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Structure of the dissertation 

The dissertation has been written in Lithuanian. It consists of approbation of the results, 

introduction (scientific novelty and practical value, the aims of the work, the tasks of the 

work and defended propositions), 8 chapters (first two are literature review and research 

methodology, the remaining part describes and analyzes the results of the work), 

conclusions, references and appendix. In total, there are 108 typewritten pages 

containing 9 tables and 47 figures. 

INTRODUCTION 

The A
V
B

VI
C

VII
 (were A

V
 – As, Sb, Bi; B

VI
 – O, S, Se, Te; C

VII
 – F, Cl, Br, I) compounds 

are semiconductors – ferroelectrics. It is well known that some of them posses phase 

transitions. These compounds are mostly characterized by a high piezomodulus, 

extensive sensitivity to the external pressure, complicated anisotropic structure, high 

photo conductivity and very strong forbidden gap dependence on the temperature.  They 

host pyroelectric, electro-mechanical, electro-optical and many other nonlinear optical 

effects. Technologically, these compounds easily adapted to the low-pressure sensors, 

microwave, and piezoelectric devices [1-3], and are also used as memory elements [5-7].  

 Among these ternary compounds the most popular and the best studied is the SbSI 

crystal. In 1962, it was discovered that SbSI crystal has a ferroelectric phase transition, 

its temperature is Tc  295 K [1-3]. Therefore, this compound had a large experimental 

physics community focus. SbSBr crystal also has a ferroelectric phase transition at a 

temperature Tc = 22.8 K [1, 2]. The low temperature phase transition has been far less 

studied experimentally. However, both of these compounds attracted the attention of 

theorists. In 1968, the trictritical point was detected [4]. A multitude soft-mode 

researches were performed. The anomalies near the ferroelectric phase transition region 

were investigated. For the crystal growth a number of methods were tested. The simplest 

of these – directly connecting the primary elements. SbSI can be easily obtained by 

fusion of Sb2S3 and SbI3 and then cooled alloy treated with diluted hydrochloric acid, or 

by heating iodine with antimony sulfide Sb2S3. However, development of modern 

technologies increasingly popular in nanotechnology, proposed new production 
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techniques, allowing compounds to get smaller and larger technological perspectives. In 

1999, SbSI quantum dots synthesized in the Na2O-B2O3-SiO2 organic modified silicates 

matrix by the sol-gel technique [8]. After that, SbSI nanocrystals were produced in 

organically modified TiO2 glass [9, 10]. Later, SbSI nanorods were prepared by 

hydrothermal [11], ball milling [12], as well as ultrasound irradiation [13, 14] methods. 

 Lately among the compounds with bismuth atoms, lately, many industrial prospects 

of the development of electronic devices [15], energy-saving and solar cell production 

[16-19], even in applications in wastewater treatment plants [20-21] were discovered. In 

addition to the practical application these compounds are interesting for the fundamental 

research. Most of the published experimental data comes without physical phenomena 

interpretation. The analyzing of the experimental results and searching for solutions have 

a principled theoretical value, which determines the electronic structure of the 

compounds. As it is known, the benefit of fundamental research shows well after, but 

their scope is much broader, and gives major effect. These investigations lead to the 

progress of society. Therefore, it is important to investigate and explain these 

compounds occurring in the physical processes which determine the properties of the 

substance. 

Scientific novelty and practical value 

With the help of modern technology, for the first time, dependencies of the electronic 

structure, optical spectra, thermodynamic functions and so on were calculated in a wide 

range of energies. Calculations were compared with experimental measurements, as well 

as by other authors in similar calculations. In theory, the results explained the nature of 

the optical anomalies and phase transitions of the SbSBr and SbSI crystals. 

Investigations of the electronic structure and optical properties of these compounds have 

helped clarify the nature of the anisotropy, which, among other things, helps determine 

the electron density of states in valence band, inter-atomic electron charge distribution, 

and plasmon frequency of the movement.  

 For the first time in the field of experimental spectroscopic ellipsometry, our work 

has measured the vapor produced, SbSI, SbSexS1-xI, BiSI, BiSeI, BiSBr, BiSeBr, and 

SbSeBr crystals. Single crystals grown using the Bridgman–Stockbarger method have 
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been studied at high temperatures and at various frequencies by measuring the electrical 

capacitance and resistance along the c(z) crystallographic axis. The newly discovered 

phenomenon [S17] shows the incomplete nature of investigations into these compounds 

and suggests reconsidering the published specifications. The work carried out theoretical 

and experimental studies providing further insight into the structure of A
V
B

VI
C

VII
 

compounds, and highlighting the most urgent and least explored areas. 

The aims of the work 

 To investigate the electronic structure and optical properties of the BiSI, BiSCl, 

BiSBr, BiSeI, BiSeBr, SbSI, SbSeI and SbSeBr semiconductor – ferroelectric 

compounds. 

 To perform chemical bond investigation in the BiSBr and BiSeBr compounds. 

 To investigate vibrational spectra and thermodynamic functions of the BiSI, 

BiSCl, SbSI and SbSBr compounds. 

 To investigate SbSI and SbSeI crystals’ permittivity changes in the 270 – 440 K 

temperature range.  

The tasks of the work 

1. To combine theoretical calculations searching for the optimal combination of the 

corresponding elementary unit cell parameters. To perform volume optimization 

calculations. Select the appropriate approximation for the calculations.  

2. To calculate A
V
B

VI
C

VII
 type compounds’ electronic structure and optical spectra.  

3. To measure and describe the SbSI and SbSeI crystals’ permittivity changes in 

antiferroelectric phase transition area.  

4. To calculate inter-atomic electron charge density distribution in BiSBr and 

BiSeBr crystals. To evaluate the covalent and ionic factors in the inter-atomic 

bonds.  

5. To verify and approve theoretically experimental SbSI birefringence at the 

ferroelectric phase transition region. 

6. To calculate A
V
B

VI
C

VII
 type compounds’ phonon density of states, dispersion and 

thermodynamic functions in harmonic and quasiharmonic approximations. 
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7. To find the difference between the thermodynamic functions in harmonic and 

quasiharmonic approximations in SbSI, SbSBr crystals’ ferroelectric and 

paraelectric phases.  

8. To identify interacting and not interacting phonon influence on the ferroelectric 

phase transition of SbSI and SbSBr crystals. 

Defended propositions 

1. A
V
B

VI
C

VII
 type crystals’ valence and conduction bands are composed of 

individual atoms’ p and s orbital’s. Electron density of states and electronic band 

configuration of the structure is determined by the electronic band transitions, as 

well as different charges and bond strength between atoms in surface and volume 

layers. 

2. Optical functions spectra of A
V
B

VI
C

VII
 type crystals have a strong anisotropy, and 

maximums are affected by interband optical transitions. 

3. SbSI crystal birefringence in the ferroelectric phase depends on the spontaneous 

polarization. 

4. Elementary unit cell parameters and phonon-phonon interaction are the 

substantial subjects of ferroelectric phase transition appearance in SbSI and 

SbSBr crystals.  

5. The strong phononic interaction and lattice parameters determine strong B1u soft 

mode anharmonic behavior and create double-well electronic potential, depending 

on the temperature. 
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1 LITERATURE REVIEW 

This chapter presents the review of scientific literature on A
V
B

VI
C

VII
 type compounds at 

work used theory and its specificity. The individual subsections explicate the main 

details about the structure of these materials, describes the most and least explored areas. 

It also portrays discovered and investigated effects of these compounds, their causes and 

nature. Below is a brief description of the main chapter highlights. 

1.1 A
V
B

VI
C

VII
 type crystal structure and chronology of research 

This thesis analyzes A
V
B

VI
C

VII
 type crystals consisting of chains extended in c(z)-axis 

direction. Elementary cell contains four atoms of each type (Fig. 1. presents SbSI crystal 

lattice image in paraelectric phase). The atoms inside the chains are bind by covalently 

strong – ionic relations, and between neighboring chains weak Van der Waals forces 

operate. Therefore, crystal growth rate along the chains is 50 times greater than the 

perpendicular direction. Grown from the vapor phase usually grow crystals of needle 

shape, whose axis coincides with the crystallographic c(z)-axis. These crystals’ cross-

sectional shape is not strictly defined and the area is small. The dimensions of the single 

crystal are approximately 2 × 2 × 15 mm
3
. 

 

Fig. 1. The elementary unit cell of SbSI crystal in a(x)-b(y) plane. For the drawing atomic radius were 

used. 
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 In 1950, the crystal lattice structure of SbSI was established by Dönges [22]. 

Accuracy of the test was not great, however was then followed by many studies, which 

made it possible to determine the exact A
V
B

VI
C

VII
 type crystals lattice parameters and 

coordinates. Most of these crystals crystallize in paraelectric phase, 62
nd

 orthorhombic 

space group      (   
  ). The location of the equivalent atoms in the elementary cell 

can be determined from Wyckoff spatial coordinates of the group: 

    
 

 
        

 

 
  
 

 
   

 

 
   

 

 
  
 

 
   

 

 
   

 

 
  

 However, not all A
V
B

VI
C

VII
 compounds crystallize in      (   

  ) space group. For 

example, the BiOCl, BiOBr and BiOI crystals crystallize in tetragonal        (   
 ) 

space group. BiTeBr and BiTeI crystals are forming in the hexagonal  3   (   
 ) space 

group.  

 It is worth mentioning that among the A
V
B

VI
C

VII
 compounds are popular and their 

mixtures research: SbSexS1-xI, SbSBrxI1-x, BixSb1-xSI, SbOxS1–xI, AsxSb1−xSI, as the 

transition temperature depends on the composition of the mixture. It is known, that 

SbSexS1-xI transition temperature Tc = 0 – 298 K, SbSBrxI1-x crystal phase transition 

temperature Tc = 22.8 – 298 K, where x varies from 1 to 0. 

 The literature describes various ways to modify A
V
B

VI
C

VII
 type compounds [23-

27]. The aim is to investigate the effects of impurities in crystals to enhance effects that 

raise or lower the phase transition temperature, and so on. The authors [25] found that 

the SbSI crystals with a specific, additional Sb2S3 matter raises the ferroelectric phase 

transition temperature to 314 K. The phase transition temperature also changes if the 

SbSI crystal growth during the introduction of a Cl content [26]. Variously modified 

SbSI crystals were also explored by the other authors for the different purposes.  

1.2 Density Functional Theory and its equipment 

The solids consist of heavy, positively charged particles (nuclei) and lighter, negatively 

charged particles (electrons). If you have a system of N nuclei, we are dealing with N + 

ZN each other electromagnetically interacting particle problem. This is called the 
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“many-body” problem and it is solved by using quantum mechanics. The exact “many-

particle” hamiltonian for this system is: 

.
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 (1.1) 

Here iM  – mass of the nucleus, iZ
 
– charge of the nucleus and iR


 is its position vector. 

The mass and position of the electron are em  and ir


, respectively. The first part of this 

hamiltonian describes the nuclei kinetic energy operator. Second – electron kinetic 

energy operator. The remaining three parts of the hamiltonian describe the Coulomb 

interaction between electrons and nuclei, between electrons and other electrons, and 

between nuclei and other nuclei. 

 It is out of question to solve this problem exactly and almost impossible [28]. For 

such systems a wide array of additional approximations are needed. In the literature, two 

main methods are known: Hartree-Fock method (used mainly in theoretical chemistry 

calculations) and Density Functional Theory (DFT). The latter method is used mainly in 

theoretical physics calculations [28, 29]. The calculations are carried out with a self-

consistent scheme by solving the Kohn-Sham equations. In the dissertation, a detailed 

description of the DFT equations is given, as well as used approximations. However, in 

summary it should be noted that author mainly used the Full Potential Linearized 

Augmented Plane Wave (FP-LAPW) method [29] in the frame work of DFT along with 

Generalized Gradient Approximation (GGA) [30]. 

2 RESEARCH METHODOLOGIES 

2.1 Experimental research methodology 

For the experimental investigations SbSI, SbSeI, SbSexS1-xI, SbSI(Sb2S3)x, BiSI, BiSeI, 

BiSBr, BiSeBr and SbSeBr crystals were grown from the vapor phase and using the 

Bridgman-Stockbarger method. 
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2.1.1 Optical experimental research 

This work uses the rotating analyzer method [31, 32]. In this case, the light intensity is 

scanning full analyzer turn - 360. Simplest way electric vector-ray incidence plane 

angle is 45. Then the intensity I of the polarized light beam after reflection at the sample 

is modulated by the rotating analyzer according to: 

 ,2sincos2sin2cos2cos1
2

0  
I

I
 

(2.1) 

where   is the angular position of the analyzer, I0 – incident light intensity of the sample 

and  ,   are geometry depended ellipsometric parameters which connect to the 

dielectric properties of the surface measured [33]: 

 














2

222
222

cos2sin1

sin2sin2cos
tan1sin  knre

 

(2.2) 

 2
22

cos2sin1

2cos2cos2sin
tansin2









 nkim

 

(2.3) 

 

 

Fig. 2. A block diagram of the optical configuration system: 1 – light source, 2 – light 

intensity modulator, 3 – pc controlled monochromator, 4 – polarizer, 5 – sample, 6 – pc 

controlled analyzer, 7 – light intensity detector, 8 – amplifier block system, 9 – personal 

computer. 
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 Investigation was performed at the temperature 295 K using spectrum ellipsometer, 

which can measure energy in the range of 0.5 – 5.0 eV (incident angle 70). A block 

diagram of the optical configuration system is shown in Fig. 2.  

 For analysis, first the light intensity of known wavelength and the analyzer angle   

is measured. Then ellipsometric parameters values   and   are found. Lastly crystal 

dielectric constants 
re

 , 
im

  and optical constants n , k  are calculated. Investigative 

crystals were with crystallographic c-axis which was in the reflection plane. Therefore 

the measurements are performed in both perpendicular and parallel positions of the 

incidence plane. 

2.1.2 Dielectric and electric research 

These studies have been performed using crystals grown by Bridgman-Stockbarger 

method. It is therefore comfortable to carry out measurements along the c-axis. Crystals 

grow in the hermetic vacuum ampoules with a length of about 15 cm and cross-sectional 

area of about 1 cm
2
. Grown crystals were cut with a diamond saw into approximately 4 

mm thick tablets and then polished. 

 Crystal dielectric and electrical properties were measured with a “GW Instek LCR-

819” device. The crystals with the thermocouple were placed in the furnace, where the 

sample was trapped with the contacts on both sides for about 1 cm
2
 area. The electrical 

capacitance and resistance were measured at various fixed frequencies (from 50 Hz to 

100 kHz) by changing the temperature of the system.  

2.2 Theoretical calculation methodology 

Modern theoretical physics calculations are essentially based on computer modeling and 

calculations with extremely fast computers using quantum physics. In this way it is 

possible to fulfill very difficult researches and investigations in broad areas of energy, 

etc. LAPW method is one of the most accurate and reliable methods for the solid-state 

calculations, exploring the electronic structure of materials, and so on. [28, 29]. 

Currently, DFT and LAPW research is quite widely used in various combinations. For 

this purpose a number of computer programs are written (WIEN2k, VASP, FHI-AIMS, 
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CASTEP, abinit, SIESTA, Quantum ESPRESSO, OCTOPUS, etc.). In this work 

computer program Wien2k [29] and for the crystals lattice dynamics studies – PHONON 

[34] are used. 

2.2.1 A computer program WIEN2k 

The program package uses DFT with the FP-LAPW (Full Potential Linearized 

Augmented Plane Wave) method. The program is written in a Fortran language and 

adapted to the Linux operating system. Consequently the Fortran compiler and the 

relative libraries are needed in the system. Our calculations were performed on a Red 

Hat Enterprise Linux 6 operating system with the Intel Fortran Compiler v11.0. Also we 

used some helpful utilities such us emacs, ghostscript, gnuplot, XcrySDen and so. 

 Wien2k can be used for investigations of the electron density of states, band 

structure, optical properties of compounds such as dielectric permittivity, refractive 

indices, etc. For the basic calculations the main compound characterizing information is 

needed: Equivalent atom positions in the elementary cell, lattice parameters, space group 

and atomic radiuses (RMT). With these data and having sufficient size k-mesh the 

electron density of states in the material can be calculated. 

 Dielectric functions )(1   and )(2  , refractive index )(n , extinction )(k , 

electron energy loss function )(L , absorption )(K , reflectivity )(R  coefficients and 

optical conductivity )(  spectra are calculated from these equations: 







0

22

2
1 '

'

')'(2
1)( 






 dP , (2.4) 

  )()'(1)('
2

)(
'

2

',

3

22

2

2 


 



    nnknk

nn

EEnkfnkfnkpnkkd
m

Ve
, (2.5) 

where   is the photon energy, V  – volume, P  – Cauchy’s principal value of an 

integral, p


 – momentum operator, nk


 – crystal wave function, 
nk

E 
 
– the energy of the 

electron in the n
th

 state and )( nkf


 – Fermi distribution.  
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 The program first calculates )(1   and )(2  . Then using (2.6) – (2.11) equations 

are calculated )(n , )(k , )(L , )(K , )(R , )(Re   and )(Im  . The complex 

dielectric constant of a solid )(  has a following form: )()()( 21  i .  

 In this work we have used A
V
B

VI
C

VII
 crystals’ atomic coordinates and lattice 

parameters, which are given in the annex of the dissertation. There is also a list of the 

atomic radii used for calculations. Electronic structure and optical properties were 

studied with a mesh of 5000 k-points in the irreducible part of the Brillouin zone. Lattice 

vibrations and thermodynamic functions were studied with a mesh of 100 k-points in the 

irreducible part of the Brillouin zone. The calculations were performed with a plane 

wave cut-off MTRk /7
max

  
(Here MTR  is the radius of the smallest muffin-tin sphere). 

The iteration halted when the difference in the eigen values was less than 0.0001 

between steps of convergence criterion. The separation of valence and core states was 

chosen as -6.0 Ry. 

2.2.2 Lattice dynamics studies with PHONON 

Temperature of solids is almost entirely determined by phonons. Phonons, in turn, are 

defined as a combination of atomic vibrations. Phonons are responsible for thermal 
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expansion; they contribute to appearance of phase transitions, and phase diagrams. 

Phonons also play a role in elastic and dielectric constants, transport processes, such as 

diffusion and chemical reactions, superconductivity, ferroelectricity, shape memory 

alloys, etc. Fairly qualitative all these things and much more can be explored with a 

PHONON [34] software. As an input this software requires to know crystal structure and 

Hellmann-Feynman forces. External ab initio program like Wien2k, VASP, MedeA of 

Materials Design, or Siesta can be used in this respect. Such a way is possible to get the 

dispersion curves, phonon density of states, thermodynamical functions, neutron and x-

rays spectroscopic spectra, and many others quantities. 

3 CHEMICAL BONDING ANALYSIS 

The character of the chemical bond leads to the electron charge density distribution in 

the inter-atomic bonds. In order to evaluate the covalent and ionic factor assessment we 

have performed electron charge density distribution calculations. For this task BiSBr and 

BiSeBr crystals were chosen. The authors of Ref. [35] have studied charge density of 

BiSeBr crystal. They have used the pseudopotential method and found that the bonding 

between Bi and Se is more covalent than the bonding between Bi and Br. Physically, 

after the electrons are transferred to the Br ion, the Bi atom cannot provide enough 

charge to the Se to form an ionic bond. So, the Bi and Se compromise and form a 

covalent bond. We describe this composite feature as “ionic-covalent” bond. BiSeI 

crystal has a very similar feature. Bi-Se and Bi-I has the ionic-covalent bond. There is no 

connection at all between Se and I at all. The maximum charge density around Br is 

larger than that around I because Br is more electronegative than I. These charges are, 

for the most part, transferred from the metallic ion. Finally, the authors conclude that Bi 

in BiSeBr has less charge to form the covalent Bi-Se bond than it has in the BiSeI case. 

 Electron charge density distribution of BiSBr and BiSeBr was calculated using the 

atomic coordinates and lattice parameters taken from [36] literary source. Calculations 

were made between atoms: Bi-S, Bi-Se and Bi-Br. Figures 3-8 show the electron charge 

density distribution in various cases. 

 



18 
 

 

Fig. 3. a) Separated Bi(3), S(3), Bi(4) and S(4) atoms for displaying electron charge density: 

b) in space and c) in plane. 

 

 

Fig. 4. The electron charge density for Bi(3), Se(3), Bi(4) and Se(4) atoms:  

a) in space, b) in plane. 
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Fig. 5. The Bi(3), S(4), Br(1) molecule electron charge density: a) in space, b) in plane. 

 

 

Fig. 6. The Bi(3), Se(3), Br(1) molecule electron charge density: a) in space, b) in plane. 

 

 

Fig. 7. BiSBr crystal’s electron charge density: a) Bi(4) and S(4) marked in the plane z = 1/4,  

b) Bi(3) and S(3) marked in the plane z = 3/4. 
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Fig. 8. BiSeBr crystal’s electron charge density: a) Bi(4) and Se(4) marked in the plane z = 1/4,  

b) Bi(3) and Se(3) marked in the plane z = 3/4. 

 

 The obtained results indicate that the Bi-S and Bi-Se bondings have stronger 

covalent bonds than in Bi-Br, as between Bi and S (Bi and Se) distance is less than the 

distance between Bi and Br atoms. Considering the partial electron density of states 

(DOS) distribution the electron charge density distribution in the Bi, S and Br atomic 

bonds is caused by Bi – 6p, S – 3p, Se – 4p, Br – 4p orbital hybridization. 

 More accurate covalent connection strength can only be obtained by calculating 

inter-atomic bond ionicity factor
i

f . Ionicity factor 
i

f
 
can be calculated in different 

ways. One of the methods is to evaluate ionicity factor 
i

f
 
using an empirical formula 

[37]: 

.180cos1
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(3.1) 

Here ASE  – distance (in electron-volts) between the two upper valence bands. VBE  – the 

total width of the all valence bands. ASE  and VBE  can be determined from the partial 

DOS distribution. For the BiSBr and BiSeBr crystals eV3.3
AS

E , eV8.3
AS

E  and
 

eV0.5
AS

E  respectively for Bi-S, Bi-Se and Bi-Br bonding ( eV8.14
VB

E ). Thus, 

ionicity factor 117.0
i

f
 
for Bi-S, 154.0

i
f  for Bi-Se and 255.0

i
f

 
for Bi-Br bonds. 



21 
 

 For the calculation of the ionicity factor by Pauling method [38], the folowing 

equation is used: 

 
.

4
exp1
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XX
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(3.2) 

Here AX  and BX  – electronegativity values for the corresponding atoms A and B. In our 

case electronegativity values for the Bi, S, Se and Br atoms are following: 0.2
Bi
X , 

5.2
S
X , 4.2

Se
X  and 8.2

Br
X  [39]. Estimated ionicity factor by Pauling method 

060.0p

i
f

 
for Bi-S, 039.0p

i
f

 
for Bi-Se and 147.0p

i
f

 
for Bi-Br bonds. 

4 ELECTRONIC STRUCTURE OF BiSI, BiSCl, BiSBr, BiSeI, 

BiSeBr, SbSI, SbSeI, SbSBr AND SbSeBr SEMICONDUCTOR 

AND FERROELECTRIC COMPOUNDS 

4.1 Investigation of electron density of states 

In solid-state and condensed matter physics, the density of states of a system describes 

the number of states per interval of energy at each energy level that are available to be 

occupied by electrons. Density of states can be compared with X-ray photoelectron 

emission spectra (XPS) of the valence band (VB) and the deep-level measurements. The 

theoretical photoelectron emission spectra of VB of BiSI crystal has been calculated 

from the partial DOS (Fig. 9) weighted with atomic photoemission cross-sections s(i, l): 

,),()DOS-(),()DOS-(DOS-  
i i

ii
pispsisstotal

 

(4.1) 

where DOS-s , DOS-p  – partial density of states of VB of i-atoms (Bi, S, I). To find 

photoemission cross-sections s(i, s) and s(i, p) from [40] we have used experimental X-

ray photon energy 1486.6 eV (the X-ray photoemission spectra A
V
B

VI
C

VII
 type crystals 

were obtained with monochromatic Al K radiation at room temperature using a 

spectrometer with energy resolution about 0.3 eV [41, 42]).  

 For comparison of the results total DOS of BiSI crystal weighted with s(i, l) and 

calculated using Wien2k [29] package is shown in Fig. 9. The experimental and 
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theoretical results of BiSI crystal are very similar. The differences for the most part are 

created by the thermal motion of atoms. 

 

Fig. 9. a) Experimental XPS of BiSI crystal extracted from Ref. [42], b) total-DOS of BiSI crystal. 

 

 The SbSI crystal’s DOS in valence band consists of three bands, which in turn are 

composed of hybridized Sb – 5p, Sb – 5s, S – 3p, S – 3s, I – 5s and I – 5p orbital (Fig. 

10). Two lowest valence bands consist of Sb – 5s, S – 3s and I – 5s, while the higher 

valence band consists of Sb – 5p, S – 3p and I – 5p hybridized orbital. Conduction band 

up to 5 eV is composed of Sb – 5p, S – 3p and I – 5p hybridized orbital. SbSI DOS 

calculations are very similar to those which are given in [43, 44]. 

 The DOS calculations for SbSeBr, BiSCl, BiSBr and BiSeBr crystals revealed that 

they have four valence bands. Their total and partial DOS distribution is very similar. 

Partial density of states maintain very similar s/p orbitals’ domination for both valence 

and conduction bands. 



23 
 

 

Fig. 10. The total and partial DOS of SbSI crystal. Calculated with atomic coordinates and lattice 

parameters taken from [45, 46] at 285 K temperature. 

 

4.2 Investigation of electronic band structure 

Electronic band structure was calculated through the main points of the first Brillouin 

zone (Fig. 11). The calculated band structures for BiSI and SbSeBr crystals are presented 

in Fig. 12. We have observed the presence of well-separated groups of bands. Our 

theoretical calculations reveal that BiSI and SbSeBr crystals have an indirect forbidden 

gap (the arrows denotes the location of indirect transition). For both crystals the 

minimum of the conduction band is located at Г point and maximum of the valence band 

appears nearly midway between the Z and Г points of the Brillouin zone (Fig. 12). The 

calculated value of the forbidden gap for BiSI crystal is 1.57 eV. These results confirm 

the experimentally determined BiSI band gap value, which is 1.59 eV [47]. The 

calculated value of the forbidden gap for SbSeBr crystal is 1.40 eV. These results are 

close to the experimental measurement results (when cE


||  Eg = 1.88 eV, when cE


  

Eg = 1.92 eV) from Ref. [48]. Very large discrepancy in the band gap calculations was 
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obtained by the authors of Ref. [49]. They calculated the indirect transition band gap – 

0.23 eV and the direct – 0.47 eV. 

 Other electronic band structure studies of A
V
B

VI
C

VII
 compounds give very similar 

band lineup. Mostly bands come closely at Z and Г points and depart at U and R points 

of the Brillouin zone.  

 

Fig. 11. The first Brillouin zone for the orthorhombic crystals. 

 

 

Fig. 12. a) Band structure of BiSI crystal, b) Band structure of SbSeBr crystal. 
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5 OPTICAL PROPERTIES OF BiSI, BiSCl, BiSBr, BiSeI, BiSeBr, 

SbSI, SbSeI, SbSBr AND SbSeBr SEMICONDUCTOR AND 

FERROELECTRIC COMPOUNDS 

5.1 Investigation of the optical properties using spectroscopic 

ellipsometry technique 

The optical properties of A
V
B

VI
C

VII
 type compounds were studied by spectroscopic 

ellipsometry technique. Elipsometric measurements were performed at room temperature 

in the spectral range of 0.5 – 5.0 eV by means of a photometric ellipsometer with 

rotating analyzer [31, 32]. In the spectral range under consideration the ellipsometric 

parameters   and   were measured with accuracy of 0.02.  

 Experimental spectra of the dielectric functions were analyzed by contribution of 

Lorentzian type lines in the model of pseudo-dielectric function: 

,)(
22




k kk

k

iEEE

A
E

 

(5.1) 

where kA , kE  and k  are amplitude, energy and k
th

 line width, respectively. The number 

of these parameters depends on oscillators used in physical model. We hold assumption 

that influence to the crystals’ spectrum is from three or four oscillators. That influence 

depends on investigative crystal. The fitting parameters are obtained by minimization 

using the mean-square method of the difference between the calculated and experimental 

spectra of the dielectric constants’ components approximately by Laurence lines with 

amplitude kA , energy kE  and half-width k  for samples. 

 We have found that for sufficient description of the SbSexS1-xI mixture spectra three 

oscillators are enough [S1]. BiSI, BiSeI, BiSBr and BiSeBr dielectric spectra with four 

Laurence oscillators are properly described [S4, S6, S12]. Fig. 13 shows that the total 

sums of the four oscillators contribute to the experimental spectra of dielectric functions 

for BiSeI crystals with an excellent agreement. The experiments were also compared 

with the DFT and the results are fully detailed in the dissertation. 
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Fig. 13. Total oscillators’ contribution (calculated by Eq. (5.1)) to the experimental im  

spectra for the BiSeI crystal (arrows denotes positions of the Lorentz lines):   

a) when cE


| |  and b) when cE


 . 

 

5.2 Absorption, reflectivity and electron energy loss spectra  

A
V
B

VI
C

VII
 type crystals’ spectra of each other are very similar. Absorption coefficient K 

dependence on photon energy, as well as the reflectance R dependence on photon energy 

in all three x, y and z-axis directions own two main large peaks, which in turn consists of 

smaller peaks (Figs. 14 and 15). 

 Fig. 14 shows the calculated reflectivity R(E) and absorption K(E) spectra of BiSI 

and BiSeI in two directions x znd z. The first main reflection and absorption maximum 

for both crystals is in the 1 – 6 eV energy range. The second main reflection and 

absorption maximum for both crystals is approximately in the 6 – 20 eV energy range. 

The two main maxima are created by the interband electron transitions. These maxima 

and high anisotropic behavior are repeated for all A
V
B

VI
C

VII
 orthorhombic structure 

crystals. The absorption edge normally takes place between the top of the valence band 

and the bottom of the conduction band. 

 At intermediate energies (0 – 30 eV) the energy losses are due to single electron 

excitations and collective excitations (plasmons). The energy of the maximum peak L(E) 

is assigned to the energy of volume plasmon peak 
p

 . At this energy, the real part of 

the dielectric function Re   coming from the high frequency side goes through zero 

(vanishes). The maximum peak for BiSI crystal is located at the energy of 18 eV. 

Therefore, the value of volume plasmon energy is eV18
p

 . The same plasmon 
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energy keeps in BiSeI and BiSeBr crystals. For the BiSCl crystal plasmon energy value 

is eV19
p

  and for BiSBr it is eV20
p

 .  

 

Fig. 14. The absorption spectra: a) for BiSI crystal, c) for BiSeI crystal.  

The reflectivity spectra: b) for BiSI crystal, d) for BiSeI crystal. 

 

 

Fig. 15. The reflectivity spectra: a) for BiSBr crystal, b) for BiSeBr crystal. 

The absorption spectra: c) for BiSBr crystal, d) for BiSeBr crystal. 

 

 For free electrons the plasmon energy is calculated according to the following 

model: 

,
0

2

m

ne
p


  

 

(5.2) 

here n is the valence electron density, e is the elementary charge, m is the electron mass, 

0
  is the permittivity of free space, and   is the Planck constant. 
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 The plasma frequency 
p

  can also be tested with the sum rule [50]: 

.)(Im
2 0

2
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d
p

 

(5.3) 

 Calculation using (5.2) formula gives plasmon energy value of eV27.17
p

  for 

the BiSeBr crystal and eV13.18
p

  for the BiSBr crystal. Estimated plasmon energy 

using the sum rule gives very similar results. Plasmon energy calculations, according to 

(5.2) and (5.3) formulas, for BiSI, BiSeI, BiSCl, and for the others A
V
B

VI
C

VII
 

orthorhombic structure crystals gives the energy value approximately 1.5 eV lower than 

plasmon energy value found graphically. 

5.3 Birefringence in the area of the ferroelectric phase transition 

The refractive indices na, nb and nc were estimated along x, y and z directions, 

respectively. The difference between two refractive indices at the same photon is about 

0.5 in photon energy range from 2 to 6 eV. This difference between two refractive 

indices at the same photon energy vanishes in photon energy ranges from 0 to 2 eV and 

from 7 to 20 eV. All refractive indices spectra in the energy range from 0 to 14 eV have 

two large maxima. First refractive indices’ maximum is in photon energy range from 0 to 

5.8 eV and the second one is from 5.8 to 14 eV. In the range of first maximum (0 – 3 

eV), the anisotropy of refractive indices na, nb and nc is very large, but in the energy 

range 3 7.5 eV, the anisotropy between nb and nc relation lowers. In the photon energy 

range from 12 to 20 eV, anisotropy of refractive indices vanishes because na = nb = nc. 

 The birefringence was calculated for SbSI crystal at fixed photon energies E  0 eV 

and E = 1.078 eV ( = 1.15 m) in the 100 – 350 K temperature range (Fig. 16). The 

indices are approaching to linear above Tc = 295 K in paraelectric phase. The 

temperature where the indices depart from the linear behavior is denoted as phase 

transition temperature. In ferroelectric state, indices depend on spontaneous polarization 

Ps and have negative temperature dependence.  

 The linear refractive index increment nc = nf – np is the increment of refractive 

indices induced at the transition. The nc has been obtained by subtracting from the 
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linear temperature behavior of the np in the paraelectric phase andextrapolated to the 

ferroelectric phase (dashed lines in Fig. 16). The increments in Fig. 16 at the photon 

energy E = 1.078 eV and temperature T = 100 K have the values: nc,S = 0.17 along z-

axis direction and nb,S = 0.12 along y-axis direction. 

 

Fig. 16. Temperature dependence of the refractive indices na, nb and nc: a) when E = 1.078 eV and  

b) when E  0 eV. The background lines are shown as dashed lines.  

 

 

Fig. 17. Calculated linear birefringence increment (n) (solid line with square symbols) and 

experimental curve (n)exp (dots) [51] versus temperature. The laser energy is 1.078 eV. 
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 For theoretical – experimental data comparison the theoretical linear birefringence 

increment (n = nс – na) in ferroelectric phase has been obtained. In Figure 17, 

theoretical (n) and experimental (n)exp comparison results are shown. Experimental 

curve (n)exp is measured by high-frequency polarization modulation method described 

in Ref. [52]. Theoretical and experimental results are similar, the curves have the same 

tendency. 

6 LATTICE DYNAMICS OF BiSI, SbSI AND SbSBr CRYSTALS 

6.1 Investigation of phonon density of states 

Dynamical properties of BiSI, SbSI and SbSBr crystals were obtained from a direct 

method [34, 53-56]. In this method, phonon frequencies were calculated from Hellmann-

Feynman forces generated by nonequivalent atomic displacement in supercell. Each 

atom was displaced from its equilibrium position by 0.03 Å in Cartesian direction. Both 

positive and negative displacements were applied to minimize the systematic errors. The 

induced forces acting on all atoms within the supercell were used to construct the force 

constant matrix of the system. The phonon frequencies and the corresponding 

eigenvectors were obtained by diagonalizing the dynamical matrix. Thermal expansion is 

indirectly taken into account through calculation for various lattice volumes.  

 

Fig. 18. The total phonon DOS in paraelectric phase: a) for BiSI crystal, b) for SbSI crystal.  

 

 The calculated total phonon DOS in paraelectric phase for BiSI and SbSI crystals 

are shown in Fig. 18. The dimensions of supercells were 1×1×1 for both crystals. For 

SbSI calculation the atomic coordinates and lattice parameters at 465 K temperature 
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were used [45, 46]. The total and partial phonon DOS in paraelectric phase at T = 30 K 

and ferroelectric phase at T = 11 K for SbSBr crystal were also calculated (the figures 

are given in the dissertation) [S10]. In all cases the amplitude of total phonon DOS does 

not exceed 0.65 T
-1

. The results of partial phonon DOS for Sb, S and Br atoms in 

paraelectric and ferroelectric phases indicates that S atom has higher frequencies than Sb 

and Br atoms. The origin of the total phonon DOS peaks created by partial phonon DOS 

of SbSBr atoms in both phases are presented in Table 1. 

Table 1. Origin of total phonon DOS peaks created by partial phonon DOS of SbSBr atoms in 

paraelectric phase at T = 30 K and ferroelectric phase at T = 11 K.  

Range (in THz) of total 

phonon DOS peaks 

The phonon DOS peaks created by 

partial phonon DOS of atoms 
Axis direction 

0 – 3 Sb, Br a(x), b(y), c(z) 

3.5 – 5 Sb, Br b(y) 

6 – 7.5 S c(z) 

7.5 – 8.5 S (90%), Sb (10%) b(y) 

10 – 10.5 S (90%), Sb (10%) a(x) 

 

6.2 Investigation of vibrational dispersion 

Vibrational dispersion curves were calculated through the main points of the first 

Brillouin zone (Fig. 11), like in the electronic band structure studies. The highest 

accuracy of the calculation is obtained at the center of the Brillouin zone. If the 

calculations are inaccurate dispersion curves have imaginary parts (ie, a negative rate), 

usually it appears at Г point or near it. Imaginary parts may appear due to two reasons: 1) 

the performed calculations are inaccurate or 2) studied compound is unstable. Instability 

creates a soft mode and therefore compounds undergo structural phase transitions [53-

55]. Such instabilities can also be designed for high pressure [56]. However, although 

the compound has a phase transition it will not necessarily be obtained by imaginary 

parts. The phonon calculations evaluate only electron-phonon interaction, but do not take 

phonon-phonon interaction into account. For the crystal which has a phase transition the 

imaginary frequencies will be obtained if the phase transition is induced by the electron-

phonon interaction. 
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 The calculations for A
V
B

VI
C

VII
 type orthorhombic structure crystals showed that 

dispersion curves obtained with 1×1×1 supercell are inaccurate. Figure 19 shows the 

BiSI crystal’s dispersion curves calculated with 1×1×1 supercell. The imaginary parts 

arise at the Г point of the Brillouin zone. However, there is evidence, that Bi atoms are 

too large and the anharmonicity is too small to induce a ferroelectric phase transition as 

in SbSI crystal [57]. Thus, these instabilities are due to inaccuracies of the calculation. 

Therefore, more precise calculations with increased supercell are needed.  

 

Fig. 19. The dispersion curves of the BiSI crystal in paraelectric phase. 

 

 Calculating the dispersion curves of the SbSBr crystal in paraelectric and 

ferroelectric phases with 1 × 1 × 1 supercell gives s small inaccuracies at the Г point. 

The observed 36 modes, which some of them overlap on top of each other. The negative 

frequency is not high, it means the chosen supercell is too small. Therefore, we carried 

out more calculations by increasing the supercell. Figs. 20 and 21 show that increasing 

the supercell improves the result and negative frequency vanishes almost completely. 

Increasing in z-axis direction does not give good results, providing even more imaginary 
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parts (Fig. 21a). However, the calculations with 2 × 2 × 1 supercell give the results with 

completely removed imaginary parts (Fig. 21b). 

 As is known, the SbSbr crystal has the ferroelectric phase transition (Tc = 22.8 K) 

and it is intermediate between order-disorder and displacement type (for the most part 

displacement type [58]). Electron-phonon interaction and Jahn-Teller effects contribute 

to this transition, but phonon-phonon interaction fulfils a fateful [58, 59]. Therefore, 

SbSBr dispersion curves do not yield negative phonon frequencies. 

 

Fig. 20. The dispersion curves of the SbSBr crystal in paraelectric phase (30 K):  

a) supercell 2×1×1 and b) supercell 1×2×1. 

 

Fig. 21. The dispersion curves of the SbSBr crystal in paraelectric phase (30 K):  

a) supercell 1×1×2 and b) supercell 2×2×1. 
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7 THE VIBRATIONAL THERMODYNAMIC FUNCTIONS OF 

SbSI AND SbSBr CRYSTALS IN PARAELECTRIC AND 

FERROELECTRIC PHASES 

7.1 Phonon free energy and mean-squared displacement of atoms in 

harmonic and quasiharmonic approximations  

The free energy of the lattice vibration of the unit cell ),( TVF
vib

 is calculated from the 

total phonon DOS using the formula [34]: 
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(7.1) 

where r is the number of degree of freedom in the primitive unit cell, T – temperature, V

– volume of the unit cell, )(V   denotes the volume dependent phonon frequencies 

and )(g  is the total phonon DOS,   is the Plank constant, and 
B

k  is the Bolzmann 

constant. 

 Equation (7.1) contains some effect of anharmonicity since the phonon frequencies 

have to be derived each time at the current volume V of unit cell. A combination from 

any atom   and degree of freedom i to the free energy of the unit cell is given by ,iF .  
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where ,ig  is the partial phonon DOS which describes the contribution to the total DOS 

of the selected atom vibrating along selected Cartesian coordinate. 

 The knowledge of the lattice dynamics, the total )(g  and partial )(
,
i

g  phonon 

DOS permits to calculate in quasiharmonic approximation the free energy of SbSI or 

SbSBr unit cell and contribution ,iF  from Sb, S and Br atoms to the free energy along 

selected axis direction in paraelectric and ferroelectric phases.  
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 The free energy of the unit cell 
vib

F  and contribution from Sb, S and Br atoms to the 

free energy ,iF  in z-axis direction for a number of temperatures in harmonic and 

quasiharmonic approximations are plotted in Fig. 22. 

 

Fig. 22. a) Temperature dependence of the vibrational free energy of the unit cell of SbSBr 

crystal, b) Temperature dependence of contribution from Sb, S and Br atoms to the free 

energy along z-axis direction. Dashed lines denote contribution in harmonic approximation.  

 

 As seen from Fig. 22 the temperature dependences of 
vib

F  and of ,iF  changes the 

slope with respect to the slope at T = 60 K. One of the possible reasons of the changes of 

the slope is the changes of total and partial DOS when temperature changes from 60 K to 
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11 K. The total and partial DOS have strong dependence on temperature because unit 

cell volume changes in paraelectric phase and Sb and S atoms shifts in ferroelectric 

phase. 

 The calculations reveal that deviations between the free energies of unit cell 
vib

F  

and contribution from atoms 
,iF  in quariharmonic approximation and free energies’ in 

harmonic approximation with )(g  and )(
,
i

g  at T = 60 K depend on temperature. 

The deviations changes from 5% to 15% increasing the temperature from 60 K to 294 K. 

The possible reason of these deviations is the changes of )(g  and )(
,
i

g
 
when the 

temperature changes from 60 K to 294 K. 

 For investigation of anharmonisity along x, y, z-axis directions in SbSBr crystal it is 

useful to calculate the mean-squared displacements of Sb, S and Br atoms.  

 A Debye-Waller factor in this case is defined as )](exp[ kW


 , where 

)]2()(2[2/1)( kBkkW


  , )(B  is a second-rank symmetric tensor and represents 

the mean-squared displacement of atom  . It is expressed by the diagonal and off 

diagonal partial phonon DOS of states )(
,
iL

g  taking the form [34]: 










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




0

1

,,
2

coth)(
2

)( 





  d
Tk

g
M

r
B

B

iLiL


, (7.3) 

where M  is the mass of the atom   and r  is the number of degree of freedom in the 

primitive unit cell. 

 The temperature changes of the partial mean-square amplitudes ,iB  of Br, S and Sb 

atoms in x, y, z-axis directions are shown in Fig. 23. In the work of [60 (Fig. 6)] isotropic 

mean-square amplitude B  of Sb, S and Br atoms in harmonic approximation is 

proportional to the absolute temperature in range from 100 K to 294 K. Supposing that 

the mean-square amplitudes ,iB  of Sb, S and Br atoms in harmonic approximation are 

proportional to the absolute temperature in range from 100 K to 294 K, we have drawn 

tentatively the straight line passing through the origin and the value at 100 K.  
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Fig. 23. Temperature dependence of the mean-square displacements ,iB
 
along x, y and z-

axis directions: a) for bromine, b) for sulphur and c) for antimony atoms. 

 

 For the Sb and S atoms, it is seen that values on the higher temperature side are 

located nearly on the straight line for x and y direction, except a large deviation in z 

direction. This fact indicates that the Sb atom vibrates harmonically in x and y directions 

over the temperature range 100 – 294 K. On the other hand the values 
z

B  (Sb), 
z

B  (S) in 

the temperature range 100 – 294K are all above the straight line. The slopes of 

temperature dependence of the mean-square displacements for 
z

B  (Br), 
z

B  (S) and 
z

B  

(Sb) in the region of ferroelectric phase from 22.8 K to 11 K are different from the 

slopes in the region of paraelectric phase from Tc = 22.8 K to 60 K. One of the possible 

reasons of difference of slopes of all ,z
B  near the transition temperature and strong 

changes of slope of 
z

B  (Sb) and 
z

B  (S) in the temperature range 100 – 294 K is the 

appearance of the intrinsic anharmonisity of potential energy of Sb and S atoms along z-

axis [59]. 



38 
 

 This consideration suggests that the observed deviation from the straight line is due 

to the softening effect of some phonon modes polarized along the z-axis. Fig. 23c 

indicates that soft modes polarized along the z-axis are observed over a wide temperature 

range and particularly observed near the transition point. The results, shown in Fig. 23, 

reveal that modes polarized along x and y directions indicate no softening behavior in 

temperature range from 100 K to 294 K. The possible reason for the softening effect of 

phonon along z-axis is the change of )(, ig  created by temperature dependence of the 

unit cell constant c in paraelectric phase. Further, by the shift of Sb and S atoms along z-

axis in ferroelectric phase. 

7.2 Helmholtz free energy, internal energy and entropy in the range 

of ferroelectric phase transition 

The vibrational contribution of free energy equals: ),(),(),( TVTSTVUTVF
vib

 , 

where ),( TVU  describes the internal energy of the lattice including zero-point 

vibrations, while the last term is for the entropic contribution. The internal energy 

),( TVU  and entropy ),( TVS  of the unit cell equals [34, 53]: 
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 The Helmholtz free energy F, of the crystal is a sum of a ground state energy E and 

the free energy of the lattice vibration 
vib

F : 
vib

FEF  . The difference of the free 

energy of the lattice vibration 
vib

F  is calculated as follows: STUF
vib

  or 

STUEFE
vib

 )( , or STUEF  )(  [53]. 

 Comparing the temperature-dependent free energies of the f (ferroelectric) and p 

(paraelectric) phases, it is possible to obtain the phase transition temperature. Further 

two total energy (ground state energy) calculations as functions of the unit cell volume V 

at both phases are necessary to perform. The total energy as a function of the volume V 
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may be calculated using WIEN2k [29]. The difference between the corresponding total 

energy minima at 11 K (ferroelectric phase) and 294 K (paraelectric phase) gives the 

ground state energy meV2
 pf

E per unit cell. The differences of the Helmholtz free 

energy ),(
pf

F


  internal energy ),(
pfpf

UE


  and entropy term )(
pf

ST


  between 

f and p phases on temperature are shown in Fig. 24. 

 

Fig. 24. Difference of the Helmholtz free energy, internal energy, and entropy term between f and p 

phases on temperature. 

 

 The values for the paraelectric phases are used as a reference line. From Figure 24, 

it follows that the paraelectric phase is more stable than ferroelectric phase since the 

Helmholtz free energy in the paraelectric phase is lower. The entropy favors the SbSBr 

structure, whereas the internal energy has only little impact on phase stability of the 

phase, driving the SbSBr to be more stable above 30 K. The obtained transition 

temperature is close with measured value of Tc = 22.8 K. It is possible to get exact value 

with lower ground state energy meV1
 pf

E per unit cell. The reason why there is no 
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perfect congruence is the fact that the crystal dynamic is characterized by a collection of 

noninteracting harmonic oscillators (7.1) – (7.5). 

7.3 Influence of the anharmonicity for the SbSI and SbSBr 

thermodynamic functions 

SbSI and SbSBr crystals in the paraelectric phase have the soft mode B1u (A1). Its 

frequency varies according to the formula 
 

 )(22

csTO
TTA , where 1  is the 

mean field critical exponent. The soft mode B1u gives the main contribution to the static 

dielectric permittivity 


  )0(  near the Tc temperature [2]. This soft mode has 

two components: a soft mode in the microwave range [57] and the soft mode in the 

infrared (IR) spectrum range. Both components are due to atomic movement in the 

potential field V (z) and persist as long as there is an interaction between the chains. If 

the interaction between the chains disappears, no presents of the soft mode component in 

the microwave range can be detected [61]. In our case the soft mode is maintained and it 

can be described by an anharmonic oscillator vibrating in a double-well potential energy 

expressed [58, 59] as follows: 

42 czbzV  , (7.6) 

where, z’s are displacements of atoms from their equilibrium positions in B1u symmetry 

normal mode and b and c the parameters of soft mode (b < 0, c > 0). The factor 

cbV 4/2  characterizes a barrier between two maxima of a double-well potential 

energy. The term 4cz  depends on the interaction between the anharmonic oscillator of 

B1u symmetry with other oscillators of the same symmetry. Because the phase transition 

in SbSBr crystal exhibits an intermediate behavior between displacive and order – 

disorder nature, the phase transition temperature may be found by means of the equation 

c

anh

cB
VTk  . In the literature [58, 59] it is found that anh

cT  approximately equals to the 

experimental value Tc = 22.8 K. Therefore we assume, that noninteracting phonons drive 

the temperature of phase transition to K30anh

c
T , but interacting anharmonic oscillators 

drive the phase transition temperature to the experimental value Tc = 22.8 K. 
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8 INVESTIGATIONS OF THE DIELECTRIC PROPERTIES 

SbSI and SbSeI crystals were grown by the common Bridgman–Stockbarger technique. 

Further, they were cut into tablets 4 mm thick perpendicular to the longitudinal axis by a 

diamond disk and then polished. The capacitance was measured in the midst of the 

conductive temples at frequency of 1 kHz. Such a frequency is set because of an increase 

in capacitance values at lower frequencies [62]. Measurement details are given in the 

dissertation.  

 In the International System of Units, variation of the capacitance C  leads to the 

dielectric permittivity changes and it is based on the equation:  

,0

d

S
C

 


 

(8.1) 

where S  is the contact area, d  is the distance between the contacts, 
12

0
1085,8   F/m. 

 Results obtained for SbSI crystals are presented in Fig. 25. As discussed in [31, 32, 

63] from X-ray studies above the high temperature phase transition that exists at 410 K. 

Only then does the SbSI crystal become centrosymmetric. Certainly SbSI has three 

phases: ferroelectric (T < 298 K), antiferroelectric (298 K < T < 410 K) and paraelectric 

(T > 410 K). As established in Ref. [62], BiSeI exhibits an increase of the dielectric 

permittivity and AC conductivity giving a peak at the temperature of 410 K. Our 

capacitance (dielectric permittivity) measurements for SbSeI crystals also confirm the 

existence of a peak near the considerable temperature. For SbSeI and SbSI crystals the 

position of this peak depends on heating and cooling rate. Following an increase in 

capacitance (dielectric permittivity) propose a new antiferroelectric phase transition as in 

SbSI crystals. Therefore, we come to the conclusion that BiSeI, SbSeI and SbSI are in 

antiferroelectric phase when T < 410 K and in paraelectric phase when T > 410 K. All 

these crystals have antiferroelectric phase transition near the 410 K temperature. Under 

this transition the antiferroelectric phase changes to the paraelectric phase. 

 Ferroelectricity and phase transitions in SbSI are closely related to its equilibrium 

positions of the atoms in the elementary unit cell, lattice parameters and phonon 

interaction which depends on temperature. This interaction changes the form of the soft 
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mode potential energy and thus changes the soft mode behavior, temperature of 

ferroelectric phase transition and its order [63]. In the antiferroelectric phase, equilibrium 

positions of the atoms in the elementary unit cell and lattice parameters of the soft mode 

differs from the equilibrium positions of the atoms in the elementary unit cell and lattice 

parameters of the soft mode in the ferroelectric phase. Ferroelectric phase transition in 

the SbSI is related to B1u soft mode at Brillouin zone point k = 0, when the 

antiferroelectric phase transition near the 410 K temperature is related to the B1u soft 

mode at Brillouin zone point k = /c. Because the electronic potential energy of soft 

mode in the antiferroelectric phase is double-well form, the mode is very low frequency. 

Therefore, the authors of work [63] did not observe any change of permittivity at 

frequency of 30 GHz.  

 

Fig. 25. Variation of capacitance with temperature for SbSI crystals at frequency – 1 kHz when a sample 

is heated. The inset shows ferroelectric phase transition peak. 1S  cm
2
, 4d  mm. 
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GENERAL CONCLUSIONS 

1. The calculated electron charge density distribution confirms that the orthorhombic 

structure A
V
B

VI
C

VII
 crystals’ atoms have covalent type chemical bonds with a 

greater or lesser ionicity factor. 

2. A
V
B

VI
C

VII
 type semiconductor crystals have three or four valence bands mainly 

composed of A
V
 atom’s s/p, B

VI
 atom’s s/p and C

VII
 atom’s s/p hybridized orbital. 

The lowest conduction band is mainly composed of A
V
 atom’s p orbital. 

A
V
B

VI
C

VII
 type crystals are characterized by the non-linear band gap with an 

indirect transition from Z – Г to Г point. Direct transition take place from Г to Г. 

Theoretical calculations of the electronic structure of the DFT approach in most 

cases is quite close to the experimental values and confirm the results of the other 

authors.  

3. Theoretically, with the DFT method, calculated dielectric functions 
re

  and 
im

  

are sufficiently in a good agreement with the experimental data, which were 

obtained using an optical spectrum ellipsometer from 1.5 to 5 eV. Experimental 

results are also well described by the pseudo-dielectric function with three or four 

Lorentz-type oscillators. Optical )(En , )(Ek , )(EL , )(EK  and )(ER  spectra show 

two intense, large maxima, which are composed of smaller peaks. These maxima 

caused by the optical transitions that take place from the p and s orbital in the 

valence band to the conduction band. Plasmon energy calculations showed that 

the orthorhombic structure A
V
B

VI
C

VII
 crystals’ plasmon energy value from 16 to 

20 eV. Theoretical SbSI crystal’s refractive indices and birefringence study 

showed that the refractive indices increments nc,S, nb,S and the birefringence 

increment (n) in the ferroelectric phase depends on the spontaneous 

polarization Ps. Theoretical (n) and experimental (n)exp birefringence results 

are similar. 

4. The total phonon density of states for BiSI, SbSI and SbSBr crystals are 

distributed in the frequency range from 0 to 10.5 THz. The spectrum of partial 

phonon DOS of Sb and Br atoms mainly distributes below 5 THz and has six 
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large peaks. The spectrum of the partial phonon DOS of S atoms mainly exits 

higher than 6 THz and also has six large peaks. The vibrational dispersion study 

confirms that the electron-phonon interaction has a little impact on the SbSBr 

ferroelectric phase transition. 

5. In the SbSBr ferroelectric phase T < Tc = 22.8 K the temperature dependence of 

vib
F  and ,iF  changes the slope with respect to the slope at 60 K in paraelectric 

phase. The difference of slopes in ferroelectric phase (T < Tc = 22.8 K) and 

paraelectric phase from Tc to 60 K is created by strong temperature dependence of 

the unit cell volume in paraelectric phase and shift of Sb and S atoms along z-axis 

in ferroelectric phase. Investigation of mean-squared displacements of Sb, S and 

Br atoms in x, y and z direction in quasiharmonic approximation in paraelectric 

and ferroelectric phases indicates that Sb and S atoms vibrates harmonically in x 

and y direction over the temperature range 100 – 294 K. But Sb and S atoms 

vibrates anharmonicaly in z-axis direction over the temperature 100 – 294 K and 

in transition range from 11 to 60 K. The possible reason for the softening effect of 

phonons along z-axis is the change of total phonon DOS and partial phonon DOS 

created by strong temperature dependence of the lattice constant c in paraelectric 

phase and shift of Sb and S atoms along z-axis in ferroelectric phase. It is shown 

that entropy favors the SbSBr structure, where the internal energy has little impact 

on phase stability. It is established that the paraelectric phase is more stable than 

ferroelectric phase since the Helmholtz free energy in the paraelectric phase is 

lower. The obtained ferroelectric phase transition temperature is in reasonable 

agreement with the experimental value.  

6. BiSeI, SbSI and SbSeI crystals in the temperature dependent dielectric spectra 

have a sharp peak at the temperature T  410 K. Temperature dependence of 

permittivity (electrical capacitance) depends on the temperature dependence of 

frequency of soft mode in double-well potential energy V(z) in the 

antiferroelectric phase. But in paraelectric phase, the temperature dependence of 

permittivity exhibits a strong drop according to the changes of soft mode double-
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well potential energy to a single-well potential energy. These changes are affected 

by equilibrium atomic positions of the elementary unit cell, lattice parameters and 

the phonon interaction changes. SbSI crystal has three phases: ferroelectric (T < 

298 K), antiferroelectric (298 K < T < 410 K) and paraelectric (T > 410 K). BiSeI 

and SbSeI crystals have two phases: antiferroelectric (T < 410 K) and paraelectric 

(T > 410 K). 
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REZIUMĖ (IN LITHUANIAN) 

 Disertacijoje teoriškai ir eksperimentiškai nagrinėjami A
V
B

VI
C

VII
 tipo junginiai. 

Teoriniai tyrimai atlikti naudojantis tankio funkcionalo teorija (DFT) kartu su pilno 

potencialo tiesinių padidintų plokščių bangų (FP-LAPW) metodu ir apibendrinto 

gradiento aproksimacija (GGA). Skaičiavimams naudoti Wien2k ir PHONON komp. 

paketai. Eksperimentiniai tyrimai buvo atliekami naudojantis spektroskopinės 

elipsometrijos metodais bei matuojant dielektrinės skvarbos (elektrinės talpos) 

priklausomybes nuo temperatūros. Darbe nagrinėjamas A
V
B

VI
C

VII
 tipo junginių 

tarpatominis cheminis ryšys, elektroninė struktūra, optinės savybės, gardelės dinamika, 

virpesių termodinaminės funkcijos ir dielektriniai pokyčiai paraelektrinėje, 

feroelektrinėje ir antiferoelektrinėje fazėse. 

 Cheminio ryšio tyrimui buvo skaičiuojamas elektronų krūvio tankio pasiskirstymas, 

įvertinti kovalentinis ir joninis faktoriai. Junginių elektroninė struktūra ir optinės savybės 

tyrinėtos atlikus tūrinę optimizaciją bei nustačius tinkamiausią tikslinančią 

aproksimaciją. Apskaičiuoti ir aprašyti elektronų būsenų tankiai, elektroninė juostinė 

sandara. Apskaičiuotos ir aprašytos optinės dielektrinės, lūžio rodiklių, sugerties 

rodiklių, elektronų energijos nuostolių, sugerties ir atspindžio koeficientų funkcijos. 

Apskaičiuotas teorinis SbSI kristalo dvejopas lūžis feroelektrinio fazinio virsmo srityje. 

Gardelės dinamika tyrinėta skaičiuojant fononų būsenų tankius ir virpesių dispersiją. 

Apskaičiuota fononų laisvoji energija, šiluminiai poslinkiai, Helmholtzo laisvoji 

energija, vidinė energija ir entropija. Taip pat apskaičiuoti šių funkcijų skirtumai tarp 

paraelektrinės ir feroelektrinės fazės. Nustatyta anharmonizmo įtaka termodinaminėms 

funkcijoms ir fazinio virsmo atsiradimui. Dielektriniai pokyčiai tyrinėti 270-440 K 

temperatūros srityje. SbSI ir SbSeI kristaluose atrastas dielektrinio spektro maksimumas 

~ 410 K temperatūroje. Aprašytos šio maksimumo atsiradimo priežastys ir jį įtakojantys 

veiksniai. 

 Teoriniai ir eksperimentiniai rezultatai palyginti tarpusavyje, o taip pat su kitų 

autorių rezultatais paskelbtais literatūroje. Darbo pabaigoje suformuluotos bendrosios 

išvados. Pateiktas cituotų literatūros šaltinių sąrašas ir priedas su papildomais, darbe 

naudotais duomenimis teoriniams skaičiavimams. 


