 4C 1.401 1.383 18 1.28 
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Tables 4 and 5 show the comparison of the bond lengths obtained from our 
calculations with use of TD-DFT for a single molecule in gas phase with the 
corresponding bond lengths inside the molecule obtained from simulations of 
the single crystal unit cell. 

Above mentioned molecular calculations allowed us to determine the dipole 
moment in the crystal unit cell for both considered compounds. Calculated 
dipole moment in [x,y,z] axes system for anthraquinone has components [ 0.48, 

1.03, 1.70], and the value of the length of this vector is 2.04 Debye. For 
anthrone despite the "statistical" decomposition of molecules which is observed 
in the crystallographic measurements (taking into account the direction and the 
sense of the C-O bond) calculations showed the presence of a significant dipole 
moment. This dipol moment in relation to the axes [x,y,z] gives the value of 
components [17.51, 3.56, 0.70] leading to a value of 17.88 Debye for the length 
of this vector. The value of the dipole moment in the crystalline phase for the 
anthrone is thus 8.8 times higher than that for anthraquinone (see Fig. 3). This is 
almost exactly the same numerical value which can be calculated as the higher 
mobility of holes in the layers of anthrone in relation to the lower mobility of 
holes in the layers of anthraquinone.  

 
 

Fig. 3. Comparison of the value and direction of the dipol moments in the crystal phase 
for anthrone and anthraquinone, presented in x,y,z axes system 
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3. DISCUSSION AND CONCLUSIONS 
 

In our simulation made with use of TD-DFT we have observed the changes 
in the bond lengths related to the interactions between molecules placed in the 
simulated unit cell. The changes in the corresponding bond lengths between 
carbons inside molecules in the gas phase and inside molecules in the simulated 
crystal unit cell (see Table 4 and 5) are also different for both considered 
compounds.  

However, a clear change in length of the C-O bond in anthrone (Table 5) 
does not appear, in contrast to observed difference for anthrone molecules in the 
gas phase and in the real crystal as shown in Table 3.  

This result indicates that the influence of the real crystal field (measured 
with X-ray diffraction) on the molecule is greater for the anthrone molecule than 
for anthraquinone one. Achieving such a result in the molecular calculations 
requires the consideration of a more complex model of calculations.  

Above results demonstrate the influence of the assymetry of the anthrone 
molecule on the strenghthening of the effective crystal potential. This increase of 
the potential may favours the increase of the mobility in the anthrone layers. 

The high microscopic dipole moment of a single crystal unit cell 17,88 D 
compared with a much smaller value of the macroscopic dipole moment 3.5 D 
for anthrone indicates that properties of this material can be considered as 
a function of the scale. Fact of existing dependence of the properties of anthrone 
on the scale is reflected in its high boiling point matched with its low melting 
point. High boiling point testifies to the strong interactions between nearest 
nighbours.  

The little value of the microscopic dipole moments for a single molecule 
and for simulated single unit cell of anthraquinone compared to the little value of 
a macroscopic dipole moment indicates that properties of this material cannot be 
considered as a function of the scale. 

Based on the obtained results the conclusions can be drawn, that the 
presence of the considerable value of dipole moment, in comparison to its lack 
for the anthraquinone layers is responsible for the increased mobility of anthrone 
layers. From our TD-DFT calculation it is seen that the presence of the 
permanent dipole moment for anthrone molecule has a direct impact on shaping 
the electronic structure of the unit cell, which leads to the permanent dipole 
moment calculated for crystal unit cell. The value of the dipole moment of 
17,88 D calculated with TD-DFT for crystal unit cell is evidently different 
from mean dipole moment obtained from experiment which is 3.5 D. This 
phenomenon could explain the apparent discrepancy (seen in the Table 1) 
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between diminishing of the melting temperature with the simultaneous rise of 
the boiling temperature for anthrone in comparison to the anthracene.  

Our TD-DFT calculations demonstrate that the presence of molecular 
dipole moment is responsible for different geometry of frontier orbitals in 
anthrone in comparison to adequate orbitals in anthraquinone. The shortening of 
the C-O bond in crystal phase [1,2] is much greater for anthrone, than for 
anthraquinone. This fact indicates an increase of the aromaticity of the anthrone 
skeleton in crystal [24], what can lead to greater delocalization of the  electrons 
and in consequence leads to the greater conductivity. The unique nature of 
interactions seen for non-centrosymmetrical molecules of anthrone may be 
considered as an effect of the presence of the dipole moment in the lowest triplet 
states. This may be responsible for greater charge mobility of anthrone 
[11,19,20].  

Experimental values of the mobility in the room temperature for both 
molecular compounds in solid state are below 10 2 cm2/Vs what indicates 
hopping transport. Activation energy for both compounds are very similar. 
Therefore, the magnitude of the hole mobility for anthrone, should be connected 
with greater level of the transfer integrals in comparison to the ones for 
anthraquinone. On the basis of this research it can be stated that the asymmetry 
seen in the electron distribution of the frontier orbitals in anthrone molecule is 
reflected in the emergence of a large dipole moment (17,88 D) in the volume of 
a single crystal unit cell. This fact cannot be observed by macroscopic methods 
because of statistical distribution of the dipole moment in the volume of 
the whole layer. However, the effect of microscopic interactions is reflected in 
the increased hole mobility for the anthrone in comparison to the anthraquinone. 
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WPŁYW SYMETRII ROZKŁADU ELEKTRONOWEGO 
CZĄSTECZKI NA MOMENT DIPOLOWY KOMÓRKI 
ELEMENTARNEJ I PRZEWODNICTWO CIENKICH 

WARSTW POLIKRYSTALICZNEGO  
ANTRONU I ANTRACHINONU 

 
Streszczenie 

 
Metodą TD-DFT obliczono strukturę elektronową cząsteczek oraz  wartości 

momentu dipolowego komórek elementarnych dla antronu i antrachinonu. 
Zaobserwowano wpływ pola krystalicznego na zmianę długości wiązań 
w szkielecie antracenowym, który to obliczono metodą TD-DFT dla 
cząsteczek obu związków w fazie krystalicznej. Doświadczalnie określono 
wpływ obecności momentu dipolowego komórki elementarnej na ruchliwość 
dryftową nośników ładunków dla dwu aromatycznych związków wielo-
pierścieniowych, antronu i antrachinonu krystalizujących w podobnej sieci 
krystalicznej C2h

5(P21/a), ale różniących się symetrią cząsteczki. W przypadku 
antronu, posiadającego niecentrosymetryczne cząsteczki, okazało się, że 
własności tego materiału są związane z jego rozmiarami. Mikroskopowe 
oddziaływania mające swoje odzwierciedlenie zarówno w wyznaczonej 
eksperymentalnie bardzo wysokiej temperaturze wrzenia, jak i w wynikach 
obliczeń momentu dipolowego pojedynczej komórki elementarnej antronu są 
związane z możliwością zwiększenia aromatyczności cząsteczek tego związku 
w fazie stałej. Wydaje się, że jest to przyczyną zwiększonej ruchliwości dziur 
w przypadku antronu w porównaniu do ruchliwości dziur w antrachinonie 
(o cząsteczkach centrosymetrycznych). 

 
 



SCIENTIFIC BULLETIN  OF THE LODZ UNIVERSITY OF TECHNOLOGY 
No. 1210                                       Physics, Vol. 37                                         2016 
 
SYLWESTER KANIA1,2, JANUSZ KULIŃSKI2,3 
1 Institute of Physics, Lodz University of Technology, ul. Wólczańska 219 
93-005, Łódź, Poland 
2 Centre of Mathematics and Physics, Lodz University of Technology  
Al. Politechniki 11, 90-924 Łódź, Poland 
3 The Faculty of Mathematics and Natural Sciences, Jan Długosz University 
in Częstochowa, Al. Armii Krajowej 13/15, 42-218 Częstochowa, Poland 
 

 
 

ELIMINATION OF THE IMPACT OF RC CONSTANT 
ON TRANSIENT PHOTOCURRENTS MEASURED IN 

ORGANIC LAYERS  
 

We present a calculation method for elimination of the effect 
of the RC constant of the measuring circuit in the time-of-flight 
(TOF) measurements where a pulse generation of the photocurrent 
in a thin layer of low-molecular organic material is exploited. 
Presented method allows to eliminate the influence of the 
component of displacement current related to dielectric losses and 
obtaining the actual conduction current time dependence. The 
method was tested on the thin layers of 1,5-dihydroxynaphthalene. 

 
 

 
Keywords: organic electronics, circuit time constant, carrier mobility, drift 

transport, 1,5-dihydroxynaphthalene, TOF measurements, electric 
characterization, SCLC.  

 
 

1. INTRODUCTION 
 
 

Measurement of charge transport properties in organic semiconductors is 
very effective using the experimental system designed for the time of flight 
method (TOF). The principle of operation of this method is based on usage of 
the fast flash of UV light passing through the semitransparent electrode attached 
to the  layer under study. It causes the separation of the electron-hole pairs 
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followed  by their transport to the adequate electrode due to the electric field 
created inside the layer. The advantage of this method is a possibility of direct 
measurement of the mobility of carriers without impact of surface states [1]. 
TOF measurements are applicable to thin layers of such organic structures as 
polymers or low molecular weight organic materials [2]. In TOF experiment we 
use generation of charge carrier pairs inside the measured layer with use of UV 
light. The depth of penetration L of this light is reciprocal of the absorption 
coefficient α of the UV light. 

                                                         
1L                                                        (1) 

A major limitation of TOF measurements is related to the difficulty of 
application of the method to layers thinner then inverse of absorption coefficient 
of absorbed light (1). This problem is related to low values of transient currents. 
This is a reason that the TOF experiments require relatively thicker layers 
compare to the layers used in a steady state (I-U) measurements. Unfortunately, 
the technology for organic electronics mainly exploits the layers not thicker than 
1 μm [3-6]. For this reason, the extension of the measuring range for TOF 
method towards thinner layers should allow wider application of this kind of 
measurements. TOF method development, in mentioned above direction, should 
also reduce costs by using the same sample for two types of measurements, i.e. 
for the measurement of transient currents and steady state currents.  

In this work we propose additional numerical analysis of the experimental 
data obtained with use of TOF, allows to separate conductivity component and 
displacement component from the total current value. This allows to obtain 
the correct value of the transit times or life times for charge carriers registered in 
the TOF measurements, when the measured transit times or life times are near 
the RC constant of the experimental set up. 
 
 

2. EXPERIMENTAL 
 
The set-up used for measurements of transient currents is presented in Fig. 1. 
The UV light pulse (1) short in comparison to the duration of the obtained 
measured transition time separates the charge carriers (electrons and holes) in 
the proximity of the semitransparent electrode (3). The transporting electric 
field, E is created due to the polarization voltage UB supplied to the measuring 
cell by the means of the low-noise battery supplier (2). This field, E, forces 
ordering of the carriers movement inside the studied layer (4) of organic 
material. The total current flown through the electrode (5) forces the formation 
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of the potential drop in the resistance R (6). This potential drop is measured by 
a digital oscilloscope (7) and then recorded by the computer (8) controlling the 
acquisition of the signal.  
 

 
  
Fig. 1. Set-up used for the study of the transient currents density (J(t)): 1 – UV light 

pulse, 2 – DC battery supplier, 3 – front electrode (semitransparent), 4 – the layer 
of the organic material under study, 5 – back electrode, 6 – load resistance,  
7 – oscilloscope, 8 – computer controlling the acquisition of the signal 

 
Commercially available 1,5-dihydroxynaphthalene (purity 97%, Aldrich) were 
used for experiments. The “sandwich” type measuring cell consisted of  the Au 
electrode deposited in the vacuum on the glass substrate and top vacuum 
deposited semitransparent Al electrode. Deposition of all of the layers took place 
in the vacuum of order of 10 5 Tr. The surface area of the electrodes used in 
experiment was equal to 0.15 cm2.  
 
 

3. ANALYTICAL MODEL 
 

The transient photocurrent method with generation of carrier pairs with use 
of UV light pulses, using the set-up designed for the TOF measurements, gives 
the opportunity to direct determination of either the time of flight for the carriers 
or  the life time of carriers [8]. The fundamental limitation of the range of 
measured times of flight or life times is a time constant RC of the measuring 
apparatus. Its impact is noticeable for studied waveforms of transient currents 
running faster than the value of RC [9,10]. The measurements of transient 
photocurrents in the high resistive organic materials require larger surfaces of 
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the measuring cell electrodes in order to obtain measurable current created by 
absorption of UV radiation. This condition implies that the capacity of the 
measuring cell, proportional to the electrode surface S may not be less than:  

                                                       
L

S
C 0 ,                                                 (2) 

where  – relative dielectric permittivity, 0 = 8.85 10 12F/m, L – thickness of the 
measured layer. 

The capacitance of the measuring cell is ordinarily within the range of 10 to 
500 pF. Taking into account that a typical thickness of the organic sample is 
usually in the order of several or a few dozens of micrometer, with the relative 
dielectric constant of the investigated layer of ε = 3, when the electrode surface 
is equal to 0.15 cm2. The load resistor of a typical value of RL = 106  is used in 
the input of digital oscilloscope (see Fig. 1). Its presence enables obtaining the 
measurable values of voltage signal forced by a flow of transient current I(t). 
The magnitude of load resistance could not be lower because of the noise to the 
signal ratio. Resultant RC constant for a typical experimental set-up is between 
10 μs and 500 μs. The  value of RC, for examined transients, is a restriction on 
the possibility to make a measurement of the time constant of current extinction, 
τ, which is interpreted either as the life-time for carriers or the time of flight. The 
circuit RC constant also limits the range of reliable measured mobility obtained 
with use of TOF method. The threshold limit of the mobility calculated for the 
L = 10 μm, τ = 10 μs, E = 104 V/cm, is of the order of μ = 10 4 cm2/(Vs). The 
numerical separation of the displacement current component Id(t) and conduction 
current component Ic(t) from the total registered current is solving this problem.  

For theoretical analysis we have applied the electronic circuit presented in 
Fig. 2. The measuring cell is represented as parallel electronic circuit composed 
of capacitor and resistor. Capacity of capacitor is associated with relative 
dielectric constant of material, ε. The capacity is responsible for appearance of 
displacement current. The resistance R  r(t) is connected with conduction 
current component. We have assumed that the time dependent resistance 
component, i.e. r(t) is negligible in comparison to the constant value of R. 
Further, we assumed that the value of UB, i.e. the voltage polarising the layer is 
constant. This assumption is connected with our observation that the voltage 
drop, on the clamps of an applied low-noise supply battery during carrying 
a pulse of the current through studied layer, do not exceed the 5% of total value 
of UB.  
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Fig. 2.  Electronic circuit of the measurement system 
 
Therefore, the total current, itot, supplied from the battery to the layer under 
investigation can be described as: 
                                             tititi dctot ,                                               (3) 
where: itot – total current, ic – conductivity component of the current, 
id – displacement component of the current.  

On the basis of above assumptions, the battery is regarded as a current 
source with infinite efficiency. Therefore, the interested for us, conductivity 
component of the current can be derived from (3) and determined as: 
                                           tititi dtotc                                                   (4) 
Displacement current id can be determined from undermentioned dependences:  
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Finally, the conductivity compound of the current is found to be: 
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The knowledge of the value of the derivative ditot/dt is essential to determine ic 
in Eq. (6). This value is calculated numerically from measured values registered 
by oscilloscope and registered in the computer memory. Using of the 
approximation: 
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is effective. 
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4. RESULTS AND DISCUSSION  
 

4.1.  RC elimination 
 
Reconstruction of the real curve tracing for the conductivity component of 

current, ic, is possible due to application of the complex computational 
procedure. In first stage, the oscillogram of the curve tracing of the UL recorded 
as the set of pixels is transformed into the system of double logarithmic scale 
axis logUL-logt. During the development of each transient shape stored in 
computer as the oscillogram in the form of the set of (U,t), a polynomial 
approximation with exploitation of Loger Pro Vernier Software & Technology 
program was twice applied. Further the application  of the cubic splines method 
[11], with use of SRS1 program from the SRS1 Software LLC, enabled to obtain 
smooth derivative. Fig. 3 shows the typical oscillogram of the transient obtained 
in the experiment for the hole conductivity measured for the layer of  
1,5-dihydroxynaphthalene. For this layer the biasing voltage was UB = 45 V, the 
thickness L = 12.7 μm and the resulting time constant RC for this transient was 
110 μs. Fig. 4a presents the above mentioned handling of transients with use 
of spline method and then transformed to the system of double log axis, i.e. 
logUB-logt, neglecting the  influence of the time constant, RC. Obtained transient 
time was  = 250 μs. In Fig. 4b the same transient as above is presented taking 
into account the influence of time constant RC. Resulting transient life-time was 

calc = 130 μs, which is below the RC of the measuring set-up. 
 

 
Fig. 3. Oscillogram of the transient shape of the hole mobility in the layer of  

1.5-dihydroxynaphthalene, L = 12.7 μm, time constant of the measuring set-up is 
RC = 110 μs 
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Fig. 4. Determination of time of flight for the transient shown in the oscillogram seen in 

the Fig. 3 without taking into consideration the RC constant (a), and considering 
the influence of the RC constant (b) 

 
A series of measuring cycles in the biasing voltage range from 25V to 45V was 
made for a  measured layer. Linear dependence for the inverse time of flight 
versus UB for both alternative handlings of data, i.e. with elimination of the 
impact of the RC time constant and without this procedure, was obtained. 
However, the slopes of the linear dependence obtained in these manner were 
different, what was a reason for obtaining different values of mobility in both 
cases. In the handling method without additional analysis of the impact of the 
RC constant, μ = 1.7·10-4 cm2V 1s 1, but with additional analysis of the impact 
of the RC constant obtained value was: μ = 3.6·10 4 cm2V 1s 1. 
 
 

5. CONCLUSION 
 

Method to eliminate the effect of constant RC, described in the article, has 
been used for a layer 1,5-dihydroxynaphthalene where measured time of flight 
was comparable to the time constant, RC, of the experimental set-up. 
Simultaneously, the requirement of the proportionality of the inverse time of 
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flight versus biasing voltage, UB, for both ways of data handling (without 
eliminating the impact of RC constant, and with eliminating the impact of RC 
constant) were met. However the values of slopes of the straight lines differed 
twice, what led to the same difference in obtained hole mobility values.   

It can be concluded that: 
1. The method of separating the conduction current shape as a function of time 
allows to extend the effective range of measurements of transient currents up to 
the time comparable or even equal to the time constant RC of the measuring 
set-up. 
2. Possibility of numerical handling of the experimental data for transient shape 
of the transient photocurrent should allow further studies of the material 
properties with use of TOF. It can be applied to  obtain distribution of traps 
(in the manner described in [12]. 
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ELIMINACJA WPŁYWU STAŁEJ RC W POMIARACH 

FOTOPRĄDÓW PRZEJŚCIOWYCH WARSTW 
ORGANICZNYCH 

 
Streszczenie 

 
Zastosowanie metody eliminacji wpływu stałej RC obwodu pomiarowego 

do analizy wyników pomiaru fotoprądów przejściowych płynących w cienkiej 
warstwie niskocząsteczkowego materiału organicznego umożliwia eliminację 
wpływu składowej prądu przesunięcia związanej ze stratami dielektrycznymi 
i uzyskanie rzeczywistego przebiegu prądu przewodzenia w funkcji czasu. 
Pozwala to na wyznaczenie prawidłowej wartości czasu charakterystycznego 
nawet dla cieńszych warstw, dla których daje się zrealizować pomiar 
charakterystyki stałoprądowej U-I w zakresie prądów ograniczonych ładunkiem 
przestrzennym. Otwiera to możliwość pełnej charakteryzacji własności 
elektrycznych badanego materiału organicznego przy użyciu jednej komórki 
pomiarowej. Możliwość numerycznego przedstawienia przebiegu przejściowego 
fotoprądu powinna pozwolić na badanie własności materiału metodą TOF dla 
uzyskania rozkładu pułapek. 
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TEMPERATURE DEPENDENCE OF THE KERR 
CONSTANT OF FOMBLIN M03

The Kerr constant B of perfluoropolyether Fomblin M03
has been determined within the temperature range 295-370K.  At 
300K  the constant B was found to be equal to  2.8 10 15 m/V2. The 
measurements indicate that B varies inversely with temperature. 
Relatively low electro-optic response of the perfluoropolyether 
shows its usability in measurements of the quadratic electro-
optic effect and the electrostriction in crystals.

Keywords: perfluoropolyether Fomblin M03, Kerr effect, quadratic
electro-optic effect.

1. INTRODUCTION 

In centrosymmetric crystals and liquids phenomena described by a third-rank 
polar tensor, like the linear electro-optic effect, are vetoed by symmetry and the 
lowest-order electro-optic effect is the quadratic one [1]. In liquids changes in the 
refractive index quadratic with electric field are often called as the Kerr effect.  
According to the frequency of involved electric field one can consider the electro-
optic and optical Kerr effects for the static or low-frequency and optical frequency 
fields, respectively. The nature and, therefore, magnitude of nonlinear interactions 
responsible for the electro-optic and optical Kerr phenomena are very different. 
This work is devoted to measurements of the electro-optic Kerr effect.  

The Kerr effect can be described in terms of various coefficients. In this work 
we follow the phenomenological theory of linear and quadratic electro-optic effects 
developed by Pockels [2] who introduced electro-optic coefficients defined in 
terms of changes in the optical impermeability tensor ij which are induced by the 
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low-frequency electric field E. In a principal axes system the quadratic electro-
optic coefficient is defined as 

    
kj

ii
iijk EE

g
2

2
1

.                                 (1) 

It follows from equation (1) that the changes in the refractive index due to the 
applied low-frequency field are given by [2] 

    kjiijk EEgnn 3

2
1

,                                        (2) 

where n is the field free refractive index. Pockels coefficients are commonly 
employed in investigations of electro-optic properties of crystals. In liquids the 
induced birefringence n is usually described in terms of the factor B known as the 
Kerr constant
    2EBn ,                                                       (3) 
where is the light wavelength. 

Up to now the linear electro-optic effect in many noncentrosymmetric crystals 
has been precisely measured. The quadratic electro-optic properties of the most 
crystals are, however, still not well recognized (see, e.g., [3-9]). This is despite the 
fact that the quadratic electro-optic effect in crystals attracts attention as related to 
numerous nonlinear phenomena (see, e.g., [3]).  

Coefficients of the quadratic electro-optic effect in crystals usually need very 
sensitive experimental techniques to be determined. In some compounds the 
coefficients measured by different authors differ even by three orders of magnitude. 
For example, such spread can be observed for the quadratic electro-optic 
coefficients in the KH2PO4 (KDP) family of crystals. The reasons of the 
discrepancy have been discussed in [3,4], where a necessity of remeasurements of 
the quadratic electro-optic coefficients in many crystals, especially these which lack 
a center of inversion, have been shown. 

To increase the accuracy of measurements of the quadratic electro-optic 
coefficients, or even sometimes to make them possible, it is necessary to apply to 
the sample the electric field of relatively high strength. This is often difficult to do. 
Many crystals under interest, are grown from solutions and are hygroscopic. To 
reduce the risk of electric breakdown the sample can be placed in a bath containing 
a liquid which does not solve the crystal (see, e.g., [3,5,10]). In measurements of 
electro-optic properties based on interferometric methods the use of two immersion 
media with different refractive indices makes also possible to evaluate changes in 
the optical path due to the electrostriction [11]. Any liquid is, however, a source of 
an additional contribution to the modulation of the light beam related to the fringing 
electric field and the Kerr constant of the liquid. When the Kerr constant is large 



                                    Kerr constant of Fomblin M03 77

enough, there appear difficulties in distinguishing between contributions due to the 
modulation of the light by the crystal sample and that of the liquid. Usually the 
constant B lay in the range from 10 12 m/V2 to 10 15 m/V2. For example, the values 
of B determined at room temperature for nitrobenzene, water and metylosilicone 
oils are roughly; 2 10 12 m/V2, 5 10 14 m/V2 and 2 10 15 m/V2, respectively. By 
taking into account equations (2) and (3), the quadratic electro-optic coefficient as 
defined by Pockels may be related to the Kerr constant B by the relation 

    3
2
n

Bg .                                                           (4) 

Thus, the values of B listed above correspond roughly to the Pockels quadratic 
electro-optic coefficient equal to 1 10 18 m2/V2, 3 10 20 m2/V2 and 1 10 21 m2/V2 for 
nitrobenzene, water and metylosilicone oils,  respectively. One notes that despite 
the fact that metylosilicone oils are known for low electro-optic response, their 
quadratic electro-optic coefficients are close to that expected in KDP-type crystals 
[3-5].

The aim of this work is to test a possibility of application of 
perfluoropolyether oxide Fomblin M03 as an immersion liquid to increase the 
sensitivity of measurements of quadratic electro-optic and electrostrictive 
coefficients in crystals. Investigations of electro-optic properties of crystals
are often performed at different temperatures (see, e.g., [5]). Therefore, in our work 
we present the Kerr constant of the Fomblin M03 as a function of the temperature
as well.

2. SOME PROPERTIES OF PERFLUOROPOLYETHERS 

Perfluoropolyethers (PFPEs) are the family of polymers composed entirely 
of carbon, fluorine and oxygen atoms. These compounds are liquids over very 
wide temperature range ( 100ºC to 450ºC) and posses high thermal oxidative 
stability, low volatility, non flammability, excellent lubrication properties, 
biological inertness, etc. [11-13]. Purified PFPEs are ultra-transparent materials 
and are promising media for optical lithography. They are employed in 
a number of diverse and demanding applications such as: high vacuum pump 
fluids, lubricants for jet-engines, turbines, nuclear reactor cooling pumps, 
satellite instrumentations as environmental coatings, electrical insulators and, 
recently, for magnetic recording media.  

Optical properties of perfluoropolyethers  have not been yet investigated in 
details. The refractive index of many PFPEs has been measured and found to 
increase with the molecular weight. The refractive index of the compounds 
is only slightly sensitive to the oxygen/carbon ratio in the macromolecule. 
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Perfluoropolythers can be homopolymers or copolymers (linear or branched). 
The most common PFPEs are non polar and exibit very low dielectric constant. 
The second generation of the polymers with terminating functional groups 
shows slightly increased polarity [11, 12].

In the present work, the perfluoropolyether Fomblin M03, product of 
Solvay Co., used as received, is investigated. The compound is a nonpolar linear 
copolymer with chemical structure: 

3. EXPERIMENTAL 

We have used the dynamic method the basis of which is the harmonic analysis 
of light modulated by an electric field )sin()( 0 tEtE . The intensity of the 
light passed through a cell containing a birefringent medium placed between
the polarizer and analyzer is given by [13] 

  
2

sin2sin)2sin()(cos 22
0II ,            (5) 

where I0 is the incident light intensity, is the angle between the plane
of polarization in polarizer and analyzer, is the angle between the plane of 
polarization and the principal axis of the elliptical cross-section of the optical 
indicatrix. The induced birefringence which is due to the Kerr effect in liquids is of 
such symmetry that the directions of the principal axis of the cross-section of the 
indicatrix are parallel and perpendicular to the direction of the applied electric field. 
In equation (5) is the phase difference between the ordinary and extraordinary 
beams
    , 0 nkl                                                   (6) 
where 0 is that part of  which is independent of the electric field, k = 2 / and l
denotes the path length of the light beam in the liquid. In our measurements, the 
polarizers were crossed, i.e. 2 and oriented in such a way that /4.
A quarter-wave plate provided the optical bias 0 = /4. For such optical bias 
equation (5) may be rewritten in the form

    . sin1
2
0 nklII                                      (7) 
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By employing a lock-in technique, we determined the modulation index 
m(2 ) = I(2 )/I0, where I0 and I(2 ) is the intensity of the constant component
and the second harmonic of the light transmitted by the system, respectively.
A computer controlled data acquisition and processing system was used in our 
measurements. As in earlier measurements performed for crystals (see, e.g., [6]), 
we employed the He-Ne laser ( = 0.633 m) and the electric field of frequency 
417 Hz. Following previous measurements (see, e.g., [14]), the Kerr constant as
defined by equation (3) was determined by employing the following expression

    
lU

dmB
2

2

2
2

,                                                  (8) 

where d is the distance between electrodes and U is the rms voltage applied to the 
electrodes. Shown in Fig. 1 is a schematic diagram of the optical and electronic 
equipment used in the measurements. 

Fig. 1. Diagram of the optical and electronic components used in the polarimetric 
method: L – laser, ZL – power supply, Q – quarterwave plate, P – polarizer,
A – analyser, M1 – multimetr Metex M-4650CR, Zd – power supply,
MC – measuring chamber, PT – probe Tektronix P6015A, M2 – Multimetr 
Fluke 45, OS – overcurrent system, A – amplifier, T – transformer,
PC – personal Computer, SR830-Lock in Stanford SR830 DSP, 7265 DSP-
Lock in EG&G 7265 DSP, M3 – Multimetr Keithley 2000 DMM, ZD – power 
supply, ZA – power supply Amrel LPS 305
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4. RESULTS AND DISCUSSION 

At 300K  the constant B was found to be equal to  2.8 10 15 m/V2 being comparable to 
the metylosilicone oils employed previously in our measurements of the quadratic 
electro-optic effect and electrostriction of crystals. The results obtained indicate
that the Kerr constant decreases slightly with temperature. Such behavior, i.e.
the decrease in B with temperature is typical for many liquids.

The temperature dependence of the Kerr constant of the perfluoropolyether 
under investigation plotted against the 1/T is shown in Fig. 2. It is known that
the Kerr constant of non-polar liquids varies inversely with temperature. The 
perfluoropolyether Fomblin M03 is non-polar and its Kerr constant possesses
the typical value of non-polar liquids, i.e. 10 15 m/V2. The temperature dependence
of B, as shown in Fig. 2, fits expected linear dependence on 1/T.

1/T [K-1]

0.0026 0.0028 0.0030 0.0032 0.0034

B 
[m

2 V-2
]

1.8e-15

2.0e-15

2.2e-15

2.4e-15

2.6e-15

2.8e-15

Fig. 2. The temperature dependence of the Kerr constant B in perfluoropolyether Fomblin  
M03 plotted against 1/T. The frequency of modulating field is 417 Hz

In conclusion, the electro-optic response of the Fomblin M03 is of the same 
order of magnitude as that observed in transformer mineral and silicon oils 
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employed previously as immersion liquids [15]. The low-value of the Kerr 
constant of Fomblin M03 along with the high electric strength of the liquid,
allow to use the perfluoropolyether as the immersion liquid in measurements of 
the quadratic electro-optic effect in crystals. Moreover, Fomblin M03 possesses 
very low refractive index which is close to 1.3. In interferometric investigations 
of electrostriction of crystals in transmission, it is very useful to perform 
measurements employing different immersion liquids with their refractive 
indices as different as possible [3, 10]. The low refractive index of Fomblin M03 
and its relatively low electro-optic response confirm the usability of the 
perfluoropolyether in measurements of the electrostriction in crystals by 
the transmission interferometric method. 
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TEMPERATUROWA ZALEŻNOŚĆ STAŁEJ
KERRA FOMBLINU M03 

Streszczenie

W zakresie temperatur 295- 323 K przeprowadzono pomiary stałej Kerra B 
polimeru Fomblin M03. Stwierdzono, że stała B jest odwrotnie proporcjonalna do 
temperatury. W temperaturze 300 K jej wielkość wynosi 2.8∙10 15 m/V2. Wyniki 
pokazują, że ze względu na małą wartość stałej Kerra Fomblin M03 może być 
wykorzystany jako ciecz immersyjna w pomiarach współczynników kwadratowego 
efektu elektrooptycznego oraz elektrostrykcji w kryształach.
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