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DIELECTRIC RELAXATION IN THE COLLOID FULLERENES - LIQUID 

CRYSTAL 5CB 
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G.M. Abdullayev Institute of Physics of Azerbaijan NAS 

131, H. Javid ave., Baku, АZ 1143 
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Influence of fullerenes С60 on dielectric properties of liquid crystal 5СВ (4′-Pentyl-4-biphenylcarbonitrile)  is 
investigated. It is shown that at additive of fullerenes the components of the dielectric permittivity decrease, and the 
longitudinal component decreases by greater extent than its transverse component. The dielectric anisotropy also decreases. 
The dielectric absorption is shifted to low frequencies. The experimental results are explained by the Maier- Meier theory for 
anisotropic liquids. 
 
Keywords:  Liquid crystal; fullerenes; dielectric permittivity; phase transition   
PACS: 64.70.mj; 64.70.pv; 77.84.Nh; 82.70.Dd. 
 

1. INTRODUCTION 
 

The progress of nanotechnology has leaded to 
the idea to combine the properties of nanoparticles 
with peculiarities of optic effects in liquid crystals 
(LC). Additive of nanoparticles into LC can 
essentially change its properties as they are distributed 
between LC molecules at low concentration. 
Fullerenes have a spherical shape and definitive 
dimension about 1nm. The injection of fullerenes into 
LC leads to the structurization and self-organization of 
the system [1]. 

Currently, there is a small number of works 
devoted to liquid crystalline colloids based on pristine 
fullerenes. Particularly, influence of bias voltage on 
the liquid crystalline colloid  based on pure fullerenes 
is investigated in work [2]. Results of influence of 
laser radiation on electro-optic properties of similar 
colloids are presented in the work [3]. Determination 
of phase transition from nematic to isotropic state in 
fullerenes-doped nematic liquid crystal E7 from 
temperature dependence of conductivity and dielectric 
parameters was carried out in work [4].   

The aim of present work is the study of influence 
of fullerenes C60 on dielectric  properties of the 
nematic liquid crystal 4-cyano-4'-pentylbiphenyl. 

 
2. EXPERIMENTAL 

 

We used nematic liquid crystal 4-cyano-4'-
pentylbiphenyl (5CB) with positive dielectric 
anisotropy as a matrix. The fullerenes C60 (U.S. 
Research Nanomaterials, In.) were added into the 
liquid crystal with 0.5 wt.% and were shaken in a 
vortex mixer for 1 hour at temperature 45C, followed 
by sonication with dispergator Ultrasonic Cleaner 
NATO CD-4800 (China) for 4 hours.  

The cell had a sandwich structure and consisted 
of two plane-parallel glass plates whose inner surfaces 
were coated with thin transparent and conductive 
indium-tin-oxide (ITO) layer. Planar orientation of 
molecules was attained by coating the inner substrate 
surfaces with rubbed polyimide layers. For obtaining 
of homeotropic orientation of LC molecules, we used 

the surfactant (polysiloxane). The cell thickness was 
fixed with calibrated 20 μm polymer spacers for 
measurements. Both the colloid and the pure LC were 
injected into the empty cell by capillary action at the 
isotropic state. The stuffed cell was kept in the special 
heater with temperature regulator GL-100 (China). 
The  copper-constantan thermocouple was used for 
temperature control. An accuracy of temperature 
determination was 0.1°C.   
Dielectric measurements were carried out by the 
Precision LCR Meter 1920 (IET Labs. Inc., USA) in 
the frequency range of 100 Hz –1 MHz and at 
temperatures between 22°C–60°C. In this case, 
applied voltage was 0.2 V  for planar LC molecular 
orientation while we carried out the measurements for 
homeotropic LC orientation using the applied voltage 
1 V.   
 
3. RESULTS AND DISCUSSION 

 
According to [5], particles do not disturb the 

director field of a LC if the anchoring parameter         
δ =WR/К is much smaller than 1, where W is the 
anchoring energy of LC molecules with particle 
surfaces; 2R is particle size; К is the LC elastic 
constant. The values of anchoring energy are within 
10-4 -10-6 J/m2, the elastic constant of LC has an order 
of 10-12 N, and the fullerenes have sizes of 1 nm.  
Elementary calculations show that the anchoring 
parameter has an order between 10-1 -10-3. It is much 
less than 1. Thus, the overall disturbance of the 
director field by fullerenes does not appear still less at 
similar concentration. Hence, the obtained colloids 
can be considered as a homogeneous media and they 
should behave as pure LCs but with the modified 
parameters.  

Observation under polarisation microscope has 
shown that the clearing temperature decreases from 
35.2С to 34.1С. Spherical particles of fullerenes 
infiltrate between LC molecules reducing interaction 
in between. At this case, there is disordering of LC 
directions. As a result, temperature of transition from 
isotropic to nematic phase decreases according to 
expression  [6]:  

https://www.multitran.ru/c/M.exe?t=4969847_1_2&s1=Currently,%20there%20is%20a%20small%20number%20of%20works%20in%20which%20the%20problem%20of%20the%20formal%20description%20and%20modelling%20of%20IEC%2061499%20function%20blocks%20are%20considered
https://www.multitran.ru/c/M.exe?t=4969847_1_2&s1=Currently,%20there%20is%20a%20small%20number%20of%20works%20in%20which%20the%20problem%20of%20the%20formal%20description%20and%20modelling%20of%20IEC%2061499%20function%20blocks%20are%20considered
https://www.sciencedirect.com/science/article/pii/S0375960105005293
https://www.sciencedirect.com/science/article/pii/S0375960105005293
https://www.sciencedirect.com/science/article/pii/S0375960105005293
https://www.sciencedirect.com/science/article/pii/S0375960105005293
https://www.sciencedirect.com/science/article/pii/S0375960105005293
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Tc = (1-fо) Tp 

 
 

where fо is volume concentration of particles, Tp and 
Tc  are  clearing  temperatures  of  the  pure  LC  and  
the colloid, correspondingly. 

The frequency dependences of real ε' and 
imaginary ε'' parts of dielectric permittivity of both 
the pure LC and the corresponding colloid at 
homeotropic and planar configurations and 
temperature 230C are presented in fig. 1 and fig. 2. 

As one can see, both components of dielectric 
permittivity decreases at the additive of fullerenes. 
Particularly, εII' changes from 19.54 to 16.99 while ε' 
reduces from 6.48 to 5.10 in the middle frequency 
region. As a result, dielectric anisotropy changes from 
13.06 up to 11.89. A presence of fullerenes also 
decreases the value ε''. In addition, a peak of dielectric 
absorption is observed (the maximum value of ε") at 
homeotropic configuration of the sample. At this case, 
the additive of fullerenes shifts a maximum of 
dielectric absorption from 590 kHz to 230 kHz at 
23°C.

 
 

 

 
Fig. 1. Frequency dependence of the real ε' and imaginary ε'' parts of the dielectric permittivity at the homeotropic 

configuration: (a) ε' of pure 5 CB, (a ') ε' of the colloid, (b) ε'' of the pure 5 CB, (b ') ε'' of the colloid.  
 

 
 

Fig. 2. Frequency dependence of the real ε'and imaginary ε'' parts of the dielectric permittivity at the homeotropic 
configuration: (a) ε' of pure 5 CB, (a ') ε' of the colloid, (b) ε'' of the pure 5 CB, (b ') ε'' of the colloid. 

 
The observed experimental facts can be explained by the Maier-Meier theory for anisotropic liquids, 

according to which the expression for both components of the dielectric permittivity are defined as follows [7]:
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Dielectric anisotropy is the difference of these  quantities: 



DIELECTRIC RELAXATION IN THE COLLOID FULLERENES- LIQUID CRYSTAL 5CB 

5 

S
TBk

ep
F

NHF
='





















  


 2cos31

2

2

0
 

 

where F is reaction field factor, H is the cavity form 
factor, γav =(γII +2γ)/3 is the average value of 
polarizability of LC molecules, Δγ =γII -γ  is the 
anisotropy of polarizability, N is the number of LC 
molecules per unit volume, S is the order parameter, β 

is an angle between the point molecular dipole ре and 
the axis of maximum molecular polarizability, ε0 is 
dielectric permittivity of vacuum, kB is Boltzmann 
constant, Т is Kelvin temperature. Since the 
concentration of the colloid is very small, the number 
of embedded particles per unit volume is also small. 
That is, the number of LC molecules per unit volume 
N decreases slightly. A different matter the order 
parameter S which is defined as follows: 
 
 

)1cos3(
2

1
 S

  
The embedded particles increase the 

instantaneous angle θ between the individual 
molecules and the preferred direction of the molecules 
(director). In this regard, the order parameter is 
significantly reduced. The second term in the curly 
brackets of the expressions for components of 
dielectric permittivity containing the order parameter 
has opposite sign. As a result, the longitudinal 
component decreases more strongly than its transverse 
component at the presence of fullerenes. Moreover, 
the anisotropy of the dielectric permittivity Δ ' is 
directly proportional to the order parameter S and the 
number of molecules N per unit volume. Hereat, it 
also decreases. It is consistent with our experimental 
data. 

Fig. 3 shows the temperature dependence of the 
frequency of the dielectric absorption peak for the 
pure LC and the colloid.  

As can be seen, the frequency of the dielectric 
absorption peak of the colloid is less than for the LC 
at all temperatures. The frequency of the dielectric 
absorption peak of the pure LC varies from 590 kHz 
(23°C)  to  750  kHz  (30°C) while  it  increases from  
230 kHz (23°C) to 650 kHz (30°C) for the colloid. 

As is well known, the relaxation time τ of LC 
molecules is characterized by flip-flop motion of 
molecules about their short axes. It is determined as 
follows:  

f





2

1

 where f is the frequency of the applied electric field.    
The addition of fullerenes increases the 

relaxation time from 2.7∙10
-7 to 7.3∙10

-7 s at 23°C and 

from 2.4∙10
-7sec to 6.9∙10

-7sec at 30°C.  Obviously, 

the increase in the relaxation time connects to the 
originated obstacles to the flip-flop motion of LC 
molecules. Temperature also affects on the relaxation 
time: an increase in temperature reduces viscosity. As 

a result, the flip-flop motion of LC molecules 
becomes easier.  

 
Fig. 3. Temperature dependence of the frequency of a local  

maximun of ε": (a) the pure 5 CB, (a') the colloid. 
 

  
Fig. 4. Temperature dependence of the longitudinal and 

transverse components of the dielectric permittivity 
at the frequency of 10 kHz:  (a) εII' of the pure 5CB, 
(a') εII' of the colloid, (b) ε' of the pure 5CB, (b') ε'  
of the colloid. 

 
The temperature dependence of the parallel and 

perpendicular components of the dielectric 
permittivity of both the pure LC and the colloid at 
frequency of 10 kHz is shown in fig. 4. 

As can be seen, the longitudinal component of 
the dielectric permittivity of the pure LC decreases 
from 19.48 (23°C) to 13.81 (34°C) while the 

transverse component changes from 6.68 (23°C) to 

10.60 (34°C). 
The dielectric permittivity of the colloid is 

shifted to lower values at all temperatures. In this case, 
the longitudinal component of the dielectric 
permittivity of the colloid decreases from 17.35 
(23°C) to 10.60 (34°C). The transverse component 

increases from 5.53 (23°C) to 9.18 (34°C). In the 

isotropic phase, the dielectric permittivity slightly 
decreases from 10.53 (36°C) to 10.47 (40°C). In the 
fourth term, the dependence of the longitudinal and 
transverse components of the dielectric permittivity in 
the Maier-Meier equations also includes the 
temperature of the sample. With increasing 
temperature, the values of these quantities decrease. It 
agrees with the experiment. 
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STRUCTURAL FEATURES IN SYSTEMS 

WATER- POLYETHYLENE GLYCOL -KCl, KBr, KI 

 
B.G. PASHAYEV 

Baku State University, Physics Department,  

23, Z. Khalilov, AZ1073, Baku, Azerbaijan 

E-mail: p.g.bakhtiyar@gmail.com 
 

In this work, the dynamic viscosity and density of the water-PEG systems, water-PEG-KCl, water-PEG-KBr, and 
water-PEG-KI were measured in the temperature range 293.15-323.15 K and 0-0.001 mole fraction of PEG. PEG fractions 
with a molar mass 1000, 1500, 3000, 4000, 6000 and the concentration of salts (KCl, KBr, KI) in the water-PEG-KCl, water-
PEG-KBr, water-PEG-KI systems were considered to be 0.01 mole fraction. Using the results of the experiment, the 
activation parameters of the viscous flow and the partial molar volumes of PEG were calculated, and the dependences of 
these parameters on the concentration of PEG in this temperature range and concentration of the studied systems were 
investigated. It was found that PEG has a structural effect on both water and water-KCl, water-KBr and water-KI systems, 
but the presence of KCl, KBr, KI consistently weakens the structural effect of PEG. This is due to the destructive effects on 
the structure of KCl, KBr, KI in the corresponding sequence. 
 
Keywords: polyethylene glycol, KCl, KBr, KI, aqueous solution, structure of water, activation parameters of viscous flow, 
partial molar volume. 
PACS: 61.20.Ne, 66.20.+d, 82.60.Lf, 61.25.Hq. 

 
1. INTRODUCTION 

It is known that the water is actively involved in 
all biological, biochemical and biophysical processes 
occurring in living organisms. Water, as a solvent in 
these processes, plays an important role in the 
formation of active conformations of biological 
functions, all interaction in the body, fermentative 
reactions, and transportation of chemicals. The 
functional activity of biological objects is determined 
by the structure of the water and the physical 
properties of the aqueous solution depend heavily on 
the nature of its components. It should be noted that 
the physical and chemical properties of the aqueous 
solutions are related to the interaction between water 
molecules, soluble molecules and water-soluble 
molecules. Such molecular interaction formates the 
structure of the solution the expense of hydrogen, ion-
dipole and other types of bonds [1]. Water soluble 
substances change its structure. It affects all the 
processes that take place. Therefore, the study of 
water structure, including the study of the effects of 
various substances to water is actual. 

For its practical significance, polyethylene glycol 
(PEG), KCl, KBr and KI have been the research object 
of researchers [2-15]. All the molecular mass fractions 
of polyethylene glycol are well soluble in water [4]. 
There are hydrophobic (CH2) and hydrophilic (OH) 
groups in the PEG molecule (HO–[–CH2 –CH2 –O–]n –

H) [1]. The PEG (OH) group and –O– and –H atoms 
are able to form hydrogen bonds with the water 
molecule, CH2 groups produce hydrophobic effect. 
PEG is widely used in medicine, pharmacology, 
cosmetology and the food industry because it does not 
have toxic properties [5]. PEG is able to capsulate 
solid particles to maintain their sterile stability, 
maintain surface active substances and reduce friction 
in different processes [6, 7]. Although PEG has a wide 
range of applications, the properties of aqueous 
solutions of its various molecular mass fractions and 

the volume properties are less investigated. Also, the 
analysis of scientific literature shows that it is 
necessary to investigate structural properties of the 
water-PEG system and to study the effects of various 
salts on this system. For this reason, the study of 
structural properties of water–PEG–KCl, KBr, KI 
systems is of great importance. 

Here the structural features of systems of water-
PEG, water-PEG-KCl, water–PEG–KBr and water–
PEG–KI at temperature 293.15-323.15 K and 0-0.001 
partial molar concentration of PEG were investigated 
by means of methods viscosimetry and pycnometres. 
Polyethylene glycol molecules with a molecular 
weight of 1000, 1500, 3000, 4000 were investigated 
and the concentration of salts (KCl, KBr, KI) in the 
systems of water–PEG–KCl, water–PEG–KBr, water–
PEG–KI were taken 0,01 molar fraction. The dynamic 
viscosity and density of aqueous solutions were 
measured observed temperature and concentration 
interval and based on experimental results dependence 
of activation Gibbs energy of viscous flow ( 

 G ), 

activation entalpy of viscous flow ( 
 H ), activation 

entropy of viscous flow  ( 
 S ) and the partial molar 

volume of PEG (Ṽ)  in solution of studied systems and 
the dependencies on concentration of PEG were 
analyzed. 

 
2. EXPERIMENTAL AND THEORETICAL 

PART 
PEG, KCl, KBr and KI were used as our objects 

of research with molecular weight 1000, 1500, 3000, 
4000 and 6000. Used substances are chemical pure. 
Bidistilled water was used in the preparation of the 
solutions. The viscosity was measured by capillary 
viscosimeter and density was measured by pinometer. 

mailto:p.g.bakhtiyar@gmail.com
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Due to activation Gibb’s energy of viscous flow   
( 
 G ) according to Frenkel and Eyring theory [1] of 

liquid viscous flow  

0

ln



 RTG 




                          

(1) 

 

is defined by this expression. Due to Eyring theory [1] 

M

hN A 
 0

. Here is R -universal gas constant, NA -is 

the Avogadro number, h -is the Planck’s constant, and 

M -is the molecular weight of solution, determined 

according to equation 



N

i

ii MxM
1

 [1]. Here xi and 

Mi are the molar fraction and molar weight of the i-th 
component, respectively. Dynamic viscosity () and 
density () of the solution at different temperatures 
were determined experimentally. 

The activation enthalpy of viscous flow (  H ) 
was determined by the equation [1]: 

 

)/1(

)
0

/ln(

T
RH









                 
(2) 

 

Thus,  G  and  H  were calculated by (1) 

and (2). The  G  and  H  values were used for 
determining the activation entropy of viscous flow      
(  S ) by the known thermodynamic equation [1, 16] 

 

   STHG
              

(3) 
 

The partial molar volume (Ṽ) of the solute in 
solution was determined by the equation [1, 17] 
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where Vm is the molar volume of the solution: 
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M
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3. RESULTS AND DISCUSSION 
The systems of water-PEG,water-PEG-KCl, 

water-PEG-KBr and water-PEG-KI at the temperature 
293,15 K dependence activation Gibb’s energy of 

viscous flow ( 
 G ),activation enthalpy of viscous 

flow ( 
 H ),activation entropy of viscous flow ( 

 S ) 

and partial molar volume (Ṽ) of PEG in solution, the 
dependence on the PEG concentration (x) is shown in 
figures 1-4. 

As can be seen from Table 1-4, for the studied 
systems the activation parameters of viscous flow       
( 
 G , 

 H , 
 S ) increase with increasing the 

concentration, while the parsial molar volume (Ṽ)  of 
the PEG decreases. When fluid is calming (not 
running), the leakage of particles in all directions is 

the same. However, the number of particles leaps in 
the flow direction prevails over other destinations. 


 G , 

 H  and 
 S  parameters are equivalent to 

the difference in the values of the corresponding 
parameters when activation 1 mole molecule: (Gb, Hb, 

Sb) to (Ga, Ha, Sa) [1]: 
 G =Ga-Gb, 

 H =Ha -Hb,


 S =Sa-Sb 

 G  is the energy used for activation 

1 mole molecule, 
 H  represents the changes in the 

solution in terms of energy and 
 S characterized the 

changes in solution in terms of structure. Thus, 
increased 

 G with growth of concentration indicates 

that more energy can be consumed for overcoming 
potential of molecule, while increase in 

 H

indicates the system has steadier structure, increase in 


 S  determines the system is becoming more 

structured [10-13]. It is known that, the partial molar 
volume of i-th component is equivalent to change of 
volume at addition of 1 mole from this component [1, 
10-13]. 

As can be seen from Table 1-4, the investigated 
solutions in accordance with every quantity  G (x), 

 H (x),  S (x) and Ṽ(x) dependencies are identical. 

The  S (x) and Ṽ(x) dependencies of PEG for 
fractional molars of M PEG =1500 molar mass are 
shown in fig. 1 and 2. 

Table 3 and fig. 1 show that,when adding the 
same concentration ( 01.0 KIxKBrx

KCl
x ) KCl, 

KBr and KI to the water-PEG system, given 
temperature and concentration, the value of the  S  
parameter decreases in the appropriate sequence. This 
shows that, when adding KCl, KBr and KI to the 
water-PEG system, the structure of the PEG solution 
is weak in sequence. This indicates that KCl, KBr and 
KI in sequence have a more destructive effect on 
water- PEG systems. To explain this result, we will 
based on the hydration process formed by electrostatic 
interaction between ions and water molecules. In the 
aqueous solution, the ions change the internal 
electrostatic field created by polar water molecules. 
This change is related to the surface current density of 
the ion. It is natural that small ions with large surface 
current density relative to large ions with small 
surface current density, will have a different impact on 
the water structure. Because of the intensity of the 
electric field around the ions the surface current 
density, these ions attract water molecules and create 
hydrate layer around them. The ion-dipole interaction 
effect in the ions in the low density of surfaces does 
not suffice for the formation of the hydrate layer. Note 
that Brˉ ion compared to Clˉ ion, since Iˉ ion has 

relatively poor hydration compared to Brˉion [18], It 

seems that, KBr relative to KCl, KI compared to KBr 
has more destructive effect on water-PEGsystem in 
given temperature and concentration. 
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Table 1.  
Dependence activation Gibbs energy viscous flow of water-PEG, water-
PEG–KCl, Water–PEG–KBr and water–PEG–KI systems on PEG 
concentration  (J/ mol) KT 15.293 , 01.0 KIxKBrx

KCl
x ) 

 

x 
M PEG = 1000 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 9292 9274 9222 9180 

0.0001 9373 9353 9299 9258 
0.0002 9423 9487 9385 9343 
0.0004 9610 9544 9596 9506 
0.0006 9735 9749 9776 9583 
0.0008 9920 9803 9862 9864 
0.001 10064 10051 10009 9975 

x 
M PEG = 1500 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 9292 9274 9222 9180 

0.0001 9463 9444 9395 9352 
0.0002 9682 9585 9589 9550 
0.0004 10023 10009 9908 9939 
0.0006 10405 10297 10362 10437 
0.0008 10735 10883 10870 10623 
0.001 11149 11146 11117 11096 

x 
M PEG = 3000 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 9292 9274 9222 9180 

0.0001 9561 9543 9495 9455 
0.0002 9862 9847 9804 9768 
0.0004 10435 10580 10389 10563 
0.0006 10937 10999 10818 10946 
0.0008 11552 11409 11522 11291 
0.001 12062 12061 11876 12015 

x 
M PEG = 4000 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 9292 9274 9222 9180 

0.0001 9711 9592 9649 9611 
0.0002 10162 10177 10111 10079 
0.0004 10978 10909 10832 11124 
0.0006 11749 11502 11835 11502 
0.0008 12449 12371 12296 12410 
0.001 13081 13015 13063 13047 

x 
M PEG = 6000 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 9292 9274 9222 9180 

0.0001 10525 10504 10485 10459 
0.0002 11656 11346 11326 11618 
0.0004 13417 13427 13411 12994 
0.0006 14938 15248 14635 14527 
0.0008 16154 16164 15949 16150 
0.001 17261 17572 17256 16899 
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Table 2. 
Dependence activation entalphy of viscous flow of water-PEG,water-
PEG-KCl, Water–PEG–KBr and water–PEG–KI systems on PEG 
concentration (J /mol) ( KT 15.293 , 01.0 KIxKBrx

KCl
x )  

 

x 
M PEG = 1000 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 17397 16665 16489 16400 

0.0001 17543 17007 16618 16586 
0.0002 17643 17156 16936 16734 
0.0004 17897 17339 17274 17015 
0.0006 18059 17546 17457 17288 
0.0008 18333 17599 17698 17549 
0.001 18503 18041 17889 17663 

x 
M PEG = 1500 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 17397 16665 16489 16400 

0.0001 17633 17110 16923 16712 
0.0002 17908 17340 17221 17010 
0.0004 18407 17814 17578 17709 
0.0006 18870 18331 18294 18216 
0.0008 19390 18932 18984 18590 
0.001 19869 19489 19267 19212 

x 
M PEG = 3000 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 17397 16665 16489 16400 

0.0001 17747 17230 17033 16489 
0.0002 18158 17660 17516 17314 
0.0004 18858 18568 18284 18286 
0.0006 19654 19113 18867 18974 
0.0008 20271 19767 19803 19414 
0.001 21006 20657 20406 20272 

x 
M PEG = 4000 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 17397 16665 16489 16400 

0.0001 17926 17180 17180 17026 
0.0002 18508 17948 17827 17707 
0.0004 19465 19106 18826 18969 
0.0006 20452 19818 20094 19632 
0.0008 21315 20893 20697 20715 
0.001 22158 21817 21756 21585 

x 
M PEG = 6000 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 17397 16665 16489 16400 

0.0001 18818 18214 18068 18050 
0.0002 20093 19266 19165 19326 
0.0004 22091 21784 21584 21089 
0.0006 23880 23736 23180 22926 
0.0008 25262 24981 24688 24896 
0.001 26685 26712 26328 25721 
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Table 3. 
Dependence activation entropy of viscous flow of water–PEG, water–
PEG–KCl, Water–PEG–KBr and water –PEG–KI systems on PEG 
concentration (J /mol) ( KT 15.293 , 01.0 KIKBrKCl xxx ) 

 

x 
M PEG = 1000 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 27,65 25,21 24,79 24,63 

0.0001 27,87 26,11 24,97 25,00 
0.0002 28,04 26,16 25,76 25,21 
0.0004 28,27 26,59 26,19 25,61 
0.0006 28,39 26,60 26,20 26,29 
0.0008 28,70 26,59 26,73 26,21 
0.001 28,79 27,25 26,88 26,23 

x 
M PEG = 1500 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 27,65 25,21 24,79 24,63 

0.0001 27,87 26,15 25,68 25,11 
0.0002 28,06 26,46 26,04 25,45 
0.0004 28,60 26,63 26,17 26,51 
0.0006 28,87 27,41 27,06 26,54 
0.0008 29,52 27,46 27,68 27,18 
0.001 29,75 28,46 27,80 27,68 

x 
M PEG = 3000 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 27,65 25,21 24,79 24,63 

0.0001 27,93 26,22 25,72 25,22 
0.0002 28,30 26,65 26,31 25,74 
0.0004 28,73 27,25 26,93 26,35 
0.0006 29,74 27,68 27,46 27,38 
0.0008 29,74 28,51 28,25 27,71 
0.001 30,51 29,32 29,10 28,17 

x 
M PEG = 4000 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 27,65 25,21 24,79 24,63 

0.0001 28,02 25,88 25,69 25,29 
0.0002 28,47 26,51 26,32 26,02 
0.0004 28,95 27,96 27,27 26,76 
0.0006 29,69 28,37 28,17 27,73 
0.0008 30,24 29,07 28,66 28,33 
0.001 30,96 30,03 29,65 29,13 

x 
M PEG = 6000 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 27,65 25,21 24,79 24,63 

0.0001 28,29 26,30 25,87 28,89 
0.0002 28,78 27,02 26,74 26,29 
0.0004 29,59 28,51 27,88 27,61 
0.0006 30,50 28,95 29,15 28,65 
0.0008 31,07 30,08 29,81 29,84 
0.001 32,15 31,18 30,94 30,09 

 
 



B.G. PASHAYEV 

12 

Table 4. 
Dependence of partial molar volume of PEG in water–PEG,water–PEG–

KCl, Water–PEG–KBr systems and water–PEG–KI systems on PEG 
concentration (J /mol) ( KT 15.293 , 01.0 KIxKBrx

KCl
x ) 

 

x 
M PEG = 1000 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 865 848 827 804 

0.0001 857 837 816 795 
0.0002 849 827 807 787 
0.0004 835 811 790 772 
0.0006 823 797 778 760 
0.0008 813 788 770 750 
0.001 804 781 765 743 

x 
M PEG = 1500 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 1343 1310 1275 1247 

0.0001 1319 1284 1251 1224 
0.0002 1297 1261 1230 1203 
0.0004 1257 1221 1192 1164 
0.0006 1225 1189 1161 1131 
0.0008 1199 1167 1137 1104 
0.001 1180 1153 1120 1082 

x 
M PEG = 3000 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 2829 2670 2611 2558 

0.0001 2782 2632 2572 2514 
0.0002 2738 2597 2536 2474 
0.0004 2663 2534 2472 2407 
0.0006 2602 2480 2420 2357 
0.0008 2557 2436 2380 2325 
0.001 2527 2403 2351 2311 

x 
MPEG = 4000 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 3785 3602 3512 3444 

0.0001 3710 3535 3449 3376 
0.0002 3639 3471 3388 3312 
0.0004 3513 3356 3278 3198 
0.0006 3405 3258 3182 3102 
0.0008 3316 3175 3100 3023 
0.001 3246 3108 3032 2962 

x 
M PEG = 6000 

Water-PEG Water-PEG-KCl Water-PEG-KBr Water-PEG-KI 
0 5085 5017 4903 4799 

0.0001 5050 4983 4864 4752 
0.0002 5016 4950 4828 4711 
0.0004 4955 4889 4765 4642 
0.0006 4903 4833 4714 4592 
0.0008 4859 4782 4676 4562 
0.001 4824 4736 4649 4551 
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Fig.1. Dependence activation entropy of viscous flow of 

Water–PEG (1), water–PEG–KCl (2), water–PEG–

KBr (3) and water–PEG–KI (4) systems on PEG 
concentration. 

Fig.2. Dependence of partial molar volume of PEG in water 
PEG, water–PEG–KCl, water–PEG–KBr and water-
KI systems on PEG concentration. 

( 1500PEGM , KT 15.293 , 01.0 KIKBrKCl xxx ) 
 

As can be seen in table 4 and fig. 2, for the 
studied systems, the parsial molar volume (Ṽ) of the 
PEGin the solution decreases with the increase in PEG 
concentration. We can say that when large-scale 
associates are divided into a volume fraction and 
volume fraction of its individual parts smaller than 
their sum. According to model of the two-structured 
water [19], water consists of clusters of the different 
size and clusters of molecules of free liquid which are 
attached to hydrogen binding. Due to dependence of 
partial molar volume on concentration, it is possible to 
assume that the molecules of PEG are connected first 
of all by hydrogen binding with free molecules of 
water. This, with the increase in concentration in the 

solution causes a decrease in the parsial molar volume 
of the PEG. This indicates that the solution has 
become more structured due to increase in PEG 
concentration. 

  
4. CONCLUSION  

 Depending on the concentration of both the 
entropy of the activated flow and the parsial molar 
volume of PEG in solution, we can say that the PEG 
has a structural impact on both water and KCl, water-
KBR and water-KI systems, but the presence of KC1, 
KBr, KI weakens the structural impact of the PEG in 
sequence. 

 
___________________________ 
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The physical properties of silicon-based MSFD-3NK photomultiplier was developed under the MAPD Collaboration 
were investigated at low temperatures. The value of temperature cofficent of breakdown voltage is typically 58±3mV/°C for 
MSFD-3NK photodiodes. The dark count of a single electron decreased by 169 times when the temperature difference was      
-81°C. It was obtained that afterpulsing played a significant role in the generation of dark count in low temperature. 
Amplitude resolution of single photoelectron reduced and it reached 32% when temperature difference was -93°C. Thus, the 
possibility of applying these photodiodes to low temperature detectors has been confirmed. 

 
Keywords: Micro pixel avalanche photodiode; MAPD; liquid nitrogen; dark matter; inert gases. 
PACS: 07.77-n; 07.77.-Ka; 29.40Wk; 85.30De; 85.60Dw 

 
1. INTRODUCTION 

 
One of the main problems of modern 

astrophysics and particle physics is the registration of 
light particles forming dark matter. Although, despite 
the fact that dark matter particles make up 27% of the 
total weight of the Universe, the probability of their 
registration is very low [1]. The interaction of these 
particles with the environment is based on a weak 
interaction mechanism. In this case, the probability of 
their registration is sharply reduced. Inert gases of 
high pressure as well as xenon and argon gases are 
used to detect these particles. The detectors used in 
these experiments operate at low temperatures. The 
particles transfer a small part of their energy to the 
xenon and argon atoms in an elastic interaction 
condition. In this case, atoms that receive very little 
energy from particles generate a very small amount of 
scintillation photons [2, 3-5]. The accurate registration 
of these scintillation photons is very important for 
correctly determining the parameters of dark matter 
particles incident on the detector. Currently, for 
register scintillation photons produced in xenon and 
argon detectors, using photomultiplier tubes [1]. 
However, the main disadvantage of these detectors is 
that they have photon detection efficiency of less than 
20%, high operation voltage, sensitivity to a magnetic 
field and are radiation contaminated [6, 7]. These 
shortcomings cast doubt on the reliability of the 
results of the events mentioned in most experiments. 
For this reason, when preparing such detectors, the use 
of low-temperature and radioactively uncontaminated 
photo detectors is highly relevant. One of the possible 
candidates as photo detectors is also silicon micro 
pixel avalanche photodiodes (MAPD). Photodiodes of 
the MAPD-3NK type, prepared by the MAPD 
collaboration in 2014, have 40% photon detection 
efficiency, low operating voltage, and do not have 
radioactive contamination and are used as photo 
detectors in various experiments [8]. However, the 
fact that photodiodes of the MAPD-3NK type have 
not been studied at low temperatures does not allow 

their use in low-temperature detectors. Therefore, it is 
important to investigate the parameters of MAPD-
3NK photodiodes at low temperatures. The work was 
devoted to the study of changes in the parameters of 
photodiodes MAPD-3NK in the temperature range 
from -108 ° C to -20 ° C. 
 
2. EXPERIMENTAL SETUP AND RESULTS 

 
In the work were applied MAPD-3NK 

photodiodes, developed in frame of MAPD 
collaboration. The experiments were conducted at the 
Joint Institute for Nuclear Research in Russia. The 
selected samples had the following parameters:  a 
pixel density of 10,000 pixels / mm2, a working 
voltage of 90 V, a capacity of 180 pF, a photon 
detection efficiency of 40%, and size 3.7 * 3.7 mm2. 
To ensure a low temperature, liquid nitrogen was used 
and the temperature was varied by adjusting the depth 
of the sample location. During the measurements, the 
temperature change was 1%. The prepared 
experimental circuit is shown in fig. 1. The 
experimental setup included amplifiers (G1 and G2), a 
light diode (LED), a Keithley-6487 voltage source, 
CAEN-5720-analog-digital converter, pulse generator, 
and a resistor which measured the temperature. The 
amplifier (G1) located in nitrogen and has a gain of 
50, the gain of second amplifier (G2) outside the 
cryostat was 38. When studying the properties of the 
MAPD-3NK photodiode, a 1 mm fiber optic cable 
was used to transmit light to the photodiode. Thus, the 
influence of the LED on the temperature changes of 
the photodiode was excluded. Silica gel was also used 
to prevent the formation of liquid vapors on the 
surface of the photodiode at low temperatures. 
Further, the received signal was processed by an 
analog- digital converter CAEN-5720 and stored on a 
computer. In signal processing, algorithms written in 
the C ++ programming language were applied. 
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Fig. 1. Experimental setup 
 
The following parameters of the MAPD-3NK 

photodiodes were investigated: the breakdown 
voltage, the dependence of the dark count (DC), and 
the amplitude resolution corresponding to the first 
photopeak of the amplitude on temperature. Pulse 
generator, CAEN-5720 ADC and amplifiers were 
used during the measurement of the breakdown 
voltage and the registration of a low photon flux. The 
total signal gain (G1*G2) was 1900. When recruiting 
the spectrum, CAEN connected to a synchronized 
generator output, and minimal integration limits were 
chosen. First of all, the temperature dependence of the 
parameters of the amplifier (G1) used at low 
temperatures was investigated. It was found that the 
gain of the applied amplifier varies according to the 
law depending on the temperature:                                
G = 483.2+0.1212×T- 0,0109 ×T2. At the temperature 
-100°C, the gain reduction was below 23%. These 
changes were taken into account during the 
measurement. In determining the dependence of the 
photodiode gain on the temperature, a short negative 
pulse with a frequency of 1 kHz, duration of 30 ns and 
amplitude of 3.34V was applied from the pulse 
generator to the LED (a wavelength of 450 nm). Fig. 
2a shows the dependence of the charge corresponding 
to the first photopeak on the voltage at -20°C of the 

sample MAPD -3NK. 
Additionally, a voltage of 2V was applied to the 

operating voltage of the photodiode at each 
temperature. As the point of breakdown voltage, the 
point corresponding to the intersection line of the 
dependence (Q-V) is selected when Q=0 with the 
voltage line. As can be seen from fig. 2, the 
breakdown voltage of the MAPD -3 NK photodiode at 
-20°C was 85.7 V. In the range of applied voltage, the 
gain of the MAPD -3NK photodiodes varied from 3.3 
to 7.4×104. 

In fig. 2b. shows the dependence of the 
breakdown voltage MAPD-3NK on temperature. It is 
revealed that the breakdown voltage of MAPD-3NK 
varies linearly with temperature:Ubr =86.64+0.058×T. 

Here, T is the ambient temperature, expressed in 
Celsius. The data obtained show that the temperature 
coefficient influence to breakdown voltage of  MAPD-
3NK was 58±3 mV/°C. In other words, under constant 

overvoltage conditions, as the temperature increases, 
the gain decreases and vice versa. In such high field, 
as the temperature decreases, the gain of the 
photodiode increases due to an increase in the average 
length of tracking of charge carriers before the 
emission of optical phonons. In this case, the charge 
carriers get more energy between two collisions and 
therefore the ionization energy (3.6 eV) is reached 
faster. This allows to reduce the breakdown voltage in 
the area of low voltages. However, increasing the 
temperature leads to a decrease in the gain and 
increase the breakdown voltage, because of an 
increased likelihood of energy transfer charge carriers 
into the optical phonons.To increase the gain, it is 
necessary to increase the electric field in the avalanche 
region, which is possible with increasing voltage. For 
this reason, the breakdown voltage of MAPD 
increases with increasing temperature. However, 
another quantitative characteristic of ionization is the 
width of the forbidden band, which varies with 
temperature. Despite the fact that the temperature 
range was -90°C, the change in the width of the 

forbidden zone was about 2%. 
To determine the pixel capacity of MAPD-3NK, the 
difference dQ /dU was calculated and the capacitance 
Cpix ~ 4.8×10

-15 F =4.8 fF was obtained.  
In determining the dark current MAPD-3NK no 

LEDs were appled. Similarly, the CAEN analog -
digital converter was used with two amplifiers. In 
removing the signal, a trigger from the signal itself 
was used. It is known that the dark count formed by 
two components: thermal charge carriers in the 
avalanche region and afterpulses. The concentration of 
heat carriers depends on the number of generating 
centers and temperature. However, when the 
overvoltage applied to the MAPD photodiodes 
increases, the charge carriers from the generation 
center to the conduction band increases due to the 
field, which, in turn, causes the DC change. Therefore, 
the measurements were carried out at different 
temperatures and different gains. Fig. 3a shows the 
distribution of the amplitude corresponding to dark 
electrons. The measurement temperature was -27°C. 

The reason for this is that the distribution of the 
amplitude of a single electron cannot be observed due 
to the high level of the DC as a result of high 
temperatures. Amplitudes corresponding to dark 
electrons were within a few millivolts. Then, the 
change in the dark count corresponding to the 
threshold level value of 5 mV was investigated, 
depending on temperature with the same gain. The 
choice of the same gain, made it possible to study the 
effect of temperature on the change of DC. As can be 
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seen from fig. 3b, the DC varies exponentially with 
temperature, and the DC drops by about 169 times, 
when the temperature difference is -81°C. 

In addition, the dependence of the dark count 
corresponding to the first dark electron on the gain 
was also considered (fig. 4). In this case, the effect of 
the gain on the DC was studied. The increase in DC 
was close to 28%, with an increase in the gain by 36% 
and a temperature of -27°C. This is due to the increase 

in dark electrons and the high probability of an 
avalanche beginning by charge carriers. However, 
when the temperature was -108°C and the gain 
increased by 36%, the decrease in DC was about 75%. 
These changes began to be observed only at 
temperatures below -70°C. It can be explained only 

with an increased probability of the occurrence of 
afterpulses. It is known, that charge carriers, at higher 
temperatures, have a small probability of being 
captured by capture centers, which, after releasing 
them, over a short period of time. However, the time 
of release of charge carriers from centers at low 
temperatures varies according to the law τi =τ0 ×exp 

(Ei /kT) [4]. Where τ0 depends on the type of carriers 
and the band structure, Ei of the activation energy of 
the capture center, k is the Boltzmann constant and T 
is the temperature.  

At low temperatures, the probability of carrier 
delays by capture centers inavalanche process 
increases dramatically. In these centers, carriers can 
remain  for  a  long  time  and  be  released at different  

times. However, at low temperatures, various capture 
centers release carriers for a certain period of time and 
trigger the avalanche process in many pixels. As a 
result, the released carriers shift the amplitude of the 
signal to the upper energy region. As the gain 
increases, the amplitude and number of these events 
increase dramatically. The results show that 
afterpulses play a key role in the formation of DC at 
low temperatures, which leads to increase the 
amplitude. It was also found that the corresponding 
amplitude increases linearly with increasing gain. 
Increasing the gain causes an increase in registration 
efficiency. Therefore, it is very important to choose 
the same gain in order to investigate the amplitude 
variation as a function of temperature. In this case, the 
ratio of the peak corresponding to the first dark 
electron to the amplitude is established from the 
spectrum (fig. 5).  

With the same gains, the peak corresponding to 
the first dark electron has an amplitude resolution of 
64.7% at -30°C, 64% at -40°C, 52% at -86°C, at          

-123°C, 43.5%, respectively. In other words, the 
amplitude decreases with decreasing temperatures, 
and with a difference of -93°C, the reduction of 
resolution is 32%.Amplitude resolution corresponding 
to single photoelectron depending on temperature was 
described by a linear dependence (R=72.5+0.2357*T). 
The obtained results showed once again that MAPD-3 
NK photodiodes can be successfully used for low-
temperature detectors. 

 

 

 

Fig. 2. Dependence of the charge corresponding to a single-electron peak on voltage (a.) and breakdown voltage on 
temperature (b.) for a MAPD-3NK photodiode 

 
 

Fig. 3. Dependence of the dark count of MAPD-3NK (a) and the dark count in the threshold level by 5mV (b) on 
temperature. 
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Fig. 4. The dependence of the dark count of MAPD-3NK on the gain. 
 
 

 
 

Fig. 5. The dependence of the amplitude resolution on temperature. 
 

 
3. RESULTS 

 
It was experimentally determined that the 

breakdown voltage of photodiodes MAPD-3NK has a 
dependence of 58±3mV/°C and decreases linearly 

with decreasing temperature. DC in photodiodes with 
a temperature difference of -81°C, improves 169 
times. At low temperatures (-70°C and below), the 

appearance of dark count is mainly due to the effect of 

afterpulses. It was also  shown that the difference 
between the amplitude resolution corresponding to 
single photoelectron improves to 32%, with a 
temperature difference of -93°C. In other words, the 

results show that MAPD-3NK photodiodes can be 
successfully used in low-temperature experiments. 
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The paper presents the results of studies of the piezoelectric properties of composites based on multicomponent 
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1. INTRODUCTION 
 

Analysis of numerous works on piezoelectric and 
pyroelectric materials shows that the polymer matrix 
of these disperse systems is the active phase and 
determines the magnitude of the macroscopic 
parameters of the marked composites. The piezo-, 
pyroelectric properties of these heterogeneous systems 
are due to the combined action of the boundary, 
interfacial, injection, and electret properties of 
individual phases, in particular, the polymer [1-4]. 

The aim of the work is to study the interphase 
phenomena and boundary polarization effects under 
the conditions of simultaneous exposure to a strong 
electric field (Ep) and temperature (Tn) in polymer 
composites. 
 
2. EXPERIMENTAL TECHNIQUE 
 

As a research method, we used spectra of 
thermally activated spectroscopy (TSD).  

 

Multicomponent ceramics of the lead zirconate 
titanate (PZT-19) family were used as the 
piezoelectric phase. Composite samples were obtained 
by hot pressing in the melting range of the polymer 
matrix [1]. The dielectric parameters of the 
composites are measured using an E7-20 voltmeter. 
 
3. EXPERIMENTAL RESULTS AND 

DISCUSSION 
 

The energy diagram of the polymer – 
piezoceramics boundary before (fig. 1a) and after 
contacting (fig. 1b) of the phases is shown in fig. 1. 
After contact between the polymer and piezoceramics 
is established, the Fermi levels Ef are equalized due to 
the movement of electrons from polymer. The 
formation of layers of space charges near the interface 
is accompanied by the bending of zones and is the 
initial stage of the formation of the Schottky barrier. 
 

 

 
 

Fig.1. Energy diagram of the polymer - piezoceramics boundary before (a) and after contacting (b) phases 
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With the ratio of the work function of the 
electrons indicated in fig. 1, in the case of contact of a 
polymer - piezoelectric ceramics the interface passes 
from piezoceramics to a polymer, resulting in an 
excess  charge  on  the  surface  of  the  polymer  
phase  and,  therefore,  a  potential  barrier  height 
 

𝜑 =
𝑒2 𝑛𝐷𝛼

2

2𝜀пс
 

 

and the Fermi level by the formula 
 

𝐸𝐹 = 𝑘𝑇𝑙𝑛
𝑛𝐷
𝑁𝑆

 

 
where NS is the density of the filled boundary states;  
ɛps is the dielectric constant of the transition layer; nD 

is the density of donors. 
It can be concluded that for d33 in composites it 

is not the electrode that is responsible, but , which 
is formed at the interface [4] (fig.2). 

 

  
 

Fig.2.Dependencies of the piezomodule d33 (1, 2) and the potential barrier  (3, 4) at the interface between the phases and the 
volume content (F) of the piezophase. 1is d33 for PVDF –Pb (TiZr) O3 composite; 2is d33 for PVDF – Pb (TiZr) O3 
composite; 3 is  for composite PVDF –Pb (TiZr) O3; 4 is  for PVDF – Pb (TiZr) O3 composite. The size of 
piezoparticles is 60 microns; Еп = 4.5 MV / m; Tn = 393 K; tп = 0.5 hour 

 
 

4. CONCLUSION 

 
Dispersion of the polymer matrix by 

multicomponent ferroelectric particles leads to a 
noticeable increase in the piezomodule depending on 

the volume content of the piezophase in the 
composite. 
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Majorana fermions can be created in strongly anisotropic crystals with wave-charge density (Peierls instability) in the 
presence of external magnetic field. Many quasi-one dimensional crystals display Peierls phase transition due to doubling of 
the crystal unit cell, when a metallic phase of the crystal transforms to an insulator. In this case time reversal symmetry and 
the particle-hole symmetry are preserved. The formation of the topological phase of crystal is realized in the presence of the 
strong spin-orbit interaction and external magnetic field in the structure. The interplay between the magnetic field, spin-orbit 
interaction constants, and the charge density wave gap seems to support Majorana bound states under appropriate values of 
the external parameters. 
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1. INTRODUCTION 

 
Although the high-speed computers operating on 

the base of quantum principles were very attractive up 
to last thirty years but inaccessible due to the low-
level technology, nowadays theoretical and 
experimental knowledge supports a reality of 
realization of the quantum computer, and this 
scientific branch is an extremely perspective one of 
the modern sciences. According to the law proposed 
by one of the founders of Intel, Gordon E. Moore, the 
number of the transistors in the integral circuit of the 
modern computers increases twice every year and at 
present, this process seems to be going to saturation 
[1,2]. According to this law, which indicates the future 
of the computer technology, in a recent 10-15 years, 
there should be started the period that will be based on 
the quantum computing. Quantum computers are 
based on principles of the quantum physics that allows 
to increase the speed of the computations. Due to that, 
the energy of the carriers of the information in the 
quantum transistors –quasi-particles, is less than 1 eV, 
even any small local excitations can break the 
information through the transition of quasi-particles to 
another state. Therefore, researchers try to decode 
quantum information non-locally that leads to the 
study of topologically protected qubits. 

The recently, charge density waves, observed 
experimentally [3,4,5] in atomic wires Au, In, Ge, 
have been obtained self-assembly of Si (553), Si 
(557), Ge (001) on vicinal surfaces. The latest 
development of the technology makes it possible to 
obtain wires nesting of single metallic atoms [2] on 
the dielectric substrate with an atomic width using a 
scanning tunneling microscope. In these quasi- one-
dimensional structures distances between vicinal wires 
are 1.5-2 nanometers. The angle-resolved 
photoemission spectroscopy measurements of the 

electron dispersion show that these structures are one-
dimensional with weak coupling between the wires. 
Modeling the quasi-one-dimensional structure 
according to the strong coupling approximation and 
utilizing characteristics of the Fermi contour getting in 
the experiment, it was obtained the value t||/t┴ ~60 for 
[6] ratio of the longitudinal and transverse overlap 
integrals. This fact allows to neglect the coupling 
between the wires in structures of Au /Si (557), Au /Si 
(553) and Au /Ge (001). In all of these structures, 
Peierls instability and formation of charge density 
wave are observed at higher temperatures,          
30K<T <270K.  

Thus, in this paper I suggest that the formation of 
qubit can be obtained in a strong spin-orbit interaction 
material with the charge density wave of dielectric 
phase. The Majorana fermions are emerged only at the 
edges of a single wire by changing the external 
magnetic field in the quasi-one dimensional structure 
with a strong spin-orbit interaction. 

 
2.     DENSITY-WAVE ORDERING IN THE 

PRESENCE OF RASHBA AND 

DRESSELHAUS SPIN-ORBIT 

INTERACTIONS 
 

The model considered here is essentially a 1D 
Hubbard model in the presence of both Rashba and 
Dresselhaus spin-orbit interactions and a Zeeman 
magnetic field. Hamiltonian of the system is given by 
the following form: 

 

𝐻 = 𝐻 0 + 𝐻 𝑖𝑛𝑡                        (1) 
 

where 𝐻 0 and 𝐻 𝑖𝑛𝑡  are the noninteracting part of the 
Hamiltonian and the part expressing the  correlation 
between electrons, correspondingly.

 
𝐻 0 reads in 

momentum space as: 
 

𝐻 0 =    𝜉𝑘𝑐𝑘 ,𝜎
+ 𝑐𝑘 ,𝜎 ′ 𝛿𝜎 ,𝜎 ′ + 𝜔𝑧𝑐𝑘 ,𝜎

+  𝜎𝑥 𝜎 ,𝜎 ′ 𝑐𝑘 ,𝜎 ′ + 𝛼 sin 𝑘𝑑 𝑐𝑘,𝜎
+  𝜎𝑧 𝜎 ,𝜎 ′ 𝑐𝑘 ,𝜎 ′ +𝜎 ,𝜎 ′

0<𝑘<
𝐺

2

𝛽 sin 𝑘𝑑 𝑐𝑘 ,𝜎
+  𝜎𝑦 

𝜎 ,𝜎 ′ 𝑐𝑘 ,𝜎 ′ + (𝑘 ↔ 𝑘 −
𝐺

2
)                                (2) 
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where α and β are constants of the Rashba and 

Dresselhaus spin-orbit interactions, 𝜔𝑧 =
𝑔ℏ𝜇𝐵𝐵

2  
is 

Zeeman energy of a magnetic field B,  𝜉𝑘 =
−2𝑡 cos 𝑘 − 𝜇 with 𝜖𝑘 = −2𝑡 cos 𝑘𝑑 , and μ- is 

the Fermi energy. 𝐺 =
2𝜋

𝑑
 is the reciprocal lattice 

vector with d being the unit cell size. The interaction 
term 𝐻 𝑖𝑛𝑡  in the Hamiltonian is written as: 

     
𝐻 𝑖𝑛𝑡 =

1

2𝑁
  { 𝑈 𝑘, 𝑘′ , 𝑞 𝑘 ,𝑘 ′𝜎0<𝑞<𝐺 𝑐𝑘+𝑞 ,𝜎

+ 𝑐𝑘 ,𝜎𝑐𝑘 ′ −𝑞 ,−𝜎
+ 𝑐𝑘 ′ ,−𝜎 +

                                              𝑈 𝑛, 𝑛′ , 𝑞 𝑐𝑛 ,𝜎
+ 𝑐𝑛+𝑞−𝐺,𝜎𝑐𝑛 ′ ,−𝜎

+ 𝑐𝑛 ′ −𝑞+𝐺,−𝜎𝑛 ,𝑛 ′ }                                (3) 
 

where 𝑘 ∈  −
𝐺

2
,
𝐺

2
− 𝑞 ,   𝑘′ ∈  𝑞 −

𝐺

2
,
𝐺

2
  and  

𝑛 ∈  
𝐺

2
− 𝑞,

𝐺

2
 ,  𝑛′ ∈  −

𝐺

2
, 𝑞 −

𝐺

2
 . U is a strength of 

the Hubbard interaction and N is the number of lattice 
sites. 

The pole of the single particle Green’s function 

determines the energy spectrum of quasi-particle 
excitations: 

 

𝐺−1 𝐸, 𝑘 = 𝐸 − ℋ                   (4)
 

For charge density wave state, this energy is found as solution to the following matrix: 
 

  

𝐸 − 𝜉𝑘 − 𝛼 𝑠𝑖𝑛 𝑘 −𝛥 −𝜔𝑧 − 𝛽 𝑠𝑖𝑛 𝑘 0
𝛥∗ 𝐸 − 𝜉𝑘−𝐺/2 − 𝛼 𝑠𝑖𝑛( 𝑘 − 𝐺/2) 0 −𝜔𝑧 − 𝛽 𝑠𝑖𝑛( 𝑘 − 𝐺/2)

−𝜔𝑧 + 𝛽 𝑠𝑖𝑛 𝑘 0 𝐸 − 𝜉𝑘 + 𝛼 𝑠𝑖𝑛 𝑘 −𝛥
0 −𝜔𝑧 + 𝛽 𝑠𝑖𝑛( 𝑘 − 𝐺/2) −𝛥∗ 𝐸 − 𝜉𝑘−𝐺/2 + 𝛼 𝑠𝑖𝑛( 𝑘 − 𝐺/2)

  = 0. 

(5) 
Expressions for the energy spectrum can be written as 

 

𝐸𝑌𝑆𝐷
2 = 𝜉𝑘

2 + 𝛾2 sin2 𝑘 +  Δ 2 + 𝜔𝑧
2 ± 2 𝜉𝑘

2𝛾2 sin2 𝑘 + 𝜔𝑧
2 Δ 2 + 𝜉𝑘

2𝜔𝑧
2             (6) 

 
where 𝛾 =  𝛼2 + 𝛽2 is constant of spin-orbit 
coupling. 
The energy spectrum at the center of the Brillouin 
zone for the topological charge density wave with 
gapped “bulk” states and zero energy end states can be 

written as  

 𝐸 0 =  𝜔𝑧 −  𝜇𝑡
2 +  Δ 2         (7)  

where 𝜇𝑡 = −2𝑡 − 𝜇. 
The gap at k = 0 vanishes under this condition, 

with emerging Majorana fermion states at the ends of 
the wire, which is plotted in Fig.  for the 
dimensionless parameters (a) γ=0.8, Δ=0.7, μ= - 0.1, 
ω= √1.7; (b) γ=0.8, Δ=0.7, μ= -0.3, ω=√2.18. 

  
 

Fig.: The energy spectrum is plotted according to Eq. (6) for fixed values of t = 0.5 and for the following values of the  
         dimensionless parameters: (a) γ=0.8, Δ=0.7, μ= - 0.1, ω= √1.7; (b) γ=0.8, Δ=0.7, μ= -0.3, ω=√2.18.  
 
3. CONCLUSION 

 

This paper demonstrates that a one-dimensional 
lattice in a CDW phase with strong spin-orbit 
interactions and a Zeeman magnetic field can support 
Majorana modes. The basic principle here is that the 
quantum topological order is realized in a 1D-wire 
with charge-density wave in the presence of spin-orbit 
interactions by tuning the external Zeeman energy. I 

show that for the Zeeman coupling below a critical 
value (𝜔𝑧

2 > 𝜇𝑡
2 +  Δ 2), the system is a 

nontopological charge density wave semiconductor. 
However, above the critical value of the Zeeman field 
(𝜔𝑧

2 < 𝜇𝑡
2 +  Δ 2), the lowest energy excited state is a 

zero-energy Majorana fermion state for topological 
CDW crystals. 
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The results of thermodynamic investigation of ErTe investigation by the method of electromotive force (EMF) are 

presented in the work. The relative partial molar functions of erbium in ErTe+Er2Te3 two-phase region are calculated from 
data obtained by the method of rapid fixing of EMF. Gibb’s standard free formation energy and formation enthalpy and also 

the standard entropy of ErTe compound are calculated based on obtained data and integral thermodynamic functions of 
Er2Te3. 
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INTRODUCTION 

 

Rare earth chalcogenides are among the 
promising materials for electronic equipment. They 
have a wide range of physical properties: high heat 
resistance, stability to sudden changes in 
environmental conditions, unique magnetic, optical 
and thermoelectric properties [1-10]. 

For the development of modern preparative 
methods and controlled synthesis of novel complex 
phases and materials based on them, the experimental 
phase diagrams and reliable thermodynamic data are 
required [11-14]. 

The Er-Te system [1, 15] is characterized by the 
formation of tellurides with ErTe, Er2Te3, and ErTe3 
compositions. ErTe and Er2Te3 compounds melt 
congruently at 1773 and 1486K, while ErTe3 melts 
with decomposition according to the peritectic 
reaction at 957 K. ErTe and Er2Te3 have a cubic, 
ErTe3 – rhombic structure. 

The thermodynamic properties of erbium 
telluride are not well understood. In modern reference 
books [16, 17] no thermodynamic data available on 

these compounds. In [18], the standard 
thermodynamic functions of the formation of Er2Te3 
were determined by direct synthesis from components 
in a calorimetric bomb. In a later work [19], the 
authors calculated the standard thermodynamic 
functions of Er2Te3 formation by the EMF method and 
showed their good agreement with the data [18]. The 
reference book [20] provides estimated data on the 
standard enthalpy of formation and entropy of ErTe 
and Er2Te3. 

This work presents the results of the study of the 
thermodynamic properties of monotelluride erbium by 
the method of electromotive forces (EMF) with 
glycerol electrolyte.  This modification of EMF 
method was successfully used for the thermodynamic 
investigations of a number binary and ternary 
chalcogenide system [21-25].  

 
EXPERIMENT AND THEIR RESULTS 

 

For the investigations of the thermodynamic 
properties of ErTe compound, the concentration cells 
of follow type were constructed:  

 
() Er (solid) |glycerine + KCl + ErCl3 | (Er-Te) (solid) (+)                              (1) 

 
The alloys of Er-Te system with compositions 52 

and 57 at Te% (two-phase region ErTe+ Er2Te3) were 
synthesized by ceramic method from elementary high 
purity erbium and tellurium and used as right 
electrodes (anode) in cells (1). 

The synthesis is carried out in evacuated (10-2Pa) 
silica tubes ampoules at 1000K. Later the melts are 
powdered, carefully mixed and pressed in tabs which 
are annealed at the same temperature during ~800h. 
The phase compositions are controlled by the XRD 
method. 

The left electrodes (cathod) were prepared by the 
fixing of metallic erbium on molybdenum wire while 
the anodes were prepared by pressing of powdered 
intermediate alloys on the wire in the form of cylinder 
tabs of mass ~0,5g under pressure of ~0.1 GPa. 

As an electrolyte, the KCl glycerin solution with 
the addition of ErCl3 was used. Because the presence 
of either moisture or oxygen in the electrolyte was 
inadmissible, glycerol was thoroughly dewatered and 

degassed by evacuation at ~450 K over anhydrous 
chemically pure salts. 

During EMF measurements, it was shown the 
non- equilibrium of cells (1). EMF values strongly 
decrease in measurement beginning during several 
hours in comparison with high initial ones (by order 
~1000 mV) up to 200÷300 mV. Though later these 
values are reproducible ones, they aren’t accepted as 

equilibrium ones because according to previous 
thermodynamic calculations they are less than 
predictable values in 2÷3 times. Thus and so we use 
the simplified variant of EMF instantaneous fixing 
[26], i.e. the rapid fixing of EMF values which is 
earlier applied by us at the thermodynamic 
investigation of some REE tellurides [27-29]. The 
essence of this method is in the fact that left electrode 
is in another vessel with the same electrolyte at the 
same temperature that the right electrodes are up to the 
moment of EMF measurements. 
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Fig. Temperature dependence of EMF measurements of cell (1) alloys of the ErTe-Er2Te3 subsystem 
 

EMF measurement is carried out in the 
moment of left electrode introduction into the 
electrochemical system with the right electrode and 
the maximum value of EMF is fixed. EMF was 
measured using the high-impedance digital voltmeter 
B7-34A. Most measurements were performed when 
heating and cooling the cell in steps up to 10. 
Chromel- alumel thermocouple couples and mercury 
thermometers with an accuracy of about 0.5 were 
used to measure the temperature of the 
electrochemical cell. The chromel- alumel 
thermocouples were preliminarily calibrated in the 
temperature interval 300-510 K using elemental Ga, S, 
In, and Sn as reference materials. 

The measurement results are given in Figure and 
in Table. As can be seen, the temperature dependence 
of the EMF is almost linear. The obtained 
experimental data were processed using the 

"Microsoft Office Excel 2003" computer program 
using the least-squares method. The steps of the 
calculations are given in the Table. A linear equation 
is obtained, presented in the form recommended in 
[30, 31] 
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Here, n -is the number of pairs of E and T values; 
SE and Sb -are the dispersions of separate 
measurements of EMF and coefficient b, respectively;
T  - average absolute temperature, t – is Student's test. 
At the confidence level of 95% and n 20, the 
Student’s coefficient is k 2.  

From the obtained relation  
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                          (2) 
 
the relative partial thermodynamic functions of Er in 
ErTe are calculated by known thermodynamic 
expressions: 

 

12,036.276GEr   kJmol-1           (3) 
 

60.0,59.283HEr   kJmol-1            (4) 
 

66.025.24SEr   Jmol-1
К

-1           (5) 
 

These partial molar data are thermodynamic 
functions of potential forming reaction: 

 
Er(sol.) + Er2Te3 (sol.) = 3Er (sol.) 

 
According to this relation the standard 

thermodynamic formation functions of ErTe were 
calculated using the relation  

 

 )TeEr(ZZ
3

1
)ErTe(Z 32

0

fEr
0

f      (6) 

(Z≡G, H) and standard entropy using relations 

 )()(
3

1
)( 32

000 TeErSErSSErTeS Er      
 
(7) 

According to these equations, the calculations 
require information on the standard thermodynamic 
functions of the formation and standard entropy of 
Er2Te3, as well as the standard entropy of elementary 
erbium. 

We use the data of [19] on the standard heat of 
formation of Er2Te3, as well as the values of the 
standard entropies of erbium (73.14 ± 0.63 kJmol-1) 
and tellurium (49.50 ± 0.21 kJmol-1) [17] the standard 
Gibbs free energy of the formation of Er2Te3 was 
calculated and a mutually consistent set of 
thermodynamic data was obtained for this compound: 

 
1.14.797)K298(G0

f   kJmol-1 

 

7.162.822)K298(H0

f   kJmol-1 

 
2.277.83)K298(S0   Jmol-1

К
-1 
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These data were used for calculations by 
relations (6) and (7). 

As a result of the calculations, the following 
values of the standard integral thermodynamic 
functions of ErTe were obtained: 

 

5.00.357)K298(G0

f   kJmol-1 

 

0.66.379)K298(H0

f   kJmol-1 

 
3.97.86)K298(S0   Jmol-1

К
-1 

 

In all cases, the estimated standard deviations 
were calculated by the accumulation of errors. 

 

Table.  
Experimentally obtained data for temperature and EMF as well as data associated with the 

calculation steps for the samples with compositions 52 and 57 at.% of Er-Te system 
 

Ti, K Ei, mV TTi   Ei( TTi  ) 2)( TTi   E
~

 EEi

~
  2)

~
( EEi   

303,5 954,3 -59,34 -56629,75 3521,43 954,30 0,00 0,00 
310,8 953,7 -52,04 -49632,14 2708,34 953,69 0,01 0,00 
316,5 953,3 -46,34 -44177,51 2147,55 953,21 0,09 0,01 
320,2 953,1 -42,64 -40641,77 1818,31 952,90 0,20 0,04 
326,2 952,8 -36,64 -34912,18 1342,61 952,40 0,40 0,16 
333,4 952,1 -29,44 -28031,41 866,81 951,80 0,30 0,09 
334,3 951,8 -28,54 -27165,96 814,63 951,72 0,08 0,01 
338,5 951,3 -24,34 -23156,23 592,52 951,37 -0,07 0,00 
343,2 951,7 -19,64 -18692,97 385,80 950,97 0,73 0,53 
347,6 950,6 -15,24 -14488,73 232,31 950,61 -0,01 0,00 
353,3 950,8 -9,54 -9072,22 91,04 950,13 0,67 0,45 
358,5 949,4 -4,34 -4121,98 18,85 949,69 -0,29 0,09 
362,7 948,1 -0,14 -134,31 0,02 949,34 -1,24 1,54 
365,2 948,6 2,36 2237,11 5,56 949,13 -0,53 0,28 
369,4 948,2 6,56 6218,61 43,01 948,78 -0,58 0,34 
376,5 947,3 13,66 12938,54 186,55 948,18 -0,88 0,78 
381,1 947,5 18,26 17299,77 333,37 947,80 -0,30 0,09 
390,6 946,7 27,76 26278,81 770,53 947,00 -0,30 0,09 
395,3 946,8 32,46 30731,55 1053,54 946,61 0,19 0,04 
401,8 946,1 38,96 36858,48 1517,75 946,07 0,03 0,00 
408,3 946 45,46 43003,58 2066,46 945,52 0,48 0,23 
417,2 945,8 54,36 51412,11 2954,83 944,77 1,03 1,05 
424,6 943,7 61,76 58281,34 3814,09 944,15 -0,45 0,21 
429,5 944,2 66,66 62938,80 4443,33 943,74 0,46 0,21 

T
=362,84 

 

E
=949,3292 

  
  )TT(E i  
=-2658,45 

  2)( TTi

=
31729,24 

  

  2

i )E
~

E(

=
6,23 

                                      
 

CONCLUSION 

 

The fast fixation method was used to study the 
Er-Te system in the two-phase region ErTe Er2Te3 in 
the temperature range 300-430 K. Relative partial 

molar functions of erbium in alloys were calculated, 
based on which a mutually consistent complex of 
standard thermodynamic formation functions and 
standard entropy of the ErTe compound was obtained 
for the first time. 
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THERMODYNAMIC STUDY OF Cu2SnSe3 BY EMF METHOD WITH SOLID 

ELECTROLYTE Cu4RbCl3I2 

 

I.J. ALVERDIYEV  

Ganja State University,  

187, H. Aliyev ave., Az-1148, Ganja, Azerbaijan 
 

By measuring the EMF of the concentration cells with solid Cu+ conductive electrolyte Cu4RbCl3I2, the thermodynamic 
properties of the Cu2SnSe3 compound, which is of great interest as a potential environmentally friendly thermoelectric, were 
studied. The partial molar functions of copper in the alloys, as well as the standard thermodynamic formation functions and 
the standard entropy of this compound, are calculated from the EMF measurements. 

 

Keywords: EMF method, solid electrolyte, Cu2SnSe3, thermodynamic functions. 
PACS: 71.20.Be, 75.10.Nr, 75.20.-g 

 
1. INTRODUCTION 

Copper containing complex chalcogenides refer 
to high-value functional materials. Many of them 
exhibit thermoelectric, photoelectric, optical, 
magnetic, etc. properties [1–5]. Furthermore, some of 
them exhibit ionic conduction with respect to Cu+ 
cations and can be used as electrochemical sensors, 
materials of electrodes, solid-state fuel cells, 
supercapacitors, electrochromic visualizers, etc. [6–

10]. 
In recent years, the Cu2SnSe3 compound, as well 

as phases and composites based on it, have been 
intensively studied as potential environmentally 
friendly thermoelectric and photoelectric materials 
[11-17]. The thermodynamic properties of this 
compound have hardly been studied. The work [18] 
presents the results obtained by measuring the EMF of 
concentration relative to tin chains with liquid 
electrolyte. 

This paper presents the results of a study of the 
thermodynamic properties of this compound by EMF 
with solid Cu+ conductive electrolyte Cu4RbCl3I2. 
This modification of the EMF method is successfully 
used for the thermodynamic study of complex copper-
based chalcogenides [19–26]. It was shown [23, 24] 
that cation-conducting electrolytes can be successfully 
used in thermodynamic investigating copper-
containing ternary systems by the EMF method even 
when they contain elements less noble than copper. 

 
2. EXPERIMENTAL PART 

For experiments, we composed concentration 
cells of the type 

 

(–) Cu (sol.) Cu4RbCl3I2 (sol.) (Cu in alloy) (sol.)  (+)                                              
(1) 

 

The right electrodes were equilibrium alloys 
from the phase region Cu2SnSe3-SnSe2-Se. The 
synthesis was carried out by fusing the elementary 
components with a purity of at least 99.999 % in 
stoichiometric ratios in quartz tubes evacuated to  
~10–2 Pa and sealed. Then based on phase diagram 
data [5], they were subjected to stepwise 
homogenizing annealing at 800 K (500 h) and 450 K 
(300 h) followed by slow cooling to room temperature 
in order to reach the equilibrium state. 

The right electrodes were prepared by pressing 
the powdered annealed alloys into pellets with a 
diameter of ∼0.8 cm and a thickness of 0.5 cm. A 
high-purity copper plate with a diameter of ∼1 cm and 
a thickness of 0.1 cm was used as the left electrode.  

The Cu4RbCl3I2 solid electrolyte was synthesized 
by the procedure described in [19] by fusing 
stoichiometric amounts of chemically pure anhydrous 
CuCl, CuI and RbCl in an evacuated (∼10–2 Pa) quartz 
tube at 900 K followed by cooling to 450 K and 
homogenizing annealing at this temperature for 100 h. 
Pellets with a thickness of ∼0.4 cm were cut from the 
obtained cylindrical ingot with a diameter of ∼0.8 cm, 
which were used as a solid electrolyte in cells (1). 

The design of the electrochemical cell and the 
method of its assembly were described in [18, 19]. 
The EMF was measured with a high-resistance B7-
34A digital voltmeter in the temperature range 300–

450 K. In this temperature range, the alloys under 
study were in a solid-state, and the compositions of 
the equilibrium phases were almost independent of 
temperature [5]. The first equilibrium EMF values 
were obtained after the electrochemical cell was kept 
at∼400K for 40h, and subsequent values were 
obtained every 3 or 4 h after a certain temperature was 
reached. In repeated measurements at a given 
temperature, the EMF values differed from each other 
by no more than 0.5 mV irrespective of the direction 
of temperature variation. During the measurements, all 
the necessary measures were taken [18, 27] to ensure 
reversibility of cells (1). 

 
3. RESULTS AND DISCUSSION 

An analysis of the temperature dependences of 
EMF (fig.) showed that they were almost linear for all 
the samples under study. Therefore, the results of the 
EMF measurements were processed by using 
Microsoft Excel computer program in an 
approximation of their linear temperature dependence 
by the least-squares method, and linear equation of the 
following type was obtained [27]: 
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Fig. Temperature dependences of EMF for the alloys from three-phase area Cu2SnSe3-SnSe2-Se at 300-450 К. 

 
where n is the number of pairs of the Е and Т values; 
SE and Sb - are the dispersions of the individual 
measurements of EMF and b coefficient, respectively; 
is the average absolute temperature, and t is the 
Student criterion. At a confidence level of 95% and 
the number of experimental points n ≥ 20, the Student 

criterion is t ≤ 2. 
The experimental data of Ti and Ei and steps of 

calculation are presented in table 1. Follow equation is 
received  

𝐸, мВ =
325,34 + 0,1305T  20,8624+1,8110-5(T-377,7)212                         

(3)  

 
The relative partial thermodynamic functions of 

copper at 298 K in Cu2SnSe3-SnSe2-Se phase area 
were calculated from the obtained equation (3) of the 
temperature dependences of EMF by the equations  

 
zFEGCu                       (4)            
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               (6) 

 
where z is the charge on the current-forming Cu+ 
cation, F is the Faraday number, and a and b are the 
constants in the equation E = a + bT. 

And the following values are received   
 

CuG = -35,15±0,07 kJmol-1 

CuH = -31,39±0,31 kJmol-1 

CuS = 12,59±0,82 Jmol-1
K-1 

According to the diagram of solid-phase 
equilibria, these partial molar functions of copper are 

thermodynamic functions of the following potential-
forming reaction: 

 
2Cu + SnSe2 + Se = Cu2SnSe3 

 
From this equation it follows that the Gibbs 

integral free energy of the formation of the compound 
Cu2SnSe3 can be calculated by the relation: 

 
∆𝑓𝐺° 𝐶𝑢2𝑆𝑛𝑆𝑒3 = 2∆𝐺𝐶𝑢 + ∆𝑓𝐺° 𝑆𝑛𝑆𝑒2          (7) 

 
The enthalpy of formation was calculated in a 

similar way. The standard entropy can be calculated 
by the equation: 

 
𝑆° 𝐶𝑢2𝑆𝑛𝑆𝑒3 = 

2∆𝑆𝐶𝑢 + 2𝑆° 𝐶𝑢 + 𝑆° 𝑆𝑛𝑆𝑒2 + 𝑆° 𝑆𝑒           (8)   
 

In calculations (7) and (8), we used the standard 
entropies for copper and selenium                     
S(Cu)= 33.15±0.08 Jmol-1

K-1), S(Se)= 42.13±0.21 

Jmol-1
K-1 [28] and also the standard thermodynamic 

functions of SnSe2 found by the EMF method [29]: 
 

fG= -119.2±2.5 kJmol-1 

fН= -124.7±4.2 kJmol-1 

S= 118.0±3.0 Jmol-1
K-1 

 
The enthalpies of formation of SnSe2 compound 

obtained [29] well agree with the calorimetric data 
[28, 30]. Moreover, the values of free Gibbs energy of 
the formation calculated from the values of enthalpy 
of formation and standard entropy recommended in 
these reference books virtually coincide with the 
results of [29]. This demonstrates the reliability of 
thermodynamic data for SnSe2 used in our 
calculations. 

Our results and the literature data are given in 
Table 2. 
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       Table 1 
Results of computer processing of EMF measurements of concentration chains (1) 

 
Ti, K Ei, mV TTi   Ei( TTi  ) 2

i )TT(   E
~  E

~
E i   2

i )E
~

E(   

301,3 364,9 -76,45 -27895,08 5843,97 364,66 0,24 0,06 
308,1 365,6 -69,65 -25462,52 4850,54 365,54 0,06 0,00 
317,9 367,9 -59,85 -22017,28 3581,52 366,82 1,08 1,16 
324,2 368,5 -53,55 -19731,64 2867,16 367,65 0,85 0,73 
328,6 367,5 -49,15 -18061,09 2415,31 368,22 -0,72 0,52 
333,9 368,3 -43,85 -16148,42 1922,46 368,91 -0,61 0,37 
342,2 371,1 -35,55 -13191,06 1263,51 369,99 1,11 1,22 
349,1 370,3 -28,65 -10607,55 820,58 370,90 -0,60 0,35 
358 370,3 -19,75 -7311,88 389,90 372,06 -1,76 3,09 

363,7 373,5 -14,05 -5246,12 197,29 372,80 0,70 0,49 
367,5 371,9 -10,25 -3810,43 104,98 373,30 -1,40 1,95 
375,3 373,7 -2,45 -914,01 5,98 374,31 -0,61 0,38 
382,1 375,3 4,35 1634,12 18,96 375,20 0,10 0,01 
389,4 377,3 11,65 4397,12 135,82 376,15 1,15 1,31 
395,7 375,5 17,95 6741,79 322,35 376,98 -1,48 2,18 
400 377,8 22,25 8407,62 495,25 377,54 0,26 0,07 

405,2 379 27,45 10405,13 753,73 378,22 0,78 0,61 
412,3 379,5 34,55 13113,31 1193,99 379,14 0,36 0,13 
420,6 379,3 42,85 16254,59 1836,48 380,23 -0,93 0,86 
428,5 383,3 50,75 19454,07 2575,99 381,26 2,04 4,18 
433,4 381,4 55,65 21226,50 3097,39 381,90 -0,50 0,25 
438,8 383,2 61,05 23395,96 3727,61 382,60 0,60 0,36 
442,5 382,5 64,75 24768,47 4193,10 383,08 -0,58 0,34 
447,6 383,6 69,85 26796,06 4879,60 383,75 -0,15 0,02 

T =377,7 E =374,6       
 

 
Table 2 

Standard integral thermodynamic functions of the Cu2SnSe3 
 

-fG -fН 0S  
Jmol-1K-1 

 
Notes kJmol-1 

189.5±2.6 187.5±4.8 251.6±5.0 The present work. EMF method with solid 
electrolyte 

198.4±0.6 198.5±2.9 237±5 [18], EMF method with liquid electrolyte 

- 180.5 - [31], calorimetry method 

 
 

From table 2, it follows that the data obtained by 
us on the standard Gibbs energy of formation and 
enthalpy of formation are somewhat (5 %) lower than 
the data obtained by the EMF method with liquid 
electrolyte, where metal tin served as the left electrode 
[18].  

It should also be noted that our data on the 
standard enthalpy of formation of the Cu2SnSe3 
compound are in better agreement (4% discrepancy) 
with calorimetric data [31] than the results of [18] (9% 
discrepancy). 

4. CONCLUSION 

Using the EMF technique with solid electrolyte 
Cu4RbCl3I2, new complexes of mutually-agreed 
thermodynamic data (fG, fН, 0S ) for Cu2SnSe3 
compound are obtained. A comparative analysis of the 
obtained and published data is carried out. The results 
of this work confirm the possibility of use of the EMF 
method with a cation-conducting solid electrolyte to 
systems containing a more active metal (in our case, 
tin) than copper. 

 
____________________________________ 
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The optical and UV-VIS luminescent spectra of Ni1-xZnxFe2O4 ferrite nanopowders with х = 0;0,25;0,4;0,5;0,6;0,75;1,0 

were investigated in 4000-50 cm-1 and 200-700 nm at room temperature. The features of the diffuse reflectance spectra of  
Ni1-xZnxFe2O4 ferrites were analyzed by the Kramers- Kronig procedure. The agreement with the data of published studies of 
other authors allowed us to give a hypothetical interpretation of the results.  
 

Keywords: ferrites, nanopowders, IR spectra. 
PACS: 41.20 Gz; 42.72 Ai 
 

1. INTRODUCTION 
 

Ni1-xZnxFe2O4 is compositions of d-elements 
which allow to create new types elements for modern 
nanoelectronics. Well known the practical applications 
of their as magnetic cores, antennas, memory 
elements, microwave components, etc.                    
The peculiarities of these ferrites is related their the 
crystal of structure with the formula 
(Zn2+

xFe3+
x)[Ni2+

1-xFe3+
2-x]O4 (x is the degree of 

inversion) which allow us to define their as mixed 
spinels. From peculiarities building of crystal structure 
of these spinels follow the existence superexchange 
interaction investigation of which define our interest 
to these ferrites. Earlier in [1-4] were published the 
results investigations of EPR, Raman, IR and etc. 
spectra. In this publication we presented results of 
optical and luminescent investigations nanopowders 
Ni1-xZnxFe2O4. The luminescent spectra were excited 
by different wavelength from of xenon source and 
YAG Nd-  laser. 

 
2. SAMPLES PREPARATION 

 
Ni1-xZnxFe2O4 synthesized by high-temperature 

method with high purity components and annealing 2 
hours at 9600C [3,5]. The size of particles is from 
20nm to 40 nm. The quality of nanopowders was 
monitored by X-ray diffractograms and optical 
methods. It is shown that lattice distortions resulting 
from deviation from stoichiometry have small effect 
on Raman spectra. Detailed X-ray studies of the 
formation of Ni1-xZnxFe2O4 ferrite films have shown 
that the process of their formation, as pointed in [5], 
goes through three stages: at the first stage ZnFe2O4 is 
obtained, while part of NiO and Fe2O3 remain in the 
free state; in second stage the process of including 
Ni2+ ions in the ZnFe2O4 lattice begins and compound 
with an excess of Ni is formed against stoichiometry; 
in the third stage the composition is finally formed. 
The observed changes were in good agreement with 
concentration of Fe3+ cations [5] in the Ni1-xZnxFe2O4 
films. We note that it was established in [6] that the 
most homogeneous composition of ZnFe2O4 is 
achieved when using α-Fe2O3, A significantly smaller 

concentration of Fe is included into the ZnO in 
samples obtained when using FeO and Fe3O4. The 
spatial symmetry group of Ni1-xZnxFe2O4, 
corresponded to Fd3 m. 

 

3. DETAILS OF EXPERIMENTS 
 

Optical spectra of Ni1-xZnxFe2O4 
(х=0;0,25;0,4;0,5;0,6;0,75;1,0) compositions are 
studied on infrared Fourier-spectrometer Vertex-70V 
(Bruker, Germany) with attachment of diffuse 
reflection in vacuum camera in spectral range from 
4000сm-1 up to 50сm-1, the standard spectral 
resolution is better than 0,5cm-1 [2, 3]. The 
luminescence spectra of synthesized Ni1-xZnxFe2O4 
ferrite nanopowders were studied on LS-55 
spectrometer with a Monk-Giddison monochromator 
at 300C in the 300-700nm range. The luminescent 
spectra excited with wavelengths: 280 nm, 290 nm, 
300 nm, 325 nm, 350 nm, 375 nm, 400 nm, 425 nm 
from the xenon source. The luminescent spectra of 
Ni1-xZnxFe2O4 compositions were also investigated on 
the Confocal Raman Spectrometer with of radiation 
3D Confocal Laser Microspectroscopy System 
Nanofinder 30 (Tokyo Instruments, Japan). The YAG 
Nd- laser is generate radiation 53 nm) with power 
from 0.1 mW to 10 mW [1]. 

 
4. EXPERIMENTAL RESULTS AND THEIR 

DISCUSSION  

4.1 EXPERIMENTAL RESULTS OF OPTICAL 

INVESTIGATIONS  
 

The infrared spectra of all studied ferrite         
Ni1-xZnxFe2O4 compositions are shown in fig. 1-2. The 
absorption maxima and fine structures in the region 
from 4000cm-1 to 50cm-1 spectra were established as a 
result of repeated experiments and are shown in Table 
1, which allows to identify the positions of genetically 
related spectral lines in different Ni1-xZnxFe2O4 
compositions, consistent with the results of [7,8]. 
When analyzing the obtained spectra, it was found that 
their profiles have a complex structure and when 
changing the composition of the composition (see 
table 1), not only a shift is noticeable, but also 
splitting into spectral components. The temperature in 
all the studies was equal to 300K. 
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Fig. 1. Diffuse reflection IR spectra of Ni1-xZnxFe2O4 ferrites in 4000-700cm-1 and in 600-50cm-1. 

 

 
Fig. 2. The FTIR (1) transmission and Raman (2) spectra of Ni0.4Zn0.6Fe2O4 thin film. 
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Fig. 3. Luminescent spectra of Ni1-xZnxFe2O4 compositions.  
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Fig. 4. The luminescent spectrum of Ni0.4Zn0.6Fe2O4 (excitation by of YAG Nd laser,  = 532nm) with the radiation power of     
           5mW. The maxima correspond to: 540 nm, 545 nm, 551 nm, 566 nm, 572 nm.  

 
 

Table 1. 
 

The maxima of Ni1-xZnxFe2O4 infrared spectra 
 

Frequencies of  Ni1-хZnхFe2O4 ferrites, cm-1  

 [8]  [8]  [8]  [8],[15]  [8], [9] 

x 
 

symmetry 

 
0 

 
0 

 
0.25 

 
0.3 

 
0.4 

 
0.5 

 
0.5 

 
0.6 

 
0.7 

 
0.75 

 
1.0 

 
1.0 

𝑭𝟏𝒖
𝟏  604 604 592 590 584 578 578 582 571[8] 

582[15] 
570 - 569 [9]- 

  - -  - 544  544  550 542 542 [8]  
  533 538  522   535  - -  
  529 528  512 529  525  516 519  
  - 524  508 -  518  506 507  
  - 456  497 454  -  500 471 463  [8]  
  443 442  437 436  -  - -  
  432 433   429  430  - -  

𝑭𝟏𝒖
𝟐  426 425 426 426 426 424 426 - 426[8] 421 426 420 [9] 
  - 403  401 -  403 401[15] 394 398  
  392 391  389 389  388  391 388  
  - 367  363 356  -  330 332  
  349 345  346 343  324  - -  
  306 306  304 300  299  308 313  
  273 275  270 266  284  287 294  

𝑭𝟏𝒖
𝟑   249 247  - 248  236  - 247  
  - 204  204 206  195  206 206 206 [8] 
  169 169  171 173  163  177 183  
  96 93  95 95  128  81 84  
  95 90  89 88  55  77 80  
  - 85  84 83  52  73 76  
  74 76  71 72  43  58 69  



 

 

UV-Vis photoluminescence spectra of NiFe2O4                                                                                                          Table 2. 

This 

work, 

nm 

Some scientific publications 

Luminescence, nm  Optical absorption, nm 

ZnFe2O4 

[9] 

NiFe2O4  

[10,14] 

Ni:ZnO[3*]  

Ni1-

xZnxFe2O4  

[18]  

NiO 

[4*]  

Fe3O4 [5*], Fe2O3  

Fe3+ in maghemite (m) and 

hematite (h) [19] 

Fe3+  

[15] 

Fe2+ and Fe3+  

[16] 

Ni2+  

[17] 

332     315 (m) and 
319 (h) [19] 

6A1 4T1 330 6A1g 
 4E(G)    330 3A2g(F) 1T2g(G) 

373 365 372 [10]  370  370 (m) [19] 6A1 4E   372 
5E → 3E  
of TFe2+   

381    381  380 (h) [19] 6A1 4E 385 6A1g 
 4A1g(G) 385 

5E → 3T2, 3T1  
of TFe2+ 385 3A2g(F)  1T1g(G) 

396 401   396  400 [13]    402 
6A1g → 4Eg  

of OFe3+ 400 3A2g(F) 3T1g(P) 

406    410  403 (m) and 
405 (h)  [19] 

6A1 4T2 410      

421 428 428 [14]           

448 454 441 [14]   434 (m) and 
444 (h)  [19] 

6A1 4E,4A1 
 440 6A1g 

 4T2g(G)     

462 468 459, 465 
[14] 460[18]      459 

6A1g → 4A1g, 4Eg 
of OFe3+ 464 3A2g(F) 1T1g(D) 

486  486 [10] 484[18] 481     477 
6A1g → 4A1g, 4Eg 

of OFe3+   

496 494 496 [14]  490         
507  502 [14]  507 510 (m) [19] 26A1 24T1       
521  530 [10] 518[18]  529 (h) [19] 26A1 24T1 525 6A1g 

 4T1g(G)     
541 (R)   541[18]          
545(R) 539 535 [14]           

551(R)         555 
5E → 3T2  
of TFe2+   

559(R)             
566(R)   565 [11]  565 [3]        
571(R)             

597 593 594 [14]       588 
5E → 3T1  
of TFe2+   

606             
627       650 6A1g 

 4T1g(G)     
636     649 (h) [19] 6A1 4T2   631 4A2(F) → 4T1(P)   
673 665  660[18]  666 (m) [19]    670 OFe2+ ↔ OFe3+   

Here: From [17]: 642nm, 662nm, 682nm – tetrahedral (split); 656nm Fe3+ -tetrahedral; 682nm Fe2+ tetrahedral; 950nm - Fe2+ -octahedral and 2000nm - Fe2+ -tetrahedral [17] don‟t include to 

table; OFe -octahedral and TFe – tetrahedral iron cations; (D), (F), (G), (P) – terms of free ions. Luminescence maxima 540 nm, 545 nm, 551 nm, 566 nm, 572 nm of Ni1-xZnxFe2O4 ferrites are 
interpreted as a consequence of the Raman effect [1]. 
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The analysis of optical spectra of investigated 
compositions of Ni1-xZnxFe2O4 ferrites in 4000сm-1-
500сm-1 range shows that the information about 
spectra of ZnO, NiO and Fe2O3 components is 
necessary for interpretation of spectral peculiarities. 
To identify the peculiarities of the optical reflection 
spectra of Ni1-xZnxFe2O4 ferrites, the Kramers-Kronig 
procedure was used.  

The transmission spectrum of Ni0,4Zn0,6Fe2O4 
ferrite (fig. 2) was obtained on a thin film 40 nm thick 
in vacuum and is consistent with the diffuse 
reflectance spectrum of the nanopowder of this ferrite. 
The strong maximum observed in this composition of 
ferrite from the Raman spectrum is confirmed by the 
presence in the spectrum of its transmission of a very 
weak structure, which is explained by the prohibition 
by the rules of symmetry. Note that the following 
maxima were observed in this luminescence spectrum: 
540 nm, 545 nm, 551 nm, 566 nm, 572 nm.  

 
4.2 EXPERIMENTAL RESULTS OF  

LUMINESCENT INVESTIGATIONS 

 
The luminescent spectra (Fig. 3-4) of synthesized 

Ni1-xZnxFe2O4 compositions were studied at 300C 
from 300nm to 700nm and excited: 280 nm 
(4.427eV), 290 nm (4.275eV), 300 nm (4.132eV), 325 
nm (3.814eV), 350 nm (3.542eV), 375 nm (3.306eV), 
400nm (3.099eV), 425 nm (2.917eV) from the Xe-
source and 532 nm (2.33eV) from the YAG Nd laser. 
The results are presented in Table 2. For the analysis 
of spectra, the procedure of decomposing into 
Gaussian components was used. Table 2 presents the 
comparison the positions of the luminescent maxima 
of ZnFe2O4 [9], NiFe2O4 [10,14], Ni:ZnO [11],         
Ni1-xZnxFe2O4 [18], NiO [12] and Fe3O4 [13] 
compounds and maxima of optic absorption spectra 
[15-17]. 

 
4.3   DISCUSSION OF OPTICAL AND    

           LUMINESCENT INVESTIGATIONS   

           RESULTS 

 

As follows from the group-theoretical 
representations, the infrared reflection spectra of    
Ni1-xZnxFe2O4 three-fold degenerate symmetry modes 
F1u should be observed. These oscillations are 
asymmetric with respect to the center of inversion and 
symmetric with respect to a second-order axis or 
vertical reflection planes (σv). Note that the masses of 
Fe, Ni and Zn elements, which are part of the studied 
ferrites, are much higher than the mass of the oxygen 
ion and, therefore, the oscillations of oxygen ions will 
have almost no effect on the positions of heavy ions, 
while, naturally, will affect the vibrations of the 
oxygen ion. The shift of the oxygen atom can occur 
either along the axis of the third order C3, or 
perpendicular to it [20]. In the first case, the 𝐹1𝑢

1  bond 
is observed in 𝑀𝑒2+ − 𝑂 − 3𝑀𝑒3+ (where 𝑀𝑒2+ is 
octahedral cation, 3𝑀𝑒3+-three tetrahedral cations). 
This oscillation corresponds to the high-frequency 
band of the spectrum. When oxygen is displaced 
perpendicular to the С3 axis, 𝐹1𝑢

2  bonds 𝑀𝑒3+ − 𝑂 −

2𝑀𝑒3+ bonds are observed. This oscillation 
corresponds to the low-frequency band of the 
spectrum. The oscillations of cations relative to each 
other 𝐹1𝑢

3  (the bond 𝑀𝑒3+ − 𝑀𝑒3+) of symmetry type 
occur at lower frequencies and have weak intensities. 
Note that during the processes of cation substitutions, 
the parameter “a” of the unit cell also changes. First of 
all, we note that the weakly intense, broad absorption 
band (3627-3500)cm-1 corresponds to the contribution 
from the (OH)- ions to the spectrum, the appearance of 
which indicates a high surface activity of ferrite 
microparticles due to the presence of dangling bonds 
and, as a result, to a high probability of adsorption by 
ions (OH)- and H+ of active OH- groups [21]. As was 
shown in [22], the presence of OH-groups allows 
magnetite nanoparticles, an analogue of                   
Ni1-xZnxFe2O4 ferrites, to easily bind with polymeric 
compounds. The absorption band at 1630cm–1 was 
interpreted as deformation vibrations НОН, and at 
823cm–1 and 1045cm–1 as deformation vibrations of 
the Zn–O–H and Fe–O–H bonds. The absorption 
bands in the frequency range with maxima around 
430cm–1 and 542cm–1, which are combined vibration 
bands of Fe–O valence bonds in octahedral positions 
with Zn2+ ions in the nearest coordination 
environment: Fe–O–Zn, are primarily, on the 
formation of a spinel structure. They can also be 
observed, for example, in ZnFe2O4. 

As is well known, Ni1-xZnxFe2O4 ferrites do not 
dissolve excessive amounts of NiO and ZnO. On the 
other hand, an excessive amount of Fe2O3 leads to the 
formation of a solid solution containing a mixture of 
Ni1-xZnxFe2O4 and magnetite Fe3O4. Note also that in 
order to achieve a steady state, various forms of 
disorder in the form of point defects and vacancies 
always appear in spinel structures, the stability and 
concentration of which practically do not change until 
the thermodynamic equilibrium is violated. In the 
spectra of Fe2O3, the Fe –O bonds are represented by 
the characteristic doublet of the bands 545cm–1 and 
470cm–1, respectively 𝐹1𝑢

1  and 𝐹1𝑢
2  types of symmetry. 

In magnetite and nanomagnetite, similar doublets 
observed in (595 cm-1 and 415 cm-1) and (590 cm-1 
and 415 cm-1) ranges. The doublet structure (590 cm-1 
and 413 cm-1) is also observed in ZnO micropowders. 
In the spectral band (530 cm-1 –430 cm-1) there is a 
structure corresponding to the Ni-O bond in NiO. 
Comparison of the IR spectra of ZnO, NiO and Fe2O3 
with the spectrum of NiFe2O4 makes it possible to 
interpret the doublet (604 cm-1 and 425 cm-1) as 
oscillations of Ni-O and Fe-O bonds, respectively. As 
follows from Table 1, with an increase in "x" in the 
Ni1-xZnxFe2O4 compositions, the line shifts to 604cm-1 
towards 570 cm-1; and in ZnFe2O4 it is recorded as a 
line of 542 cm-1 [23] or 569 cm-1 [24]. As is known, 
for the composition of magnetite Fe3O4, the positions 
of the IR spectrum lines are 624 cm-1, 591 cm-1 and 
425 cm-1 [25]. Note that the position of the 425 cm-1 
line, interpreted as oscillations of the 𝐹1𝑢

2  type of 
symmetry, is practically independent of the change in 
"x" in Ni1-xZnxFe2O4, which allows interpreting it as 
oscillations of Fe-O bonds, that is (Fe3+ − O −
2 Fe3+). 
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The dependences of the intensities of the 
obtained IR spectra of the Ni1-xZnxFe2O4 compositions 
under study were interpreted within the framework of 
a model that takes into account changes in the 
concentrations of Fe2+ [26] and Fe3+ cations [27] in 
ferrite compositions. As follows from the results 
obtained, a change in the concentrations of these 
cations with a change in "x" leads to changes in the 
intensity of the reflection spectra, the maximum of 
which is located near the composition x = 0.6. Near 
this composition, the difference in the concentration of 
Fe2+ cations decrease sharply and at x = 0.7 it becomes 
equal to the concentration of Fe3+ cations. A change in 
the concentrations of Fe2+ and Fe3+ cations in ferrite 
compositions indicates a change in the number of 
“jump” electrons in the superexchange interaction and, 

since these electrons, according to the model [28], 
form their “own” magnetic field, the change in their 

concentrations should affect the overall magnetic 
distribution fields in ferrite. This conclusion is 
confirmed by the EPR studies of the Ni1–xZnxFe2O4 
ferrites [4]. Correspondingly, the frequencies of the 
vibrational spectrum of the magnetic “subcoil” 

“jumping” electrons can to observe in the IR spectra 

of the ferrite compositions under study. This fact was 
also confirmed by studies of antiferromagnetic 
resonance in NiO: Fe2+ [29], in which the presence in 
the IR absorption spectrum at a temperature of 300K 
of the structure at 1600cm-1, which coincides with the 
position of the two-magnetic zone previously detected 
in the Raman scattering spectra, was established. 
According to the authors of the publication, this 
structure has an impurity character. In our studies, in 
different Ni1-xZnxFe2O4 compositions, the position of 
such a structure is found in the spectral band      
(1550-400)cm-1, practically without changing its 
position. However, changes in the intensity of this 
spectral band are consistent with a model that takes 
into account changes in the concentrations of Fe2+ and 
Fe3+ cations in different Ni1-xZnxFe2O4 compositions. 

As shown in table 1, oscillations of the 𝐹1𝑢
3  type, 

occurring between like cations, are observed in the 
region of the far IR spectrum from 300cm-1 to 50 cm-1. 
They correspond to the spectral lines 249 cm-1 
(NiFe2O4), and 206 cm-1 (ZnFe2O4). The presence of a 
line at about 249 cm–1 in all compositions of Ni1–

xZnxFe2O4 indicates its belonging to vibrations 
𝐹𝑒3+ − 𝐹𝑒3+ bonds. Accordingly, the line 206 cm-1 is 
observed only in compositions in which Zn is present. 
An absorption maximum of 206cm-1 was observed in 
ZnFe2O4, also, for example, in [30]. The lines of 
antiferromagnetic resonance in NiO (36 cm-1) [31] and 
Fe2O3 (10cm-1) [32] are also located in this region. As 
follows from the results of [4], the presence of a 
magnetic field of “jumping” electrons [28] can lead to 
the appearance of antiferromagnetic resonance in    
Ni1–xZnxFe2O4 ferrites, which is estimated to be in the 
region of ~ 2-3THz (70 cm-1-100 cm-1). 

Note that the detected dependence of the 
intensity of the IR spectrum in different compositions 
Ni1–xZnxFe2O4, consistent with the model of changes 
in cation concentrations, in particular, Fe2+ and Fe3+ 
(as well as Ni2+, Ni3+, Zn2+), implicitly implies the 

presence of noticeable electron-phonon interaction and 
the effect impurity atoms in the formation of the IR 
spectrum of all compositions of ferrites, and, as 
mentioned above, point defects and vacancies always 
appear in order to achieve a steady state in spinel 
structures. Note that the shape of the spectrum of an 
impurity is related to the intensity of a set of 
electronic-vibrational transitions of the corresponding 
electronic transition of an impurity, and the shape of 
the vibronic satellite of a phononless line is 
determined by the states of the system in the initial 
and final states. In particular, theoretical studies [33] 
of the Ni3+ impurity charged with respect to the ZnO 
crystal lattice showed that the interaction of the 
impurity with the ions of the nearest environment 
leads to the appearance of a large number of additional 
maxima, among which resonant and gap oscillations 
were detected at frequencies of 8.2THz (273 cm-1) and 
11.2THz (373 cm-1). 

Photoluminescence spectroscopy is an important 
tool for the study of electronic and optical properties, 
in this case, Ni1-xZnxFe2O4 ferrites, providing 
information on the structure of their forbidden zones, 
in the positions and states of defects and impurities. 
For completeness of information, the luminescence 
spectra were obtained at different excitation energies. 
Table 2 presents the comparison the positions of the 
luminescent [9-14, 18] and optic absorption spectra 
maxima [15-17]. Note that the photoluminescence 
maxima 540 nm, 545 nm, 551 nm, 566 nm, 572 nm of 
Ni1-xZnxFe2O4 ferrites (fig. 3-4), observed upon 
excitation with the 532nm line from the YAG Nd 
laser, are interpreted as a consequence of the Raman 
effect, the study of which can be found in [1]. 

Characteristic, as indicated in [34] for the 
tetrahedral oxygen environment of the Fe3+ cation is 
the presence of absorption bands of about 435 nm and 
the absence of bands of 909 nm. In this case, the 448 
nm luminescence band observed in our experiments in 
Ni1-xZnxFe2O4 can be assigned to the 6A1g 

 4T2g 
transition, the 407 nm band to the 6A1g 

 4T2g 
transition, and 373 nm to the degenerate transitions: 
6A1g 

 4A1g и 6A1g 
 4E. 

The UV- V is photoluminescence spectra of 
NiFe2O4 were obtained upon excitation by the 325 nm 
line. It can be noted that the observed violet maxima at 
372 nm, 420 nm, the blue band at 486 nm and the 
green band at 530 nm are quite consistent and 
interpreted with the published absorption and 
luminescence spectra (see table 2). 

Radiation from the violet region, as indicated in 
[35], arises due to transitions of electrons from the 
shallow donor level to the valence band. Blue 
radiation was attributed to free and bound excitons at 
the band boundary [36]. In addition, it is generated by 
electronic transitions from the near conduction band to 
acceptors of deep levels and transitions from deep 
donor levels to the valence band [37]. The green 530 
nm band of radiation refers to an oxygen vacancy with 
other defects associated with the vacancy [38]. 

Physically, the basis of the Ni1-xZnxFe2O4 
photoluminescent spectra interpretation was the 
conclusions of the crystal field theory [39-41and 
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other]. In crystalline fields of tetrahedral and 
octahedral symmetries, the fivefold degenerate 6S 
level of the 3d5 electrons of the Fe3+ cation is split 
into two energy levels, separated by an energy gap of 
10Dq (fig.5). The type of splitting is determined by 

the symmetry of the environment with O2– anions. 
The splitting of the transition metal ion levels in an 
octahedrally coordinated crystal field is opposite to 
the tetrahedral field, that is, with a higher doublet eg 
and lower triplet t2g. 

 

 
 

Fig. 5. (a) octahedral and (b) tetrahedral symmetry. In the crystal field, the 3d5 orbital splits into doublet eg, and triplet t2g     
           levels. The amount of splitting between levels is 10 Dq.  

 
a. octahedral symmetries: the doubly degenerate eg 

level and the triple degenerate t2g level form a 
high-spin electron configuration (t2g)3(eg)2 
with an effective spin of 5/2. Crystal field 
stabilization energy (CFSE) for electrons t2g and 
eg: 

 

(CFSE)=3(-0.4oct)+2(0.6oct)=0 
 

b. The (CFSE) for low-spin electron configuration 
(t2g)5(eg)0:5(-0.4oct)+2P=-2oct+2P, 
where 2P is pairing energy term 

c. For Fe2+ cation (d6 ion) in a spherical crystal 
field, one d orbital contains spin-paired electrons 
and four orbitals is singly occupied. The high-
spin electron configuration in octahedral field is 
(t2g)4(eg)2 and (CFSE)=-0.4oct. For a low-
spin d6 electron configuration (t2g)6(eg) 0 
(CFSE) =-2.4oct +2P 

d. For Ni2+ cation (d8 ion) in a spherical crystal 
field, d orbital contains three spin-paired 
electrons and two orbitals is singly occupied. The 
high-spin electron configuration in octahedral 
field is (t2g)6(eg)2 and (CFSE)=-1,2oct 

e. For Zn2+ cation (d10 ion) in a spherical crystal 
field, d orbital is full and (CFSE)=0 
Additional splitting of the eg and t2g levels can 

occur as a result of tetragonal, trigonal, or 
orthorhombic distortions of tetrahedrons and 
octahedra [42], and these levels are filled with 
electrons in accordance with the Hund rule. According  

to the Jahn – Teller theorem (JT), in the ground state 
only spin degeneracy is allowed, and all other 
degeneracy is removed with small distortions of the 
octahedra or tetrahedra, which reduce the symmetry of 
the crystal [43]. Then: for d5, a weak low-spin JT is 
observed; for d6 - weak high-spin JT; for d8 - not JT 
effect expected. 

For a regular tetrahedron, the splitting of the d 
orbitals is inverted compared with that for a regular 
octahedral structure, and the energy difference Δtet is 
smaller. The relative splittings: Δtet = 4/9Δoct. As well 
known, tetrahedral complexes are almost invariably 
high-spin. Only a strong field ligand which lowers the 
symmetry of the complex can lead to a low-spin 
„distorted tetrahedral‟ system.   
 

5. CONCLUSION 
 

The optical and luminescent spectra of Ni1-

xZnxFe2O4 ferrite nanopowders with х=0;0,25;0,4;0,5; 
0,6;0,75;1,0 were investigated in 4000-50 cm-1 and 
200-700nm at room temperature. The agreement with 
the data of published studies of other authors allowed 
us to give a hypothetical interpretation of the results. 
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The C60/glass, C60 /porous Si /Si (C60/PS/Si) thin film structures were prepared and studied by scanning probe 

microscopy at room temperature. AFM image of the fullerene C60 film deposited on glass substrate at room temperature, 
obtained in non-contact mode shows the dense and regular character of the clusters. Carbon and silicon distributions in the 
porous part of the C60/PS/Si structure were determined. It was shown that the C60 molecules penetrate deep into PS closely to 
single part of the silicon. Moreover, the EDS analysis shows the presence of oxygen in PS along with the C60 molecules. 
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PACS: 535.399 

 
1. INTRODUCTION 

 
C60 thin films deposited on different substrates 

have been prepared and extensively studied for a long 
time since the discovery [1] of C60 bucky ball 
molecules. Today, room temperature solid phase of 
C60 is known as phase centered cubic (fcc) pristine C60 
[2] or, shortly, fullerite C60. The available vast 
experimental data on optical and electronic properties 
of fullerite C60 witness that along with emerged band 
properties, solid state manifestation of C60 retain clear-
cut molecular fingerprints, such as vibronic transitions 
and Frenkel excitons [3]. 

Interpretation of the available numerous 
experimental data on optical transitions at, below and 
above band gap remain rather controversial up to now. 
According to optical absorption and luminescence 
measurements [4-6], the distance between the 
occupied (HOMO) and unoccupied (LUMO) states is 
between 1.5 and 2.7 eV. Such a big uncertainty is 
largely associated with the overlapping of the spectral 
features of the molecular and purely band transitions 
at small values of absorption coefficient. 

In the present work scanning probe microscopy 
(AFM, SEM, EDS) studies of C60 thin films on soda 
lime glass (SLG) substrate and C60/PS/Si multilayer 
structures, for which the molecular radiative 
transitions strongly dominate over interband radiative 
transitions, are studied. X-ray diffraction and Raman 
spectroscopy analyses are also done for the sake of 
completeness. The results of the studies can be useful 
for the interpretation of the available numerous 
experimental data on optical transitions in these 
structures. 
 

2.  EXPERIMENTAL DETAILS 

 

High purity (99.99%) fullerene powder (C60) was 
deposited on soda lime glass substrate (C60/SLG) by 
sublimation technique in a vacuum of 10-6 Torr. For 
comparison, the same fullerene powder was also 
deposited directly on silicon (C60/Si) and porous 
silicon (C60/PS/Si) preliminarily fabricated on silicon 
substrate by anodic etching. The thicknesses of C60 
films were measured during evaporation by using a 

deposition controller (Inficon, Leybold) and were in 
the range of 100-200 nm. PS layers with thickness of 
10-20 μm were prepared on p-type Si substrate (with 
resistivity ρ≈10 Ω.cm) by anodic etching in HF: H2O 
solution under the white illumination [7]. The average 
porosity, i.e. the void fraction in the porous layer was 
measured by gravimetric technique, using the equation 
P = {(m1 – m2) / (m1 – m3)} 100 % [8]. Here m1 is Si 
sample mass before the etching, m2 after etching and 

m3 after the removal of the porous layer by rapid 
dissolution of the completely porous layer in a 3% 
KOH solution. The porous silicon thickness (d) was 
determined using the equation d = (m1 – m2) / ρS, 
where ρ is the Si density (2.33 g/cm3) and S is the 
etched surface. The average porosity for PS layers and 
density of pores were found to be 70-75% and 3.4 1010 
cm-2, respectively. 

X- ray diffraction (XRD) analyses of the films 
were carried out using Bruker D2 Phaser (Germany) 
diffractometer in θ-2θ scan mode with Ni-filtered 
CuKα radiation (λ=1.54060 Ǻ) source. 

Topography analysis of the films were performed 
in Smart SPM 1000 AIST NT (Tokyo Instruments, 
Japan). Cross-section and elemental analyses of the 
multi-layer structures carried out using Scanning 
Electron Microscopy SEM S-4800 with EDS system 
(Hitachi Ltd., Japan). 

Raman spectra were measured by Confocal 
PL/Raman microscope Nanofinder 30-NM01 (Tokyo 
Instruments, Inc.). All of the measurements were 
performed at room temperature. 

 

3. RESULTS AND DISCUSSIONS 

 
XRD patterns of the films did not reveal any 

noticeable reflexes. A weak reflex around 2 θ~11º 

(most intensive line of C60 with high degree of 
crystallinity [9]) appears after relatively long time 
exposure of the samples to X - rays. This is caused, in 
the first place, by low thicknesses of the obtained 
films. Of course, incomplete crystallization of the 
films obtained at room temperature contributes as 
well. However, the results of the detailed Raman 
studies on the films show that the last factor is not 
decisive. 
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Fig. 1. Raman shift of C60 film on SLG substrate. 

 
The Raman spectrum of a C60 film excited with 

532 nm laser is shown in Figure 1. Close inspection of 
the obtained spectrum shows that the last reproduces 
practically all Raman active modes observed so far on 
the perfect examples of C60 solids [4,8]. These modes 
lie above 260 cm-1 and are intra-molecular in nature. 
The mode with frequency 33 cm-1 is external (inter-

molecular) mode and corresponds to librational 
motions [4].  

Figure 2 shows the 3D AFM image of the 
fullerene C60 films deposited on soda lime glass (SLG) 
substrates at room temperature. The image is obtained 
in non-contact mode taken over a scale of 4 ×4 μm

2.  

    

 
Fig. 2. AFM image of C60 film on glass substrate. 

 
Common surface roughness indices, such as root 

mean square (RMS) roughness and mean roughness 
(Ra), are 17.8 nm and 17.3 nm, respectively. It is seen 
that the prepared C60 film is dense and characterized 
by regularity of the clasters.     

In fig. 3, 2D (upper, left hand) and cross-section 
(upper, right-hand) Scanning Electron Microscopy 
(SEM) and Energy Dispersive Spectroscopy (EDS) 
(lower, left - hand)  images  of  C60/PS/Si  multilayer 

structure is displayed. 
Lower right-hand picture shows carbon, silicon 

and oxygen distributions in the porous part of the 
structure. As it is clearly seen, the C60 molecules 
penetrate deep into PS closely to single part of the 
silicon.  

Moreover, the EDS analysis shows the presence 
of oxygen in PS along with the C60 molecules. 
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Fig. 3. 2D (upper row, left hand) and cross-section (upper row, right-hand) SEM and EDS (lower row, left hand) and Si, C, O 
distribution (lower row, right hand) images of C60/PS/Si structure. 

 
4. CONCLUSION 

 
Fullerene C60 film on glass is dense and 

characterized by regularity of the clusters. The Raman 
spectrum of the film shows that the last reproduces 
practically all Raman active modes observed so far on 

the perfect examples of C60 solids.  C60 molecules in 
the C60/PS/Si multilayer structures penetrate deep into 
PS closely to single part of the silicon. The EDS 
analysis shows the presence of oxygen in PS along 
with the C60 molecules. 
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Samarium sulfide thin films with thickness in the range from 40 to 100 nm were deposited on vacuum annealed 

sapphire plates that received ion beam treatment after annealing to reduce surface roughness. The deposited thin films were 
then subjected to vacuum annealing and ion beam treatment again and films surfaces good enough to use scribing to create 
nanosize surface elements were obtained. Diffraction grating was then prepared with the aid of a diamond coated cantilever 
and examined using electric force (EF) and magnetic force (MF) modes of atomic force microscope (AFM). The prepared 
grating was shown to have semiconducting channels between the metallic grooves separated from one another by 100 nm 
distance. The disclosed distinct properties of the grating are discussed in terms of variable valence of Sm ions. It is figured 
out that SmS thin films are very promising as materials to scribe on and obtain desirable surface architecture. 
 
Keywords: Atomic Force Microscopy, SmS polycrystalline film, nanoscale structures, diffraction grating, Magnetic Force 
Microscopy, Electric Force Microscopy. 
PACS: 535.399 

 

1. INTRODUCTION 
 
Phase-change materials revolutionized media 

industry by providing inexpensive, high-speed, 
portable and reliable platform for vast volume data 
storage. Such a great application became possible due 
to semiconductor-to-metal phase transition that 
dramatically changes all their physical properties, 
allowing eventually to controllable switching between 
two stable states. This work is addressed to feasibility 
of using the rare-earth based phase-change material 
such as SmS to obtain multifunctional elements at the 
nanoscale. The idea underlying the work originates 
from variable valence of Sm, that leads to 
semiconductor-to-metal phase transition in SmS under 
mechanical deformation. 

SmS advantageously differ from other 
semiconductors in that metallic state is reached in this 
material under quite low external pressure. It has 
recently become clear [1] that SmS polycrystalline 
films exhibit cluster structure. The cluster sizes in 
SmS films vary within 5 -100 nm, depending on film 
growth conditions and after-growth treatment. A 
semiconductor-type conductivity is observed for 
cluster larger than 20 nm. On the other hand, 
conductivity is metallic when cluster size is below 20 
nm [1]. SmS is known as n-type cubic semiconductor 
with lattice parameter a =5.97Å at room temperature 
[1]. SmS shows semiconductor-to-metal phase 
transition under pressure due to the change of the 
valence of Sm ions from Sm2+ to Sm3+ +е [2]. 

Normally, 4f-levels of Sm2+ ions positioned in the 
knots of the crystal lattice of SmS are 0.23 eV below 
the conduction band bottom.   However, they move at 
a rate of 0.16 meV/MPa towards conduction band 
bottom under compression and enter conduction band.   

According to model calculations [3], the pressure 
of phase transition into metallic state is more than 
1000 МРа and 650 MPa for thin film and bulk 

material, respectively. Heating of the polished (and, 
hence, partly metallic) SmS samples up to 500 -600 K 

leads, as observed [4], to reversible change back to 
completely semiconducting phase. Note that voltage 
emerging during such heating performed in the 
absence of temperature gradients [5] is indicative of 
concentration gradients caused by Sm excess against 
its stoichiometric concentration. 
 
2.   PREPARATION DETAILS 
2.1 THIN FILM AND DIFFRACTION GRATING 

PREPARATION 

               
We used thermo-vacuum deposition technique 

[2] to obtain SmS submicron thin films. In our case 
substrate temperature was 600 С while deposition 

from target occurred at 2500- 2700 С. Film thickness 

was monitored during deposition using well-known 
piezo-plate method [6]. 

It is straightforward that substrate selection is 
very important for obtaining homogeneous thin films 
of such a "gentle" material like SmS. The main 
criterion for selection is possibly small lattice 
mismatch between substrate and samarium sulfide.  
Besides, surface roughness of the used substrate shall 
be negligible. As our observations have shown, 
unfulfilling of either of the above two conditions 
results in inhomogeneous SmS thin films due to local    
mechanic deformation. 

We used sapphire substrates which were 
preliminary annealed at 1500ºС during 4 hours. 

After annealing, substrates received ion 
treatment for 2 hours in addition. Above annealing 
and ion cleaning were repeatedly performed unless 
surface roughness of the substrates was 
 down to 6 nm. 

Thickness of the SmS thin films obtained on 
sapphire substrates was within 40 -100 nm. Annealing 
at 600ºС followed SmS thin film deposition.  

Perfection of the annealed films was examined using 
X-ray diffraction technique by means of a XRD D2 
PHASER (Bruker, Germany). Surface topography of 
the films was studied using atomic force microscopy 
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system AFM SmartSPM™ with measuring head 

AIST-NT. Resonance frequency of diamond 
cantilever was 305.6 kHz. 

Fig. 1 (a) and 1 (b) show topographic images of 
sapphire substrate and SmS film deposited on this 
substrate, respectively. Surface roughness of the 
substrate is below 6 nm while that of SmS film is 
below 3 nm. We used scribing method [7] to prepare 
diffraction grating on the surface of SmS thin films. 
The parameters such as scribing rate, depth etc.  were 

varied in accordance with preliminary estimations 
done with allowance for relevant properties of thin 
film and cantilever materials. 

3D images of the diffraction grating obtained on 
the surface of the synthesized SmS films are shown in    
fig. 2. The images belong to the same grating. 

The total area of the obtained grating is up to 
10x10m2. The groove frequency is 10 m-1, the 
scribing depth is from 10 to 20 nm (by about 15 nm). 

 
 

Fig.  1. "Diffraction lattice" type nanoelements on the surface of nanothickness SmS. 
 
 

 
 
Fig. 2.  The topographies of the profiles of SmS sample surface received by the two-pass technique. The profile of 

topography of the surface with the applied grooves is given in the top chart. In the bottom chart is given the 
amplitude-phase contrast of the resonant fluctuations of the probe.  

 

 

3.  ELECTROSTATIC FORCE AND MAGNETIC 

FORCE MICROSCOPES 

 
Electrostatic   Force Microscopy (EFM) and 

Magnetic Force Microscopy (MFM) we applied in this 
work were based on two-pass contactless 
measurements. Surface topography was taken in the 
first pass and second pass in which vibrating 
cantilever remained at constant height while moving 
above the surface   allowed to obtaining a map of 
electrostatic or magnetic interaction between 
cantilever tip and surface under consideration.  

 

3.1 ELECTROSTATIC FORCE MICROSCOPY 

PROFILE 
 

Fig. 3 (top part) displays topographic profile of 
the grating with grooves separated from one another 
by 400 nm distance. This grating with low groove 
frequency was specially prepared for EFM studies to 
avoid possible electrostatic influence of the grooves 
on each other. Fig.4 (bottom part) shows the 
amplitude-phase contrast for resonance vibrations of 
the cantilever tip. It is clearly seen that inter-groove 
regions show no change in signal. Note that any 
change in signal's amplitude or phase is determined in 
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this case by the first derivative of the electrostatic 
interaction between surface and cantilever (8).  

The obtained profile of the amplitude phase-
contract witnesses that scribing with resultant grating 
creation leads to the ordered electrostatic field 
distribution that reflects ordered concentration 
gradient of the charged particles. This gradient is 
supposed to emerge due to partial metallization of the  

SmS surface after scribing. More exactly, the surface 
edges of the grooves are metallic while regions 
between the grooves remain semiconducting. Shown 
in fig. 5 and supports above assumption regarding 
partial metallization of SmS.  According to our 
estimations, the concentration of Sm ions that raised 
their valence to 3+ is approximately 90 cm -3 per 1 nm 
groove length.  

 

 
Fig. .3. a - dependence of electrostatic force on "z" distance of the tip provision to SmS film surface; b - determination of the 

activation energy magnitude at the set mode of dicing; c – three components of force of interaction cantilever- SmS 
film; d -the established Ec profile after groove dicing Using calculations data (fig. 2, and 4 a), and also experimental 
data (fig. 6, b) of activation energy changes for thin polycrystalline SmS films, the optimum mode (fig. 4 is 
established, b) of grooves dicing of the diffraction lattice (fig. 3) was set. 
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3.2    MAGNETIC FORCE MICROSCOPY PROFILE  

 
Fig. 4.  2D profiles of the sample surface of samarium sulfide: a – surface topography; b – the MFM profile of the surface. 
 

It   is   known   that   magnetic   susceptibility of 
semiconducting   SmS   is   practically independent of 
temperature [9], which is typical for paramagnetic 
materials [10]. Magnetic susceptibility of metallic 
SmS is lower in comparison with semiconducting 
phase [4], which is caused by transition of Sm2+ ions 
into Sm3+ state [9].  AFM and MFM data for the 
grating shown in fig. 3 are given in fig. 6. The data 
were obtained using Pt coated Co-Cr cantilever with 
resonance frequency 160 kHz.  It is well known that 
any contrast in MFM images reflects change in sample 
magnetization [11]. Comparison of periodic 
oscillations in topographic 2D profile (fig. 6, top part) 
with   those in MFM 2D profile (fig. 5, bottom part) 
just witnesses that groove's edge is interacting with the 
tip of Co-Cr cantilever weaker than groove's depth. 
This is completely consistent   with the fact that 
magnetic susceptibility of the metallic SmS is smaller 
than that of the semiconducting SmS. To overall, 
MFM data, along with previous EFM data are 
unambiguous regarding the co-existence of 
semiconducting and metallic phases in gratings 
prepared by scribing the surface of SmS thin films. 

 4.   CONCLUSION  
 

We have managed to prepare nano-dimensional 
diffraction grating on the surface of SmS thin film, 
thus showing that this material can be used for 
creation of   desirable surface architecture   by   
scribing.  Besides AFM, we   have   also   performed   
EFM   and   MFM characterization of the obtained 
gratings that have been shown to be two-phase 
structures with metallic edges separated by 
semiconducting channels.  In fact, the distinct feature 
of the obtained structure is   simultaneous presence of 
purely geometric modulation and spatial modulation 
of electric and magnetic properties.   This might be 
useful for development of multifunctional logic 
elements at the nanoscale. 
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