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𝑞(𝑡) = −
𝑎̈(𝑡)𝑎(𝑡)

𝑎̇2(𝑡)
= −

ӓ(𝑡)

а(𝑡)

1

𝐻2(𝑡)
, 

 

where 𝑎 is the scale factor of the universe, and the dots denote derivatives with respect to proper time. The 

expansion of the universe is considered to be accelerated if ӓ > 0, in which case the deceleration parameter 

will be negative. 

For the most complete description of the kinematics of the cosmological expansion, it is useful to con-

sider the expanded set of parameters. The function in terms of derivatives of the scale factor and their value 

at the power low the scale factor (13) is equal to: 

Hubble parameter 

𝐻(𝑡) =
1

𝑎

𝑑𝑎

𝑑𝑡
=

𝛼

𝑡
, 

Deceleration parameter 

𝑞(𝑡) = −
1

𝑎

𝑑2𝑎

𝑑𝑡2
(

1

𝑎

𝑑𝑎

𝑑𝑡
)

−2

= −1 +
1

𝛼
, 

Jerk parameter 

𝑗(𝑡) =
1

𝑎

𝑑3𝑎

𝑑𝑡3
(

1

𝑎

𝑑𝑎

𝑑𝑡
)

−3

= 1 −
3

𝛼
+

2

𝛼2
, 

Snap parameter 

𝑠(𝑡) =
1

𝑎

𝑑4𝑎

𝑑𝑡4
(

1

𝑎

𝑑𝑎

𝑑𝑡
)

−4

= 1 −
6

𝛼
+

11

𝛼2
−

6

𝛼3
. 

The parameters of deceleration, jerk and snap are dimensionless. These parameters are used to study the 

dynamics of the later universe. The physical properties of the coefficients can be deduced in the form of the 

Hubble expansion. In particular, the sign of the parameter 𝑞 indicates whether the Universe is accelerating or 

decelerating. The positive sign 𝑗 defines a change in dynamics, indicating the emergence of a transitional 

time during which the universe modifies its expansion [35]. The meaning 𝑠 is necessary to distinguish the 

evolutionary term of dark energy or the behavior of the cosmological constant. Using them, you can rewrite 

expression (15) as 

 

𝑎(𝑡) = 𝑎0 [1 + 𝐻0(𝑡 − 𝑡0) −
1

2!
𝑞0𝐻0

2(𝑡 − 𝑡0)2 +
1

3!
𝑗0𝐻0

3(𝑡 − 𝑡0)3 +
1

4!
𝑠0𝐻0

4(𝑡 − 𝑡0)4]. 

 

Accelerated growth of the scale factor occurs at 𝑞 < 0. Accelerated increase in the speed of expansion, 

𝐻 > 0, corresponds to 𝑞 < −1. 

Energy conditions 

In the GR theory and modified theories of gravity, the distribution of mass, the momentum and the an-

gular momentum must have values for any field described by the energy-momentum tensor or the matter ten-

sor. However, Einstein's field equation does not impose restrictions on the types of states of matter or non-

gravitational regions allowed in the space-time model. This is a strong point, since general relativity should 

be as independent as possible from any assumptions of non-gravitational physics. The weak point is that Ein-

stein's equation allows for solutions based on properties that most cosmologists regard as non-physical, i.e. 

too unusual to correspond to anything in the real universe. The energy conditions are such criteria. They de-

scribe properties characteristic of all states of matter and all non-gravitational regions studied in physics. 

Many non-physical solutions of Einstein's equations can be excluded with the help of energy conditions. In 

cosmology, these four energy conditions are of great importance. 

 Null Energy Condition (NEC) 

 

𝜌 + 𝑝 ≥ 0. 
 

Weak Energy Condition (WEC) 

𝜌 ≥ 0, 𝜌 + 𝑝 ≥ 0. 
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Strong Energy Condition (SEC) 

𝜌 + 3𝑝 ≥ 0, 𝜌 + 𝑝 ≥ 0. 
 

Dominant Energy Condition (DEC) 

𝜌 ≥ 0, −𝜌 ≤ 𝑝 ≤ 𝜌. 
 

For our model (13) the energy conditions will take the following form 

NEC 
2𝛼

𝑡2 ≥ 0. 

 

WEC 

3𝛼2

𝑡2
≥ 0,   

2𝛼

𝑡2
≥ 0. 

SEC 
6𝛼

𝑡2
(1 − 𝛼) ≥ 0,      

2𝛼

𝑡2
≥ 0. 

DEC 

3𝛼2

𝑡2
≥ 0, −

3𝛼2

𝑡2
≤

(2 − 3𝛼)𝛼

𝑡2
≤

3𝛼2

𝑡2
. 

 

 
(a) Null energy Condition (5) (b) Strong energy Condition (5) 

 

(c) Weak energy Condition (5) (d) Dominant energy Condition (5) 

Figure 5. Energy Condition 
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NEC is shown in Figure 5(a) (𝜌 + 𝑝 is a solid line). WEC is shown in Figure 5(b) (𝜌 — solid line, 𝜌 +
𝑝 — dotted line). SEC is shown in Figure 5(с) (𝜌 + 3𝑝 — dotted line, 𝜌 + 𝑝 — solid line). DEC is shown in 

Figure 5(d) (𝜌 — dashed line, 𝜌 — solid line, 𝑝 — dotted line). These conditions impose simple and model-

independent constraints on the behavior of energy density and pressure. For our model, a null energy condi-

tion, a strong energy condition, a dominant energy condition, and a weak energy condition, which is not 

mandatory, are fulfilled. 

Conclusion 

In this work, we analyzed a cosmological model with two components, the scalar field and the fermion-

ic field, interacting through a Yukawa-type potential. Cosmological solutions are obtained analytically for a 

given value of the exponential and power scale factor. We investigate a particular solution in which it was 

found that the Yukawa-type potential affects the density but does not contribute to the total pressure. These 

limitations were studied using cosmological solutions with evolving equations of state, such that a smooth 

transition between different epochs can always occur in the universe. We also considered some scalar-

fermionic model that can describe a single of dark energy — dark matter. To describe the kinematics of the 

cosmological expansion, we found a wide set of parameters a small power scaling factor: the deceleration 

parameter 𝑞, the jerk parameter 𝑗, and the snap parameter 𝑠. 
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П.Ю. Цыба, Г.С. Алтаева, О.В. Разина  

Минималды өзара әсерлесуін қамтитын материя өрістерінің сызықты 

лагранжиандары бар скалярлық-фермиондық модельді зерттеу 

Мақалада Юкава типті потенциал арқылы әрекеттесетін скалярлық және фермиондық өрістері бар 

Әлемнің моделі зерттелген. Зерттелетін модельде қараңғы энергияның жалпы тығыздығы мен қысы-

мына өрістердің әрқайсысының құрамдас бөлігі бойынша үлестері анықталған. Космологиялық мо-

дель есептерін шешуде функционалды уақытқа тәуелді екі шешімі бар масштабты фактор қарасты-

рылған. Юкава типті өріс жалпы қысымға өз үлесін қоспайды. Дәрежелік жағдайда фермиондық өріс, 

ал экспоненциалды — скалярлық өрісте толық қысымға көбірек үлес қосады. Көп жағдайларда, кос-

мологиялық ұлғаюдың әртүрлі модельдерінде Әлем кезекті дәуірлер арасында ауысуды жүзеге асыра-

ды. Бұл заңдылықтар скалярлық және фермиондық өріс әсерлесу профиліне және жалпы космология-

лық динамикаға белгілі бір шектеулер қояды. Зерттелетін модельді тексеру үшін энергетикалық жағ-

дай анықталды. Зерттелетін модельде нөлдік энергетикалық жағдай, күшті энергетикалық жағдай, үс-

темдік энергетикалық жағдай орындалады және міндетті емес әлсіз энергетикалық жағдай орындал-

майды. Космографиялық параметрлердің — 𝑞 баяулату параметрі, 𝑗 серпілу параметрі және 𝑠 басу 

параметрлерінің дәрежелік масштабты факторының мәнімен қалай байланыстыруға болатындығы 

көрсетілген. Бұл шектеулер космологиялық шешімдерді қолдана отырып, эволюционалдық күй теңде-

уімен зерттелді, осылайша Әлемде әр түрлі дәуірлер арасында бірқалыпты ауысу болуы мүмкін. Зерт-
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теліп отырған скалярлық-фермиондық модельдер Әлемнің үдемелі ұлғаю режимдерін сипаттайды. 

Алынған нәтиже бойынша шешімдер, бақылау деректер нәтижелерімен теориясына болжау сәйкес ке-

леді. 

Кілт сөздер: скалярлы өріс, фермиондық өріс, Юкава типті әсерлесу, минималды әсерлесу, энергети-

калық жағдай, космография. 

 

П.Ю. Цыба, Г.С. Алтаева, О.В. Разина 

Исследование скалярно-фермионной модели, содержащей линейные 

лагранжианы полей материи, в рамках минимального взаимодействия 

В статье исследована модель Вселенной со скалярными и фермионными полями, взаимодействующи-

ми через потенциал типа Юкавы. В данной модели определены покомпонентные вклады каждого из 

полей в полную плотность и давление темной энергии. Рассмотрено решение космологической моде-

ли для масштабного фактора с двумя функциональными зависимостями от времени. Поле типа Юкавы 

не дает своего вклада в общее давление. В степенном случае больший вклад в полное давление осу-

ществляет фермионное поле, в экспоненциальном — скалярное. Существует множество случаев, ко-

гда Вселенная совершает переход между последующими эпохами в различных моделях космологиче-

ского расширения. Эти закономерности накладывают некоторые ограничения на профиль скалярно-

фермионного взаимодействия и на общую космологическую динамику. Для проверки исследуемой 

модели найдены энергетические условия. В указанной модели выполняется нулевое энергетическое 

условие, сильное энергетическое условие, доминирующее энергетическое условие и не осуществляет-

ся слабое энергетическое условие, которое необязательное. Показано, как можно связать космографи-

ческие параметры — параметры замедления 𝑞, рывка 𝑗 и щелчка 𝑠 со степенным значением масштаб-

ного фактора. Авторами исследованы ограничения, с использованием космологических решений с 

эволюционирующим уравнением состояния, таким, что во Вселенной всегда может произойти плав-

ный переход между разными эпохами. В исследуемой скалярно-фермионной модели описаны уско-

ренные режимы расширения Вселенной. Полученные решения соответствуют результатам, предска-

занным теорией. 

Ключевые слова: скалярное поле, фермионное поле, взаимодействие типа Юкавы, минимальное взаи-

модействие, энергетические условия, космография. 
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Instability in multi-valley semiconductors in external electric and magnetic fields 

It is theoretically proved that the excited wave in two-valley semiconductors is growing. It is indicated that 

the directions of external fields play an essential role for the appearance of growing waves in the sample. It is 

shown that oscillations can occur at certain values of the sample dimensions x y zL ,L ,L Analytical formulas 

for the frequency of the growing waves are obtained. The interval of variation of the external electric field in 

a strong magnetic field H c   has been determined. The paper takes into account that the time of transi-

tion from the lower valley to the upper valley differs from the time of transition from the upper valley to the 

lower valley. It means 12 21  In the sample, the total concentration is constant, and therefore,

constnnn ba =+=0 . The changes in the corresponding concentrations are equal to each other and have 

the opposite sign, i.e. ba nn −= . It is taken into account that at critical values of the electric and magnetic 

fields and the corresponding concentrations they change as a monochromatic wave. And the change in these 

quantities differs little from their equilibrium value. For simplicity of mathematical calculations, the external 

electric and magnetic fields are directed in the same way, i.e. in x direction. Since the current oscillations in 

one direction (for example, along x) are studied in the experiment, the following equalities were taken into 

account 0,0 == zy jj . In the vicinity of the critical field at the beginning of the current oscillation in the 

sample, the current oscillation frequency is 10  i+= , 01   . In addition, the magnitude of the 

critical electric field, at which the current fluctuation changes depending on the magnetic field as follows

4

1
~

external

kr
H

E . 
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Introduction 

In [1-5], current oscillations in semiconductors with one type of charge carriers and in semiconductors 

with two types of charge carriers were theoretically investigated. In these theoretical studies, analytical ex-

pressions were obtained for the vibration frequency and for the critical electric field at the onset of vibration 

inside the sample. It is known that fluctuations in the current in the Gunn effect occurs due to the transition 

of electrons from a low energy level to a higher energy level. Of course, after the transition of electrons from 

the lower energy level to the upper energy level, the number of charge carriers in the lower valley decreases, 

and in the upper valley their number increases. After the inelastic interaction of charge carriers, losing the 

energy received from the electric field, they return to the lower valley. The transition time from the lower 

valley to the upper valley 12  differs from the time of the transition from the upper valley to the lower valley

21 , i.e. 

12 21 
.

      (1) 

Under the influence of external electric magnetic fields, current fluctuations in the circuit occur due to 

the presence of inequality (1). The effective mass of charge carriers am in the lower valley, and the effective

mass of charge carriers bm
differ significantly 

a bm m   (2) 

(in GaAs, a 0m 0,072m= , b 0m 1,2m= , 0m is the mass of a free electron). In the Gunn effect [6], current 

oscillations begin at a critical value of the external electric field, approximately cm
V3102 

or cm
V3103 

. In 

these critical values of the electric field, the inequality 
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0eE L D n                                                                            (3) 

( L  is electron mean free path, e is elementary charge, D  is diffusion coefficient, n  is electron con-

centration gradient). In force (3), during the transition from valley a to valley b, diffusion currents do not 

play the main role. In this theoretical work, we will investigate current oscillations in semiconductors of the 

GaAs type under the action of an external constant electric and magnetic fields, taking into account inequali-

ties (1-3). Under the conditions of execution (1-3) and taking into account the direction of the external elec-

tric and magnetic fields, we will theoretically investigate the frequency of current oscillations in the above 

semiconductors and the critical value of the external electric field. We will investigate current oscillations in 

two-valley semiconductors at different directions of external electric and magnetic fields. 

Basic equations of the problem 

The electron concentration in GaAs is constant, therefore 

0 a bn n n const= + =  

a bn n = −
.
 (4) 

The equation of continuity in the valleys “a” and “b” is as follows: 

a a
a

12

n n
divj

t 

 
+ =


 (5) 

b b
b

21

n n
divj

t 

 
+ =

 .

 (6) 

 

Taking into account (3) in the presence of external electric and magnetic fields, the expressions for the 

flux density in the valleys “a” and “b” have the form: 

a a 1a 2aj E EH H EH     = + +     (7) 

b b 1b 2bj E EH H EH     = + +    .
 (8) 

Here a,b a,b a,ben = ; 1a,b a,b 1a,ben = ; 2a,b a,b 2a,ben = , a,b 1a,b 2a,b, ,  
,
 corresponding to electron mo-

bility 

H
irotE

t


= −

 .
 (9) 

Theory 

To determine the dispersion equation from (5, 6), taking into account (7-9), we will assume that all var-

iable quantities change as monochromatic waves, i.e. 

( ) ( )i kr wt

a bE ,H ,n ,n ~ e
−

   
   [8]

 

( k  is wave vector,  is vibration frequency within the sample) 
0 0

0 a a a b b b 0E E E ,n n n ,n n n ,H H H   = + = + = + = +
.
 (10) 

The direction of the magnetic field 0H  relative to the electric field 0E is essential for determining the 

dispersion equation. First, we obtain the dispersion equation from (5-6) with the orientation of the electric 

and magnetic fields by the following sample 

0 0 0 0E iE ,H iH= =  (11) 

( i  is unit vector in x). On the basis of (11) from (7) it is easy to obtain: 

( ) ( ) ( )
0 0

0 0 0 0 0 0a 1a 0 2a 0
a a x a a 2a 2a 0 a 2a 2a x x x

a0 0 0

n cE 2 cE
j E i 2E i E i E E k k E kE

n H H

 
       

 


       = + + + + + + − +
   (12) 

bj  has the form (12) only “a” must be replaced by “b”. Writing down the components (12) ( ax ay azj , j , j   ) 

and from the condition ay azj 0, j 0 = =  finds the components yE  and zE   then supplying the values yE and 

zE   in axj  we find: 
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( )

( )

0
2a y 0 y0 02a z 0 a

ax 2a 2a a a x 2a 00 0 2
0 0 x a0a 1a

2
0 y 0
2a

2 ck E 2L2 ck E n1 1
j 1 2 2 E E

H H L nuH
2

ck E2


    

   



 
 
   
   = + + −  − + + 
  

 − 
 
 

 (13) 

 

bxj has the form (13) if “a” is replaced by “b”. Supplying axj and bxj in (14) taking into account (4) 

( )

( )

a 12
ax

12

b 21
bx

21

n 1 i
divj

n 1 i
divj









 +
 =

 +
 =

.

 (14) 

We easily obtain the following dispersion equation 
2

y y y0 0 0 0 0
2a x 0 2a a 2

21 a 0 0 z y 0 a 0 0 x a 0

2
y0 0 0 0

2b x 0 2b b
12 b 0 0 z y 0

L L L4 cE 8 cE 8 cEi 1 1 1
k E 2 2 2

2 E H L L H 4 E H L 4 Eu

L 4 cE 8 cEi 1 1
k E 2

4 E H L L H u

    
    

     

  
   

  

       
  − + − − −   − −  − +    

         

  
 + + − − −  
    

y y0

2
b 0 0 x b 0

L L8 cE1 1
2 2

4 E H L 4 E

 

   

    
  − −  −   
     

(15) 

 

Here a a 2a2 1 2 ,  = + +  b b 2b2 2  = +
.
 

From (15) it turns out: 

3 0 0 2a а
2b x 0 a a 2a x 0

21 b b 12

0 0
a 2b x 0 a x a b a 2a 0 x

21 12

0 0a
a x 2b 0 x x a 2a x 0

21 b 12

mi i
k E k E

m

i i
k E E k

mi i
E k k E 0

m


     

  

        
 

     
 

  
− + + + + +  
   

    
+ + + + + −    
     

   
− + − + =   

   

 (16) 

Here 0
x

0 x

16 cE

H L


 = , 

y

a a
a 0 x

2cL
2

H L
 


= + , 

y

b b
b 0 x

2cL
2

H L
 


= + , 

0
a 0

a
a y

4 E

L





=

.

 

 

Supplying in (16) 0 1i  = + , taking into account 1 0   (17), we obtain the following two equa-

tions for determining 0 and 1  

3 2 2 2 3
0 0 0 1 0 1 0 0 1 1 02 0          − + + − − =  (17) 

2 2 2 2 3
0 1 0 0 1 1 0 0 1 1 0 13 2 0           − − + + − =

.
 (18) 

Here 0
0 2b 0 xE k = , a

1
b 12

m 1

m



=  , 

( )
22

a 02
0

а x y

E64

u L L





=  ; 2 a 0

1
12 x

E8

u k





=  ; 

0 22
3 0 2а а 0
0 2b 2

x

E32

u L

 
 = , 

( )
22

a 03 a
1

a x y 12 b

E m64 2

4 L L m




 
=  

.

 

 

When obtaining dispersion equations (17-18), we assumed that 

b
21 12

а

m

m
 = , y zL 4L= , 

2

b
x y

a

m1
L L

2 m

 
  

  .

 

Analysis of equation (17-18) shows that for 
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0 крE E , 

2

x
кр 0 0

12 2b 2а

L1
K

12  

 
=  
 

 (19) 

0
2b b a

0 0
а 2b

8 m

u m

 



= , b

1
a 12

m1 1

3 m



=   (20) 

And the condition 0 1   is met if 
2

a
12

0b a b

m1

24en m




 
  

  .

 (21) 

It can be seen from (20) that the frequency of the growing oscillations decreases with 1  an increase in 

the external magnetic field as
1

~
H

 , and the critical field decreases as
4

1
~

H
Ekr

. Thus, with an external 

magnetic field, it is possible to obtain current oscillations in two-valley semiconductors at lower values of 

the external electric field. This result was obtained in our previous theoretical works [7]. If we evaluate the 

existing experimental values (19-20), then we can easily get approximate values 

9
0 ~ 10 Hz , 7

1 ~ 2 10 Hz  , cm
VEkr

210~
, 21 126 

.
. 

Now we will choose the following orientation of the electric and magnetic fields 

0 0E iE= , 0 0H jH=
.
 (22) 

With orientation (22), repeating calculations using equations (5.6) taking into account (4), we obtain the 

following dispersion equation 

0 0

2 22 2 2 2
1 b 1 а2 b b1 2 1 2

b a
а а 21 а 12 а а 21 12

u u1 1 i
i 0

     
   

        

+    +
− + − + + − − + =     
      .

 (23) 

Here 

0

2
1 x а bk u = , 

0

2
2 x b аk u = , ( )

0а а а1 2  = + ; ( )
0b b b1 2  = + ; 

( )
a

а 2
0

d ln

d ln E


 = ; 

( )
b

b 2
0

d ln

d ln E


 =

.

 

From (23) is the electric field 

( )
0 0 0

0 0

a b а b b

0
0 a b x x

2 1 en
E 2

en k k

   


 

+ +
= =

.

 (24) 

Supplying (24) to (23) with 

0 0

0

2 2 2
1 b 2 аb

b
21 а 12 а

1 1
8 en

   


   

+ 
+  = 

  .

 (25) 

We obtain the following expressions for the oscillation frequency in the above two-valley semiconduc-

tors 

( )b
1

21 а 12

1 1 1 i
1 2

22




  

   
= +  +   

  
, ( )b

2
21 а 12

1 1 1 i
1 2

22




  

   
= − +  −   

   .

 (26) 

It can be seen from (26) that the excited wave with frequency b
0

21 а 12

1 1 1

2




  

 
= +  

 
and grows with 

the increment b

21 а 12

1 1 1 1 2

22




  

  +
= +  

  .

 

A wave with a frequency 2  is damped. This means that when the magnetic field is directed perpendic-

ular to the electric field, a wave is excited with a frequency that is very different from the case 00 HE


⊥
. 
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Conclusion 

Two-valley semiconductors with valleys “a” and “b” effective masses of electrons are 𝑚𝑎 ≪ 𝑚𝑏. In an 

external constant electric and magnetic fields, we radiate energy at a high frequency, at certain values of the 

electric field. Magnetic field values are
0a 0H c   and 

0b 0H c  . These fluctuations occur in the sample 

with certain values x y zL ,L ,L . 0 0H E⊥
,
 the oscillation is excited with a different frequency and in a different 

value of the external electric field. Rough estimates of the electric field and vibration frequency within the 

existing experiments are quite satisfactory. 
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Сыртқы электр және магнит өрістеріндегі  

көпжақты жартылай өткізгіштердегі тұрақсыздық 

Екіжақты жартылай өткізгіштердегі қозған толқын біртіндеп артатыны теориялық түрде дәлелденді. 

Сыртқы өрістердің бағыттары үлгідегі артып келе жатқан толқындардың пайда болуы үшін маңызды 

рөл атқаратыны көрсетілген. Тербелістер үлгі өлшемдерінің белгілі бір мәндерінде x y zL ,L ,L  болуы 

мүмкін екендігі дәлелденген. Артып келе жатқан толқындардың жиілігі үшін аналитикалық формула-

лар алынды. Күшті магнит өрісі бар H c 
 
сыртқы электр өрісінің өзгеру аралығы анықталды. 

Жұмыста төменгі аймақтан жоғарғы аймаққа өту уақыты жоғарғы аймақтан төменгі аймаққа өту уа-

қытынан өзгеше екендігі ескерілген. Бұл дегеніміз 12 21  . Үлгіде жалпы концентрация тұрақты, 

сондықтан constnnn ba =+=0 . Тиісті концентрациялардың өзгеруі бір-біріне тең және қарама-

қарсы таңбаға ие, яғни ba nn −= . Электр және магнит өрістерінің критикалық мәндерінде және тиісті 

концентрацияларда монохроматты толқын ретінде өзгеретіні ескерілді. Және бұл шамалардың өзгеруі 

олардың тепе-теңдік мәнінен аз ерекшеленеді. Математикалық есептеулердің қарапайымдылығы үшін 

сыртқы электр және магнит өрістері бір бағытта, яғни х бойынша бағытталған. Экспериментте токтың 

тербелістері бір бағытта (мысалы, x бойынша) зерттелгендіктен, келесі теңдіктер 0,0 == zy jj  бо-

латыны ескерілді. Үлгідегі бастапқы ток тербелісінің критикалық өрісінің айналасында ток тербелісі-

нің жиілігі 10  i+= , 01   . Сонымен қатар, критикалық электр өрісінің шамасы, токтың 

тербелісі магнит өрісіне байланысты келесідей өзгереді 
4

1
~

external

kr
H

E . 

Кілт сөздер: арту, тербеліс, жиілік, өсу, жақты, қозғалыс, тиімді масса, Ганн эффектісі. 
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Э.Р. Гасанов, Ш.Г. Халилова  

Неустойчивость в многодолинных полупроводниках во внешнем  

электрическом и магнитном полях 

Теоретическим образом доказано, что возбуждаемая волна в двухдолинных полупроводниках являет-

ся нарастающей. Указано, что направления внешних полей играют существенную роль для появления 

нарастающих волн в образце. Показано, что колебания могут происходить при определенных значе-

ниях размеров образца x y zL ,L ,L . Получены аналитические формулы для частоты нарастающих волн. 

Определен интервал изменения внешнего электрического поля при сильном магнитном поле 

H c  . В статье учтено, что время перехода из нижней долины в верхнюю отличается от времени 

перехода из верхней долины в нижнюю. Это означает 12 21  . В образце общая концентрация по-

стоянна, поэтому constnnn ba =+=0 . Изменения соответствующих концентраций равны друг дру-

гу и имеют противоположный знак, то есть ba nn −=
 
Учтено, что при критических значениях элек-

трического и магнитного полей соответствующие концентрации меняются как монохроматические 

волны. Изменение этих величин мало отличается от их равновесного значения. Для простоты матема-

тических вычислений внешнее электрическое и магнитное поля направлены в одном направлении, то 

есть по направлению х. Поскольку в эксперименте исследованы колебания тока в одном направлении 

(например, вдоль x), учитывались следующие равенства: 0,0 == zy jj . В окрестности критического 

поля в начале колебания тока в образце, частота колебания тока 10  i+= , 01   . Кроме 

того, величина критического электрического поля, при котором колебание тока изменяется в зависи-

мости от магнитного поля, выглядит следующим образом: 
4

1
~

external

kr
H

E . 

Ключевые слова: нарастание, колебание, частота, приращение, долина, подвижность, эффективная 

масса, эффект Ганна. 
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DFT studies of BaTiO3 

The structure of stable phases is investigated using first-principle calculations based on the functionals: LDA, 
GGA and newly developed general-purpose heavily constrained and appropriately normalized meta-GGA-
functional (SCAN). The purpose of this study is to theoretically study the atomic displacements and band gap 
of the cubic, tetragonal, orthorhombic, rhombohedral perovskite phases for the comparison LDA, GGA-PBE 
and meta-GGA functionals using the density functional theory method. The obtained data of the density of 
states (DOS) showed that the values of the band gap energies are underestimated, and the DOS values show 
that the upper part (valence band) mainly consists of O 2p orbitals, the lower part (conduction band) consists 
of Ti 3d orbitals. The rhombohedral phase has a mixed composition of Ti states in the conduction band with a 
greater degree of 3dz2 than 3dxy. The values of the energies of the band gap (Egap) and the density of states 
show reasonable agreement with experimental and theoretical data. The LDA functional and, to a lesser 
extent, the GGA - PBE functional can also provide fairly accurate information about atomic displacements in 
these crystals. The values calculated by the SCAN functional do not differ much from the GGA and LDA 
functionals. 

Keywords: perovskite, unit cell, density of states, distortion of atoms, band gap, first-principle calculations, 
density functional theory, plane waves, space group. 

Introduction 

Barium titanate - perovskite was discovered half a century ago, but due to its unique crystal structures, 
physical and chemical properties, the material still attracts a lot of attention of researchers. In addition, 
barium titanate has a high dielectric constant, and their excellent piezoelectric and ferroelectric properties are 
also known. Over the past decade, it has become one of the important materials with excellent dielectric, 
ferroelectric and piezoelectric properties, due to which this type of material has great capabilities, which 
allows them to be used in the production of electronic devices. It is one of the most thoroughly studied cubic 
perovskites, and has paraelectric properties at high temperatures and has a simple cubic perovskite structure. 
Most of the ABO3 type perovskites have the same stable phases at different temperatures.  

Perovskites are complex oxides, mainly of the composition ABO3, where A is a divalent metal, and B is 
a tetravalent (transition) metal. Perovskite is the object of scientific research in connection with promising 
electrical, magnetic, photoelectric and redox properties [1-4] for energy production (SOFC – solid oxide fuel 
cell technology) [5]. Perovskites can exist in various phaсe modifications, which generally exhibit different 
properties. The number of phase modifications depends on the specific combination of A and B cations [1, 
6]. Many perovskites, specifically, demonstrate the presence of other phases. The highly symmetrical cubic 
phase of the Pm-3m crystal is also stable at high temperatures and demonstrates a series of three phase 
transitions with decreasing temperature: tetragonal I4/mcm at 393 K, orthorhombic Amm2 at 278 K and 
rhombohedral R3m at 183 K, as shown in Figure 1.  

Over the past 20 years, several first principles calculations have been carried out, in which more 
attention was paid to the structural and electronic properties of the four phases [7-10]. The theoretical study 
of this perovskite still requires detailed analysis, since it does not show the same result compared to 
experimental data and still remains an object research. Experimental data [11] showed band gap widths of 
about 3.7 eV for the cubic phase and 3.9 eV for the tetragonal phase. In general, density functional theory 
(DFT) will be applied with a combination of different approximations to describe the structure of the 
perovskite band gap. The method is distinguished for describing the wave function and allows us to 
determine the energy state of the system, which includes the stationary Schrodinger equation. In this paper, 
the width of the forbidden zone with three different functionals is calculated: LDA, GGA and meta-GGA. 
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Since phases other than the cubic phase have an internal degree of freedom, some of them must be 
optimized. Thus, DFT calculations are carried out with high accuracy to precisely obtain ferroelectric phases. 
Minimization is not required for a cubic structure. The tetragonal structure was optimized by changing the 
coordinates of the ions, since the symmetry (distortion in the z direction) allows optimization in a fixed c/a 
ratio, while maintaining a fixed volume. Then, using the optimized coordinates of the ion particles, the rela-
tion (maybe the ratio) c

a  was optimized at a constant volume. Thus, the relation ( )1 2,1 2,1 2 TiTi z+ ∆ , 

( )11 1 2,1 2, OO z∆ , ( )22 1 2,0,1 2 OO z+ ∆  it has been optimized while minimizing. The lattice parameters were 

also optimized in the orthorhombic phase: a, b, c and ( )1 2,0,1 2 TiTi z+ ∆  ( )11 0,0,1 2 OO z+ ∆  

( )2, 22 1 2,1 4 1 4O OO y z+ ∆ + ∆ . Lattice parameter а ( )a b c= = , angle α ( )α β γ= = ∆ 

( ),1 2 ,1 2 1 2Ti TiTi x x x+ ∆ + ∆ + ∆  ( ),1 2 ,1 2 0O O OO x x z+ ∆ + ∆ + ∆  were optimized values for the rhombohedral 
phase. The atomic positions are shown in Table 1. 

Calculation methods 

Calculations of the electronic structure were carried out by the density functional method in the basis of 
plane waves, as implemented in the VASP program code [12, 13]. The method of projection attached waves 
(projector augmented wave – PAW) was used [14]. LDA [15, 16], GGA with PBE [17], and SCAN [18] 
meta GGA [19, 20] were used for comparative analysis. The cutting energy of plane waves in all calculations 
was 520 eV. The partition of the inverse space was chosen using the Monhorst–Pack scheme in the form of 
an 8×6×6 grid for the orthorhombic phase, 8×8×8 for the tetragonal and rhombohedral phase. Levels were 
considered as valence states. 

Results and discussion 

The coordinates of the location of the atoms of the unit cell BaTiO3, tetragonal, orthorhombic, and 
rhombohedral, cubic phase are given in Table 1. 

T a b l e  1   

Coordinates of the arrangement of atoms in the unit cell 3BaTiO . 

Cubic phase 
(Pm3m) 
SG-221 

Tetragonal phase 
(P4/mmm) 

SG-99 

Orthorhombic phase 
(Amm2) 
SG-38 

Rhombohedral phase (R3m) 
SG-160 

Ref. 

Ba:1a (0,0,0) Ba:1a(0,0,0) Ba: 2a (0,0,0) Ba:1a (0,0,0) [8] 
( ):1 1 2;1 2;1 2Ti b  ( ):1 1 2,1 2,1 2 TiTi b z+ ∆  ( ): 2 1 2,0,1 2 TiTi b z+ ∆  ( ),:1 1 2 ,1 2 1 2Ti TiTi a x x x+ ∆ + ∆ + ∆  [8] 

( ): 3 1 2;1 2;0O c  ( )11 :1 1 2,1 2, OO b z∆  ( )11: 2 0,0,1 2 OO a z+ ∆  ( ),: 3 1 2 ,1 2 0O O OO b x x z+ ∆ + ∆ + ∆  [8] 

— ( )22 : 2 1 2,0,1 2 OO c z+ ∆  ( )2, 22 : 4 1 2,1 4 1 4O OO e y z+ ∆ + ∆  — [8] 

 
The atom Ba is located in the position (0,0,0), ( )1 2,1 2,1 2 TiTi z+ ∆  and ( )22 1 2,0,1 2 OO z+ ∆  are 

distortions of Ti and O atoms in a tetragonal structure. In an orthorhombic structure ( )1 2,0,1 2 TiTi z+ ∆  

( )11 0,0,1 2 OO z+ ∆  and ( )2, 22 1 2,1 4 1 4O OO y z+ ∆ + ∆  are distortions of Ti and O atoms. In a rhombohedral 

structure ( ),1 2 ,1 2 1 2Ti TiTi x x x+ ∆ + ∆ + ∆  and ( ),1 2 ,1 2O O OO x x z+ ∆ + ∆ ∆  are distortions of Ti and O atoms [8]. 
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Figure 1. Unit cells BaTiO3 in cubic, tetragonal, orthorhombic and rhombohedral phases 

T a b l e  2  
Calculated volumetric properties of the unit cell BaTiO3 tetragonal, orthorhombic and rhombohedral phases 

Our results  Other theoretical data [7] Experimental 
data  

Ref. 
 

 LDA SCAN PBE LDA                PBE   
Cubic phase   
a, Å 3,95206     4,03462     4,03661 3,922                4,008  4,03558  [8] 
bandgap 
Eg (eV) 1,08 1,09 1,08    1,93                  1,87  3,2  [7] 

Tetragonal phase   
a, Å 3,937 4,011 4,008 3,911                3,967   3,997  [8] 
c, Å 4,031 4,157 4,188 3,967                4,232    4,0314  [8] 
ΔzTi 0,0203 0,0169 0,0182 0,0154              0,0335   0,0203  [8] 
ΔzO1 -0,0258 -0,0392 -0,0409 –0,0210          –0,0431   -0,0258  [8] 
ΔzO2 -0,0123 -0,0227 -0,0238 –0,0138          –0,0183    -0,0123  [8] 
bandgap 
Eg (eV) 2 2,4 2 1,95                    1,95 3,4  [7] 

Orthorhombic phase  
a, Å 3,934  3,997 3,9954 3,911                  3,955  3,9828  [8] 
b, Å 5,6269     5,7843 5,7989      5,566                5,778    5,6745  [8] 
c, Å 5,6411 5,8239 5,8397 5,576                  5,836   5,6916  [8] 
ΔzTi 0,0122 0,0157 0,0158  0,0102             0,0253  0,0170  [8] 
ΔzO1 -0,0140 -0,0197 -0,0205 –0,0109          –0,0173    -0,0110  [8] 
ΔyO2 0,0043 0,0073 0,0071 –0,0010         – 0,0113 0,0061  [8] 
ΔzO2 -0,0156 -0,0231 -0,0228 –0,0155        –0,0300 -0,0157 [8] 
bandgap 
Eg (eV) 

2,1 2,2 2,5 2,121                2,563  - 

Rhombohedral phase      
a, Å 3,9659    4,0702     4,0739     3,931                4,053 4,0036  [8] 
α, deg 89,9039 89,7579 89,7568 89,92                 89,65    89,840  [8] 
ΔxTi -0,0099 -0,0143 -0,0138 –0,0073          –0,0190  -0,0120  [8] 
ΔxO 0,0097 0,0142 0,0142 0,0101            0,0129  0,0116  [8] 
ΔzO 0,0152 0,0244 0,0233 0,0144            0,0248 0,0195  [8] 
bandgap 
Eg (eV) 

2,2 2,2 2,5 2,234               2,796  - 
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Figure 2. GGA density of states for the phase BaTiO3 (а) cubic, (b) tetragonal, (c) orthorhombic, (d) rhombohedral 

 

Figure 3. SCAN density of states for the phase BaTiO3 (а) cubic, (b) tetragonal, (c) orthorhombic, (d) rhombohedral 
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Figure 4. LDA density of states for the (a) cubic, (b) tetragonal, (c) orthorhombic, (d) rhombohedral phase of BaTiO3  

Based on the first-principle calculations, the calculation of the BTO was carried out using the GGA -
PBE, LDA, SCAN functionality for four modification of the perovskite structure. The obtained calculated 
values were compared with the experimental results. The lattice parameters a, b, c and the band gap are 
given in Table 2, the sequence of the arrangement of atoms are given in Table 1. For the rhombohedral 
phase, the angle of the lattice a is also shown. As can be seen from Table 2, the calculation using the PBE 
functional makes it possible to more accurately predict the cubic properties of BTO compared to other 
functionals [7]. When calculating with the PBE functional, one can see the correspondence between the 
experimental results’ values of the lattice constant. The three ferroelectric phases of the BTO, as shown in 
the theoretical work [7], are calculated by the same DFT method. In these works, the structural properties of 
ferroelectric phases are considered. Table 2 shows a comparison of the results obtained with other theoretical 
values calculated with different functionals [7] and using experimental data for the crystals under study. 
LDA calculations [7] coincide with experimental data for BTO. On the other hand, as expected, the LDA and 
PBE functions significantly underestimate the band gap width. It can be seen that all DFT calculations do not 
estimate the band gap width, as shown in Figure 2. One of the shortcomings of the density functional theory 
method is inaccurate prediction of the free or excited state of semiconductor systems and dielectrics [10]. 
The calculated values by the SCAN functional do not differ much from the previous two functionals.  

The band gap width is closely related to the difference in energy level between the valence band (VB) 
and the conduction band, which can be caused by structural distortions in the material. 
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Zone structures of the BTO using the functionals: PBE, LDA and SCAN for the four phases of BTO 
indicate that the energy of the band gap of the cubic structure is equal to: Pm3m 1.08 eV (LDA) and 1.09 eV 
(SCAN), 1.08 eV (PBE), tetragonal structure P4/mmm 2 eV (LDA) and 2.4 eV (SCAN), 2 eV (PBE), 
orthorhombic structure Amm2 2.1 eV (LDA) and 2.2 eV (SCAN), 2.5 eV (PBE), and rhombohedral structure 
R3m 2.2 eV (LDA) and 2.2 eV (SCAN), 2.5 eV (PBE). Analyses of band structures and density of states 
(DOS) using the PBE, LDA and SCAN functionals for the four phases of BTO showed that the values of the 
forbidden zones are underestimated. A general analysis of DOS projected onto atoms and orbitals is 
presented in Figures 2-4. An analysis of the density of DOS states shows that the upper part (valence band) 
mainly consists of O 2p orbitals. The lower part (conduction band) mainly comes from Ti 3d orbitals in all 
phases.  

The conduction band for the tetragonal phase using the PBE, LDA and SCAN functionals consists of Ti 
3d states, as well as the orthorhombic phase. The rhombohedral phase has a mixed composition of Ti states 
in the conduction band with a greater degree of 3dz2 than 3dxy. The projected state densities (PDOS) on atoms 
and orbitals are shown in Figure 2-4. The values of the band gap energy (Egap) calculated using the PBE, 
LDA and SCAN functionals, as well as available theoretical and experimental data are shown in Table 2. 
The calculated values show reasonable agreement with previous theoretical results. 

Conclusion 

In this paper, the structure of stable phases is investigated using first-principle calculations based on the 
functionals: LDA, GGA- PBE and meta-GGA. When analyzing the electronic structures, the energies of the 
band gap were determined for the cubic structure: Pm3m 1.08 eV (LDA) and 1.09 eV (SCAN), 1.08 eV 
(PBE), for the tetragonal structure: P4/mmm  2 eV (LDA) and 2.4 eV (SCAN), 2 eV (PBE) for the 
orthorhombic structure: Amm2 2.1 eV (LDA) and 2.2 eV (SCAN), 2.5 eV (PBE) and for rhombohedral 
structure: R3m 2.2 eV (LDA) and 2.2 eV (SCAN), 2.5 eV (PBE). The data obtained for the density of states 
(DOS) showed that the upper part (valence band) mainly consists of O 2p orbitals, and the lower part 
(conduction band) comes from Ti 3d orbitals. The rhombohedral phase has a mixed composition of Ti states 
in the conduction band with a greater degree of 3dz2 than 3dxy. The values of the energies of the band gap 
(Egap) and the density of states present reasonable agreement with experimental and theoretical data. The 
deviation in the theoretical calculations of the lattice parameters carried out in [7] using the LDA and PBE 
functionals in comparison with the results of the experimental study is 3 %. The deviation of calculations 
with our theoretical calculations using the LDA and PBE functionals was approximately the same as the 
authors [7], while the calculation with the Scan functional showed 0.02 % compared to the experimental 
result.  
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BaTiO3 бойынша DFT зерттеулері 

Тұрақты фазалардың құрылымы функционалдық функцияларға негізделген алғашқыпринципті есеп-
теулердің көмегімен зерттелген: LDA, GGA және жақында әзірленген әмбебап қатты шектелген және 
сәйкесінше нормаланған мета-GGA функционалы (SCAN). Бұл жұмыстың мақсаты тығыздық фун-
кционалы теориясы әдісін қолдана отырып, LDA, GGA-PBE және мета-GGA функционалдарын са-
лыстыру үшін кубтық, тетрагональды, орторомбты, ромбоэдрлік перовскит фазаларының кристалдағы 
атом координаттарының өзгерісі мен рұқсат етілмеген аумақты теориялық тұрғыдан зерттеу. Алынған 
күйлердің тығыздығы (DOS) деректері тыйым салынған аймақта энергия мәнінің төмендегенін; ал 
DOS мәндерінің жоғарғы бөлігі (валенттік аумақ) негізінен O 2p-орбитальдарынан, төменгі бөлігі (өт-
кізгіштік аумақ) Ti 3d орбитальдарынан тұратынын көрсетті. Ромбоэдрлік фазада 3dxy-ге қарағанда 
3dz2 үлкен дәрежелі өткізгіштік аумағында Ti күйлерінің аралас құрамы бар. Рұқсат етілмеген аумақ 
(Egap) және күйлердің тығыздығы эксперименттік және теориялық мәліметтермен  сәйкестігін көрсе-
теді. LDA функционалдығы және аз дәрежеде GGA-PBE функционалдығы да осы кристалдардағы 
атомдық орын ауыстырулар туралы жеткілікті дәл ақпарат бере алады. SCAN функциясынан есептел-
ген мәндер GGA және LDA функцияларынан аз ерекшеленеді. 

Кілт сөздер: перовскит, қарапайым ұяшықтар, күйлердің тығыздығы, атомдардың ығысуы, тыйым са-
лынған аймақ, алғашқыпринципті есептеулер, тығыздық функционалының теориясы, жазық толқын-
дар, кеңістіктік топ. 

 
Т.М. Инербаев, Ж.Е. Закиева, Ф.У. Абуова, А.У. Абуова, С.А. Нуркенов, Г.А. Каптагай 

DFT исследования BaTiO3 

Структура стабильных фаз исследована с помощью первопринципных расчетов на основе функциона-
лов: LDA, GGA и недавно разработанного универсального сильно ограниченного и соответствующим 
образом нормализованного мета-GGA-функционала (SCAN). Целью данной работы является теорети-
ческое исследование атомных смещений и ширины запрещенной зоны кубической, тетрагональной, 
орторомбической, ромбоэдрической фаз перовскита для сравнения функционалов LDA, GGA-PBE и 
мета-GGA с использованием метода теории функционала плотности. Полученные данные плотности 
состояний (DOS) показали, что значения энергии запрещенной зоны занижены, а значения DOS ука-
зывают, что верхняя часть (валентная зона), в основном, состоит из O 2p-орбиталей, нижняя часть 
(зона проводимости) — из 3d-орбиталей Ti. Ромбоэдрическая фаза имеет смешанный состав состоя-
ний Ti в зоне проводимости с большей степенью 3dz2, чем 3dxy. Значения энергий запрещенной зоны 
(Egap) и плотности состояний показывают разумное согласие с экспериментальными и теоретическими 
данными. Функционал LDA и, в меньшей степени, функционал GGA–PBE также могут дать достаточ-
но точную информацию о смещениях атомов в этих кристаллах. Значения, рассчитанные по функцио-
налу SCAN, мало чем отличаются от функционалов GGA и LDA. 

Ключевые слова: перовскит, элементарная ячейка, плотность состояний, искажение атомов, запрещен-
ная зона, первопринципные расчеты, теория функционала плотности, плоские волны, пространствен-
ная группа. 
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The current state of electrospinning technology and its prospects for the future 

With the development of nanotechnology and modern research methods, the use of biodegradable polymer 

materials in various sectors of human life is of interest not only to the scientific world community, but also is 

a way to solve one of the global problems related to resource conservation and environmental protection. Pol-

yvinyl alcohol-based materials have been widely used in various fields due to their biological and physical 

properties, such as biocompatibility, biodegradability, antimicrobial ability, non-toxicity and the ability to 

easily form a film. One of the methods of obtaining polymer films that exist today is electrospinning, the ad-

vantages of which are the relative simplicity of the technological process and the possibility of obtaining con-

tinuous nanofibers from both synthetic and natural polymers. In this work, the influence of various process 

parameters on the formation of nanofiber mats from a biodegradable synthetic polymer by electrospinning 

was studied. The technology of wet spinning, melt spinning and dry spinning is discussed. A number of ex-

perimental studies have been carried out to identify optimal modes of obtaining nanofibers from polyvinyl al-

cohol with the most homogeneous structure without the formation of defects. 

Keywords: electrospinning, technological parameters, nanofibers, polyvinyl alcohol (PVOH), nonwoven 

mats, SEM, nanofiber diameter, biodegradable polymer material. 

Introduction 

Over the past few decades, nanomaterials research has been one of the most popular topics in the field 

of nanotechnology. To date, nanomaterials have found their potential application in various fields of research 

and industry due to their unique properties. Petroleum-based polymers are widely used in the production of 

various polymer products for various commercial, machine-building and promising purposes. However, the 

depletion of natural resources and the increasing demand for polymer-based materials raises questions about 

the further production of synthetic polymers. Moreover, most of the petroleum-based polymers used are not 

biodegradable and are stored in the environment as non-degradable waste. To solve these issues, many stud-

ies have been directed at the production of biodegradable polymers from renewable resources [1] and the 

development of technologies for the production of nanostructured polymer fibers, one of which is electro-

spinning. 

Figure 1. (a) Comparison of the annual number of scientific publications in the field of electrospinning over the past 

two decades and (b) the ratio of publications in the main areas of electrical engineering (the analysis of these publica-

tions was carried out using a single database of peer-reviewed scientific literature SCOPUS with the term  

“Electrospinning” as of February 15, 2023) 
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Due to the relative simplicity of the technological process that makes it possible to obtain multifunc-

tional polymer mats from nanofibers, this technology is attracting increasing attention from the world scien-

tific community, as evidenced by the increasing number of scientific publications in this field over the past 

two decades (Fig. 1). 

Spinning is a technology for making fibers by pulling and twisting natural or synthetic materials, which 

is classified depending on the type of fiber as mechanical and chemical spinning. Mechanical spinning is a 

multi-step process in which fibers are physically twisted into yarn. Namely, rotary, annular, frictional or self-

twisting rotation [2]. The production of threads from artificial fibers is also possible using chemical spinning. 

This is achieved by squeezing a viscous polymer solution through a die. There are three main types of pro-

duction processes for the formation of synthetic fibers, namely wet spinning, melt spinning and dry spin-

ning [3]. The wet spinning process is when the solidification of the dissolved polymer occurs after diffusion 

in the counterflow between the spinning solution and the coagulation bath. In this process, a very viscous 

polymer solution is squeezed out through small holes of a die immersed in a liquid bath. A diagram of the 

wet spinning process is shown in Figure 2. The technological analysis of the wet spinning process is much 

more complicated than dry spinning. Polymer solidification occurs as a result of diffusion exchange between 

freshly prepared fluid filaments and this bath. During this coagulation process, one or more components of 

the bath diffuse into the thread, and the solvent diffuses out of it. 

 

 

Figure 2: Diagram of the wet spinning process [4] 

In melt spinning, phase transformations occur due to solidification of the molten mass. This type of 

spinning is the most economical process for the production of polymer fibers on an industrial scale [5]. The 

comparative ease of processing is an important advantage of melt molding. However, this method has some 

disadvantages, such as fiber rupture, non-uniform thread thickness, fiber fineness limit and die clogging (di-

agram of the process see in Figure 3). 

 

 

Figure 3. Diagram of the melt spinning process [6] 

During dry spinning, the solvent contained in the spinning solution evaporates after the formation of a 

nanofiber mat, which leads to its drying. In the process of dry spinning, the fiber structure is formed by 
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squeezing the polymer solution through a thin nozzle and subsequent evaporation of the solvent (diagram of 

the process see in Figure 4). 

 

Figure 4. Diagram of the dry spinning process [7] 

Electrospinning is a dry spinning method in which the solvent evaporates under high voltage [8]. This 

method makes it possible to produce ultrathin fibers for various polymers of submicron or nanometer size. 

The principle of electrospinning is based on the deformation of a charged polymer in response to a 

strong applied electric field. The polymer solution is fed (e.g. by gravity) to a nozzle opposite an electrode. 

In the absence of an electric field the polymer solution surface forms a meniscus at the nozzle outlet. In an 

electric field, however, the meniscus deforms into a so-called Taylor cone and, if the field is strong enough, 

the electrostatic forces can overcome the surface tension and a jet is formed. The acceleration of this jet to-

wards the electrode causes the thinning of the jet, and the evaporation of the solvent as the jet is accelerated 

towards the electrode leads to solid fibre formation at atmospheric pressure and ambient temperature [9]. 

Thus, the purpose of this work is to obtain nanofibers by dry electrospinning and to study the effect of 

voltage, the distance from the collector to the nozzle, and the formation time in the production of polymer 

fibers. 

Experimental 

This study was conducted at the laboratory of Lincoln University, Isaac Newton Building, UK. At the 

Electrospinz Nanofibre Engineering installation, nanofibers were obtained by electrospinning in an atmos-

pheric environment on the surface of substrates (material: deltalab laboratory glass with dimensions of 26 x 

76 mm2) at room temperature of 20 °C and humidity of 33 % (Fig. 6). Evaporable material poly vinyl alcohol 

“PVOH” with added antiomicrobial preservatives (concentration: 8wt % PVOH Solution; 0.1wt % Sodium 

Benzoate; 0.1wt % Porassium Sorbate) is an environmentally friendly biodegradable synthetic polymer, 

which is widely studied due to its high film-forming and physical properties, as well as its high hydrophilici-

ty, manufacturability, biocompatibility and chemical resistance [10-14]. Figure 5 shows a schematic molecu-

lar formula PVOH (C2H4O)X. 

 

 

Figure 5. General structure of PVOH 

During the electrospinning process, the applied electrostatic forces overcome the surface tension of the 

liquid, so the electrified liquid forms a jet from the tip of the capillary to the grounded filter on which the 

nanofiber material is formed. The appearance and scheme of the installation for electric spinning are shown 
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in Figures 6 and 7. The flow rate was controlled by gravity, depending on the height of the filled polymer in 

the container. 

 

1 — High voltage and Control box, 2 — Spinning platform, 3 — Target plane, 4 — Constant head system, 5 — Hose, 

6 — Header tank, 7– Nozzle. 

Figure 6. Appearance of the installation “ELECTROSPINZ NANOFIBRE ENGINEERING” 

 

 

Figure 7. Installation diagram for electrospinning [15] 

To provide conductive surfaces, nanofibers assembled on a collector (aluminum foil) by electrospinning 

were sprayed with a thin layer of gold on an “Emitech K550X” magnetron sputtering unit (Fig. 8) with an 

“Edwards RV8” vacuum pump, an argon pressure regulator. When using magnetron technology, the deposi-

tion process is quite “cold” and minimizes thermal damage to soft polymer materials. 

 

 

Figure 8. Appearance of the “Emitech K550X” installation 
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The morphology and size of PVOH nanofibers were observed and analyzed using a scanning electron 

microscope (SEM) “JeolNeoscope JCM 5000” at high vacuum with accelerating voltages of 10 and 15 kV, 

depending on the required magnification. 

Results and Discussion 

Some of the first results of the study obtained by the authors of this work were obtained of nanofibers 

by the electrospinning method are presented. Variables such as the applied electrical voltage, the duration of 

the process and the change in the distance from the collector to the needle were investigated. Their relation-

ship with the microstructure of the obtained new fibers is briefly described below. Table 1 lists the process 

parameters used in the study for electrospinning at various voltages, the results of which are shown in Fig-

ure 9. 

T a b l e  1  

Technological parameters of the electrospinning process 

№ 

 

Voltage, ± 0.1 kV Electrospinning time, ± 0.1 min Distance, ± 2 mm 

Sample 1 12.0 5.0 140 

Sample 2 15.0 5.0 140 

Sample 3 18.0 5.0 140 

Sample 4 21.0 5.0 140 

Sample 5 24.0 5.0 140 

Sample 6 27.0 5.0 140 

Sample 7 30.0 5.0 140 

 

The applied voltage is an important factor in the process of electrospinning, since it controls the electric 

field strength between the tip of the nozzle and the collector and therefore the acceleration rate of the poly-

mer jet. In principle, the higher the acceleration, the more stretching that occurs, leading to thinner fibres. 

However, this higher acceleration also means shorter flight duration between the nozzle and electrode, which 

may lead to thicker than expected fibres at high electrospinning voltages. It is not clear which of these factors 

is the more important in general, and results may differ depending on other process parameters. 

The nanofiber diameter is measured by software-nano measurer using Start JCM-5000 open source im-

age analysis software to determine the size and average diameter of nanofibers obtained by electrospun. 

Based on images obtained using a scanning electron microscope at constant magnification x8000 and a volt-

age of 10 kV, the diameters of 30 randomly selected PVOH nanofibers at each electrospinning voltage (12.0, 

15.0, 18.0, 21.0, 24.0, 27.0 and 30.0 kV) were measured, and the average value calculated. The results are 

shown in Table 2 and shown in Figure 10. 

 

T a b l e  2  

Average diameter of the PVOHfiber, depending on the voltage between the nozzle and the collector 

Electrospinning voltage, ± 0.1 

kV 

12.0 15.0 18.0 21.0 24.0 27.0 30.0 

Average diameter of the PVOH 

nanofiber (± 5 nm) 

120 133 193 174 182 190 205 

 

It was found that when a voltage is applied above the critical, charged jets are ejected from the Taylor 

cone. Indeed, when an electric field is applied to a drop of polymer solution at the tip of the nozzle, the sur-

face of the drop is charged, and the electric force exceeds the surface tension force; as a result, an electrically 

charged jet is formed. A higher voltage increases the electrostatic repulsion force of the charged jet, which 

ensures relative uniformity of the diameters of electroformed polymer nanofibers [16]. 

However, after a certain value of the applied voltage, drops of liquid polymer appeared at the end of the 

nozzle, which subsequently caused the formation of defects in the form of beads or drops over the entire sur-

face of the nanofibers shown in Figure 11. 

Thus, for PVOH (8 wt %) polymer, the SEM study showed the importance of the applied voltage of 

21 kV, the relative uniformity of the diameter of the electrospinning polymer nanofibers (Fig. 9). 
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Figure 9. SEM image of the surface of the obtained nanofibers at different electrospinning voltage values 
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Figure 10. SEM images of PVOH nanofibers 
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Figure 11. SEM image of defects on the surface of nanofibers at high electrospinning voltage values 

The dependence of the nanofiber formation process on the deposition time, the parameters of which are 

presented in Table 3, was investigated. A decrease in the rate of electrospinning over time was observed, 

since the deposited fibre acted as an insulator allowing charge to accumulate on the target, leading to a 

charge screening effect between the target electrode and nozzle. The structure and thickness of the obtained 

fibres with varying deposition time is shown in Figure 12. 

T a b l e  3  

The mode of formation of nanofibers with variable values of the duration of the process 

№  

 

Voltage, ± 0.1 kV Electrospinning time, ± 0.1 min Distance, ± 2 mm 

Sample 1 21.0 3.0 140 

Sample 2 21.0 6.0 140 

Sample 3 21.0 9.0 140 

Sample 4 21.0 12.0 140 

Sample 5 21.0 15.0 140 
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a) 3 min; b) 6 min; c) 9 min; d) 12 min; e) 15min. 

Figure 12. SEM image of the surface of PVOH nanofibers 

A study was conducted to identify the dependence of the nanofiber formation process on the distance 

between the needle tip and the collector, the values of which are presented in Table 4. 

T a b l e  4  

Values of the distance between the nozzle tip and the collector during electrofspinning 

№  

 

Voltage, ± 0.1 kV Electrospinning time, ± 0.1 min Average distance, ± 2 mm 

Sample 1 21.0 3.0 80 

Sample 2 21.0 3.0 100 

Sample 3 21.0 3.0 120 

Sample 4 21.0 3.0 140 

Sample 5 21.0 3.0 160 
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a) 80 mm; b) 100 mm; c)120 mm; d) 140 mm; e) 160 mm. 

Figure 13. SEM image of the surface of PVOH nanofibers 

Figure 13 shows that when the distance between the collector and the nozzle was 80 mm, the distribu-

tion of fibers was loose and heterogeneous. At a distance of 100-140 mm, the fibers were located closer to 

each other, and the pores between the fibers were relatively small. When the distance was 160 mm, the fibers 

were located just as close to each other, but defects in the form of beads formed over the entire surface. 

Thus, reducing the distance between the electrodes to a certain value leads to a decrease in the diameter 

of the nanofibers. The difference in the distance between the tip of the nozzle and the collector has a direct 

effect on the electric field strength. The smaller the distance between the collector and the nozzle, the greater 

the electric field strength. As a result, the acceleration and elongation of the jet increase during the electric 

spinning process, and the diameter of the electric-spun polymer nanofibers decreases. In order to determine 

the thermal stability of the obtained nanofiber mats, annealing was carried out, the conditions of which are 

shown in Table 5. To minimize the ingress of various impurities on the surface of nanofibers during heating, 

a high-vacuum installation “NanoPVD-S10A” was used. 

After the annealing, no significant changes in the fiber samples were observed (Fig. 14), which are as-

sociated with insufficient temperature for melting and a short duration of exposure time. To determine the 

melting point of T3, a number of experimental work is required at the “identiPol QA2” installation. Matrices 
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of nanofibers were obtained at various voltages listed in Table 1. The paper presents the results of one of the 

experiments performed at an applied voltage of 12 kV (Table 5). 

T a b l e  5  

Annealing conditions of nanofiber samples obtained by electroforming 

№ 

 

Voltage, ± 0.1 

kV 

Electrospinning 

time, ± 0.1 min 

Distance, ± 2 

mm 

Heat, ± 

1 °C 

Time to heat, ± 0.1 

min 

Sample 1 12.0 5.0 140 90 30.0 

Sample 2 12.0 5.0 140 100 30.0 

Sample 3 12.0 5.0 140 110 30.0 

Sample 4 12.0 5.0 140 120 30.0 

 

 

a) 90 °C; b) 100 °C; c) 110 °C; d) 120 °C. 

Figure 14. SEM image of the surface of PVOH nanofibers after exposure to vacuum PVD 30 min 

Manufacture of electrospun polymer materials for tissue engineering frameworks [17], wound dress-

ings [18], drug shells [19] and other areas of biomedicine, the use of electroformed polymer nanofibers as a 

medium for filtration of solid particles from air, water or any target liquid at different filtration levels [20], 

for the absorption of toxic gases from industrial exhaust gases or for separating water from oil [21] as well as 

the use (Fig. 15) of electroformed nanofiber materials in separators [22], electrodes for lithium-ion batteries 

and supercapacitors, sensitized solar cells, electrolytes [23], nanogenerators [24] for energy conversion and 

storage show a high demand for these materials. 
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Figure 15. Potential applications of electroformed polymer nanofibers 

Polymer nanofibers obtained by electrospinning provide unlimited possibilities for the formation of 

substrates and materials with different properties, controlled by different additional materials depending on 

the field of application. Showing high practical significance and having an undiscovered potential that is of 

interest to the world scientific community, electrospun polymer materials are one of the valuable achieve-

ments in the field of nanotechnology. 

Conclusions 

In this paper, the main processes for the formation of synthetic fibers such as wet spinning, melt spin-

ning and dry spinning were discussed. 

The investigated polymer fibers were obtained by dry electrospinning from a solution of PVOH poly-

mer. The effect of the electrospinning voltage, the deposition time and the distance from the collector to the 

nozzle were all investigated using an Electrospinz electrospinning machine. 

It was found that the small diameter of nanofibers is determined by the optimal combination of the 

applied voltage level and the distance from the tip of the nozzle to the collector. 

The parameters of the electrospinning process required to obtain uniform defect-free nanofibers with a 

diameter from 120 to 174 nm were as follows: the distance between the nozzle and the collector was 140 mm 

and the voltage between the needle and the collector was 12-21 kV. 

The above process parameters of electrospinning, are not independent of the concentration and type of 

polymer solution used. The effect of these additional details on the formation of nanofibers will be 

considered in the future. 
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Д. Ескермесов, Е. Табиева, З. Арингожина, М. Буз, А. Тусупбекова, С. Пазылбек 

Электрспиннинг технологиясының қазіргі жағдайы және оның болашағы 

Нанотехнологиялар мен зерттеудің заманауи әдістерінің дамуымен биологиялық ыдырайтын поли-

мерлі материалдарды адамзат өмірінің әртүрлі салаларында қолдану ғылыми әлемдік қауымдастық-

тың қызығушылығын тудырып қана қоймайды, сонымен қатар ресурстарды үнемдеу мен қоршаған 

ортаны қорғауға байланысты жаһандық мәселелердің бірін шешуге жол болып табылады. Поливинил 

спирті негізіндегі материалдар биоүйлесімділік, биологиялық ыдырау қабілеті, микробқақарсы қабіле-

ті, уытсыз үлдірді оңай түзу қабілеті сияқты биологиялық және физикалық қасиеттеріне байланысты 

әртүрлі салаларда кеңінен қолданылады. Полимерлі үлдірлерді алудың қазіргі кездегі әдістерінің бірі 

— электроспининг, оның артықшылығы технологиялық процестің салыстырмалы қарапайымдылығы 

мен синтетикалық және табиғи полимерлерден үздіксіз наноталшықтарды алу мүмкіндігі болып табы-

лады. Бұл жұмыста биологиялық ыдырайтын синтетикалық полимерден электроспиннинг әдісімен 

наноталшықты төсеніштердің түзілуіне технологиялық үрдіс параметрлерінің әсері зерттелді. Ылғал-
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ды спиннинг, балқыма спиннинг және құрғақ спиннинг технологиясы талқыланған. Поливинил спир-

тінен құрылымы біртекті, ақаусыз наноталшықтарды алудың оңтайлы режимдерін анықтау үшін бір-

қатар тәжірибелік зерттеулер жүргізілді. 

Кілт сөздер: электрспиннинг, технологиялық параметрлер, наноталшықтар, поливинил спирті 

(PVOH), тоқылмаған төсеніштер, СЭМ, наноталшық диаметрі, биологиялық ыдырайтын полимер ма-

териалы. 

Д. Ескермесов, Е. Табиева, З. Арингожина, М. Буз, А. Тусупбекова, С. Пазылбек 

Современное состояние технологии электроспиннинга 

и ее перспективы  

С развитием нанотехнологий и современных методов исследования применение биоразлагаемых по-

лимерных материалов в разных отраслях жизнедеятельности человечества вызывает интерес не толь-

ко научного мирового сообщества, но и является путем к решению одной из глобальных проблем, 

связанных с ресурсосбережением и охраной окружающей среды. Материалы на основе поливинило-

вого спирта получили широкое применение в различных областях благодаря своим биологическим и 

физическим свойствам, таким как биосовместимость, способность к биологическому разложению, ан-

тимикробная способность, нетоксичность и способность легко образовывать пленку. Одним из мето-

дов получения полимерных пленок существующих на сегодняшний день является электроспиннинг, 

преимуществом которого является относительная простота технологического процесса и возможность 

получения непрерывных нановолокон как из синтетических, так и натуральных полимеров. В статье 

было изучено влияние переменных характеристик технологических параметров процесса на формиро-

вание нановолоконных матов из биоразлагаемого синтетического полимера методом электроспиннин-

га. Обсуждены технологии мокрого прядения, прядения из расплава и сухого прядения. Проведен ряд 

экспериментальных исследований для выявления оптимальных режимов получения нановолокон из 

поливинилового спирта с наиболее однородной структурой без образования дефектов. 

Ключевые слова: электроспиннинг, технологические параметры, нановолокна, поливиниловый спирт, 

нетканые матрицы, СЭМ, диаметр нановолокон, биоразлагаемый полимерный материал. 
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