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CURRENT-VOLTAGE (I-V) AND CAPACITANCE-VOLTAGE (C-V) 

CHARACTERISTICS OF Bi4Ti3O12 AMORPHOUS FILMS 
 

Şemşettin ALTINDAL, Adem TATAROĞLU 
Physics Department, Faculty of Arts and Sciences, Gazi University, 06500, Teknikokullar, 

Ankara, Turkey  
 

A.A. AGASIYEV, M.Z. MAMEDOV, E.M. MAGERRAMOV,  
J.G. JABBAROV, Kh.O. QAFAROVA 

Institute for Physical Problems, Baku State University, Baku, 370145, Azerbaijan 
 

The current-voltage (I-V), capacitance-voltage (C-V) and conductance-voltage (G-V) characteristics were measured at room 
temperature and obtained experimental results are comparable in detail to the others measured value for Bi4Ti3O12 films in the 
literature. Inspite of the apparently symmetric capacitor structure but current-voltage (I-V) measurements showed rectifying 
behaviors. These results indicate structural disordering and the interface states in the BTO capacitors and existence polarization. The 
characteristics parameters of the interface states are derived from the I-V measuremets as a function of  Ec-Ess at room temperature. 
The density of states distribution profiles of the sample obtained from the I-V measurements and the mean of interface state Nss 
estimated about 2×1011 eV-1cm-2. The ideality factor n was found 1.5 at forward bias from I-V measurements. In addition to series 
resistance Rs was found at room temperature 350 Ω from the measured conductance in the strong accumulation region. 

 
1. INTRODUCTION 

When a metal is brought into intimate contact with a 
semiconductor, a barrier is formed at the metal-
semiconductor (MS) interface [1]. In 1938 Schottky 
suggested that the rectifying behaviors could arise from a 
potential barrier as a result of the stable space charges in 
the semiconductor. This model is known as the Schottky 
Barrier (SB). Metal-semiconductor device can also be no 
rectifying: that is, the contact has a negligible resistance 
regardless of the polarity of the applied voltage. Such a 
contact is called an ohmic contact. The height of potential 
barrier can be determined by the difference in the work 
function of the metal (φm) and electron affinity (χs) or 
work function of semiconductor (φs). The work function 
is the energy difference between the vacuum level and 
Fermi level (Ef). qχs is the electron affinity measured 
from the bottom of the conduction band Ec to the vacuum 
level.When a forward bias voltage Va is applied to the 
junction the effective barrier height in the semiconductor 
becomes q (VD-Va) and the electron flow from the 
semiconductor into the metal is enhanced by a factor 
exp(qVa/kT). Experimentally obtained barrier height 
deviate from this rule and the basic mechanism of the 
Schottky Barrier formation are still a field of intensive 
research. Bismuth titanite (Bi4Ti3O12) amorhpous films, 
the simplest an well known compound among the bismuth 
layer-stuctured ferroelectrics is particularly interesting 
because of its pepeculiar switching behavior resulting 
from a small c-axis component of the spontaneous 
polarization and a small coercive force [2,3]. Bi4Ti3O12 is 
a typical ferroelectrics material with useful properties 
optical memory, piezoelectric, and electro-optic devices 
[4]. Bi4Ti3O12 amorphous films have been extensively 
studied during the last few decades [5-9]. 

In this study, we were aimed particularly at 
investigating the role of interface states and series 
resistance on the current-voltage (I-V), capacitance-
voltage (C-V) and conductance-voltage (G-V) 
characteristics. Because the interface states cannot follow 
the a.c. signal in the high frequency, the situation may be 
different at low and intermediate frequencies. It is 

therefore important to include the effect of the frequency 
and series resistance and investigate in detail the 
frequency dispersion of capacitance in the forward C-V 
and G-V characteristics. 

 
2. EXPERIMENTAL 

The Bi4Ti3O12 (BTO) thin films obtained by a hot 
compacting of Bi4Ti3O12 powder of a stoichiometric 
composition was used a target. The mixture of Ar and O2 
was used a working medium. The structure of the 
obtained BTO thin films obtained by dc magnetron 
sputtering was used investigation. The chemical 
composition of films was determined by local X-ray 
spectral method on scanning electron microscope REM-
101M by comparison of spectral line intensity relations 
for films and standard sample. The gold top electrodes, 
with the thickness of about 2000Å and diameter of 2,5 mm 
were deposited using a shadow-mask at room temperature by 
rf.  sputtering. The electron diffraction pattern of Bi4Ti3O12 

films with thickness of ~2μm obtained by magnetron 
sputtering on crystal substrate at temperatures of ~700°C. 
The measurements of capacitance vs. voltage (C-V) and 
conductance vs. voltage (G-V) characteristics the BTO 
capacitors were performed by using a Hewlett-Packard 
HP 4192 A LF impedance analyzer (5 Hz-13 MHz) at 
various frequencies (1 kHz-5 MHz). The current voltage 
(I-V) characteristics of the BTO capacitors were measured 
using a Keithley model 614 electrometer and 220 
programmable constant current sources at room 
temperature. The samples (BTO) was mounted on a 
cooper holder in a box and the electrical constant were 
made to the upper gold electrodes by the use of tiny silver 
coated wires with silver paste. 

 
3.      RESULTS AND DISCUSSIONS 
 

3.1.   Current-Voltage Characteristics  
The most common theory of Schottky barrier diode 

is based on the thermionic emission (TE) and according to 
this model the current-voltage (I-V) relationship is given 
by, 
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Where q is the electronic charge, k is the Boltzman 
constant, T is the absolute temperature, VB is the voltage 
across the junction and IS is the reserve saturation current 
and described by (1), 
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Where A is area of diode, A∗ is modified Richardson 
constant and φB is the effective metal to semiconductor 
barrier height. The Is was found 6,13,10-15A by 
extrapolating the linear mid bias region of the curve to 
zero applied voltage axis and the ideality factor n was 
found 1,5 from the slope this linear region. 

For a real Schottky diode having interface states Nss 
in equilibrium with the semiconductor, the ideality factor 
n becomes greater than unity as proposed by Card and 
Rhoderick [10] and is given by 

 

               ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
++= ss

D

s

i

qN
W

1n
ε

ε
δ

                     (3) 

 
Where εs and εi are the permittivity of semiconductor and 
interfacial layer, respectively, WD is the space charge 

width and Nss is the density of interface states. The 
substituting in Eq. (3) the values of ideality factor n 
related to forward bias V obtained from experimental data 
of I-V in Fig. 1 and space charge width WD calculated 
from C-2 vs. V characteristics (Fig. 5) and taking εs 

(BTO)=118ε0, εs (SnO2)=7ε0 and ε0=8,85×10-14 F/cm, the 
values of Nss as a function of V were obtained and are 
given in table 1. 

  

 
 
Fig. 1. Forward bias Current-Voltage (I-V) characteristics   
           at room temperatur  (300K) for the Bi4Ti3O12  

              amorphous film. 
 

                                                                                                                                                                        Table 1. 
Some density of interface states values obtained from the forward bias I-V data at room  

temperature (300K) ) for the Bi4Ti3O12 amorphous film. 
 

V(V) n Φe(eV) Ec-Ess(eV) Nss(cm-2, eV-1) 
1,880 2,427 2,295 0,415 3,78×1011 
1,740 2,408 2,207 0,467 3,72×1011 
1,620 2,359 2,123 0,503 3,60×1011 
1,450 2,180 1,960 0,535 3,14×1011 
1,270 1,969 1,815 0,545 2,54×1011 
0,960 1,583 1,544 0,584 1,49×1011 
0,856 1,481 1,468 0,612 1,21×1011 
0,764 1,453 1,428 0,664 1,14×1011 
0,606 1,300 1,330 0,724 7,20×1010 
0,496 1,082 1,227 0,731 1,25×1010 

 

 
 
Fig. 2. Density of interface states Nss as a function of Ec - Ess  
           deduced from the I-V data at 300K for the Bi4Ti3O12  
           amorphous film. 

In a n-type semicondutor Schottky diode, the energy 
of interface states, Ess with respect to the bottom of the 
semiconductor is given by [1, 11, 12]. 

 
                   Ec - Ess = q(φe - V)                     (4) 
 

where 

               )IRV(
n
11 sBe −⎥⎦
⎤

⎢⎣
⎡ −+= φφ                (5)  

 
Eq. (3)-(5), along with the forward bias I-V 

characteristics can be used for the determination of 
interface states density as a function interface states 
energy Ess with respect to the bottom of the conduction 
band. Fig. 2 show the resulting dependence of Nss as a 
function of Ess using Eq. (3) and (4) at room temperature 
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(300K). As can be seen Fig. 2 and Table 1, the value of 
interface states Nss are adequately high and increases 
towards the conductance band. 

 
3.2.   Capacitance-Voltage Characteristics 

With top and botom metal electrodes, the assoc rated 
parameters of the Schottky diode, including the depletion 
layer capacitance (Ci), built-in voltage (Vbi) and space 
sharge density (ND or NA) can be determined. From a plot 
of 1/Cm (Cm is the measured capacitance) versus dm (dm is 
measured thickness), at various bias voltage. In this 
section we will show efforts to determine the build in 
voltage Vbi, space charge density ND and series resistance 
Rs of the BTO capacitors quantitatively using C-V and 
G/ω -V measurements and a detailed equivalent circuit 
analysis. 

 
 

Fig. 3. Measured capacitance (C) and conductance  
           (G/ω) vs. gate bias at room temperatur (300K) for     
           the Bi4Ti3O12 amorphous film at five different  
           frequencies. 

 
Fig. 3 (a) and fig. 3 (b) shows a typical capacitance-

voltage (C-V) and conductance-voltage (G/ω -V) curves 
of a capacitor at different frequence (5 kHz - 200 kHz) 
whose BTO layer has a thickness, d of 2μm. Fig 3(a) and 
3(b) shows the C-V-f and G/ω -V -f response for the 
Schottky diode, indicating that the measured capacitance 

C and conductance G are dependent on bias voltage and 
frequency. 

 
 

Fig. 4. Frequency and voltage dependence of series  
              resistance (Rs), respectively, at 300K for the  
              Bi4Ti3O12 amorphous film. 
 

The voltage and frequency dependence is due to 
factor of a Schottky barrier, interface state density and 
high series resistance [16], Fig. 4(b) the series resistance 
versus frequency shows that at high frequency (f ≥100 
kHz) the series resistance of diode decreases with 
increasing frequency. Fig. 4(a) and 4(b) confirmed that 
the series resistance varies with applied bias and 
frequency. Here we assumed that Schottky barriers were 
formed at the top and bottom interface [11, 13]. With 
build in voltage Vbi, a depletion width should follow a 
relationship such that  
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Where ND is the donor density, εi is the relative 
permittivity of interfaciallayer and ε0 is the permittivity of 
vacuum (1). It is known that a capacitance of a that 
Schottky diode (1) can be represented by  

 

                         2
D0s
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2
m ANq
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C
1

εε
−

=                           (7) 

 

Where Vi represent a drop of an external voltage at the 
interface when an external voltage is applied. The eq. (7) 
predicts linear relationship between (1/C2) and V under 
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strong bias conditions. The carrier doping density (ND) 
values used the calculations were determined from the 
slope of the linear part plot of C-2 vs. V curves (Fig. 5).  

calculated ~350Ω from the C-V and G-V curves in the 
strong accumulation bias. This value higher than from 
obtained )I(dLn

)V(d  vs. I plot because I-V measurement 
carried out only under forward bias condition. 

 
 

Fig. 5. Plot of 1/C2 vs. at 300K for the Bi4Ti3O12  
           amorphous film at frequency of 50 kHz. 

 

In the 50 kHz frequency measured value of ND at 
room temperature and in of 1,36×1015 cm-3. 

The built in voltages  of the BTO structure cowed be 
obtained by fitting the high field with linear lines. Fron 
the x-axiz (voltage) intercepts, it was found that  Vbi=1,6 
Volt. In addition to series resistance can be calculated 
from the admittance measured (C-V and G-V) when the 
devices is based  in strong  accumulation region according 
to [14-17]. 

                    
)C(G

G
R 2

m
22

m

m
S ω+
=                        (8) 

 

Where Gm and Cm represent the measured device 
equivalent parallel conductance and capacitance in the 
strong   accumulation   (at 6 volt).   The  series   resistance  

 

3.    CONCLUSION 
A small signal of 40 mV amplitude and 50 kHz 

frequency was applied bias across the sample while bias 
was swept from -7V to +7V. There was a decrease in the 
capacitance at strong bias and this reduction in the 
capacitance may be attributed to increased conductivity at 
strong dc bias. The ideality factor n was found 1,5 at 
forward bias from I-V measurements. In addition to series 
resistance Rs was at room temperature 350Ω from the 
measured conductance in the strong accumulation region. 
The higher value the ideality factor n may be attributed to 
a structural disordering of the film also point to thickness 
of the film layer and surface charge density. C-V-f and 
G/ω-V-f measurements confirmed that the measured 
capacitance C and conductance G strong depend on 
applied bias voltage and frequency. This dependence is 
due to the presence of Schottky barrier, doping 
concentration (NA or ND), density of interface states (Dit) 
and series resistance (Rs). Because the interface states 
cannot follow the a.c. signal in the efficient high 
frequency (f ≥500 kHz), the situation may be different at 
low and intermediate frequencies. The density of states 
distribution profiles of the sample obtained from the I-V 
measurements and obtained these results indicates the 
reliability of the others measured value for Bi4Ti3O12 
films in the literature [18-20]. It is therefore important to 
include the effect of the frequency and series resistance 
and investigate in detail the frequency dispersion of 
capacitance in the forward C-V and G-V characteristics. 
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PICOSECOND DISTRIBUTED FEEDBACK DYE LASER EXCITED WITH  

DIODE-PUMPED SOLID-STATE MICRO LASER 
 
                                       T.Sh. EFENDIEV1, V.M. KATARKEVICH1, 

1B.I.Stepanov Institute of Physics, National Academy of Sciences of Belarus  
68 Nezavisimosti Ave., 220072, Minsk, Belarus 

 
Ch.O. QAJAR2, R.A. KARAMALIYEV2,3  

2G.H. Abdullayev Institute of Physics, Azerbaijan NAS, Az-1143, H. Javid av., 33, Baku,  
3Baku, AZ-1148, Baku State University, Z. Khalilov str., 23  

 
The realization of a compact and highly stable tunable picosecond laser system based on a distributed feedback (DFB) dye laser 

and subnanosecond (τ0.5 ≈ 0.5 ns) diode-pumped solid-state (DPSS) Nd-LSB micro laser (λ = 531 nm) as the pump source is 
reported. It is shown, that using an ethanol solution of Rhodamine 6G (C = 2×10-4 M) as an active medium (length of the excited 
zone LDFB ~ 12 mm), a DFB laser, pumped as high as 2.25 times above the threshold by a micro laser, provides generation of single 
(τ0.5 ~ 55 ps; P ~ 2.4 kW) transform-limited (Δν0.5⋅τ0.5 ~0.4) picosecond pulses tunable in the spectral range of 543 − 604 nm. At 
energy stability of pump pulses of ~0.4% (RMS) energy stability of the emitted by a DFB dye laser single picosecond pulses was not 
worse than ~1%. 
 
Keywords: distributed-feedback (DFB) dye laser, picosecond pulse, diode-pumped solid-state (DPSS) micro laser, Rhodamine 6G,    
energy stability. 
PACS: 42.55.Mv;  42.55.-f; 42.60.By  
 
1.      INTRODUCTION 

The search and development of the compact and 
cost-effective tunable laser sources, suitable for a wide 
range of scientific and practical applications, is a very 
important and urgent problem of the modern laser physics 
and engineering. One of the possible ways to solve this 
problem is the use of distributed-feedback (DFB) dye 
lasers in conjunction with diode-pumped solid-state 
(DPSS) microchip (or micro) lasers as the pump sources. 

At present, much progress toward investigation and 
development of DFB dye lasers has been achieved. A 
variety of optical schemes of such lasers have been 
realized and their advantages, such as a small spectral 
linewidth, a wide tuning range, a high efficiency and the 
possibility of picosecond and femtosecond pulse 
generation under both picosecond and nanosecond 
excitation, have been demonstrated [1-19]. It should be 
noted that the indicated lasers are also simple-design, 
adaptable to the streamlined production, and convenient 
in service. Thanks to its simplicity and rather high output 
characteristics, DFB dye lasers realized seem to be very 
promising ones for application in spectroscopy, medicine, 
biology and ecology [20-24]. Expanding the possibilities 
of using DFB dye laser in these areas is related to the 
issue of improving the stability of parameters of generated 
radiation. A considerable progress in the manufacturing of 
the DPSS micro lasers with their remarkable performance 
characteristics opens cardinally new possibilities for the 
construction of efficient tunable dye laser devices.  

In this work a simple and efficient tunable laser 
system based on DFB dye laser and sub-nanosecond 
DPSS micro laser as a pump source is reported.  

 
2.      EXPERIMENTAL SETUP 

For the excitation of a DFB dye laser we made use 
of a DPSS Nd-LSB micro laser “STA-01SH” 
commercially available from the “Standa Ltd.” 

(Lithuania) [25]. Such a laser provides  
2-nd harmonics generation (λ = 531 nm) with a pulse 
width of τ0.5 ~ 0.5 ns, a pulse energy of ~ 50 μJ, the 
energy stability of ~ 0.4 % (RMS), beam quality M2 ≤ 1.2 
and a pulse repetition rate up to 1 kHz. The measurements 
were performed using an experimental setup outlined in 
fig.1. 

Herein an optical scheme of a DFB dye laser is 
presented as well. In this scheme vertically polarized 
input pump beam is focused into a horizontal stripe by a 
cylindrical lens CL and than divided with a beamsplitter 
BS into the two partial beams I and II of nearly equal 
intensities. With the help of the mirrors M1 and M2 the 
beams I and II are brought together symmetrically on a 
face of a prism P which is in contact with the dye solution 
in a cell DC. The interfering beams are absorbed in a thin 
layer of dye solution at the face of the prism P and form a 
periodic spatial grating which is responsible for the DFB 
laser operation. When the pump energy Ep is higher than 
its threshold value Ethr, a narrow-linewidth lasing in a 
view of the two symmetrical output beams appears. The 
lasing wavelength of the device λL is defined by the 
expression 

                    
θ

λ
λ

sinpr

Ps
L n

n
=                  (1) 

 
(where ns is the refractive index of the dye solution at the 
lasing wavelength, npr is the refractive index of the prism 
material at the pumping wavelength λp, θ is the angle of 
the pumping beam incidence on the prism-solution 
interface) and can be conveniently tuned by changing the 
convergence angle 2θ of the exciting beams. The last is 
reached by simultaneous turning mirrors M1 and M2. To 
adjust the pump power in a continuous manner, a 
rotatable half-wave plate λ/2 in combination with a linear 
polarizer 8 (Glan prism) is employed. The length of the 
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excited zone in dye solution LDFB is controlled by the 
width of a vertical slit diaphragm SD located in front of 
the beam-splitter BS. 

In the course of experiments the pump and the DFB 
laser energies were measured by calibrated FD-24K 
photodiodes and an ADC-2OM/10-2 two-channel analog-
to-digital converter (ADC). The spectral characteristics 
were determined with a fiber-coupled automated S 3804 
spectrograph (resolution of ~0.01 nm) and an IT 51-30 
Fabry-Perot interferometer. The temporal behavior of 
lasing intensity was monitored by an Agat-SF3 streak 
camera with a time resolution as high as 1.9 ps. Both the 
streak camera and ADC were triggered by an electronic 
circuit based on a KT-342 hf transistor operating in the 
avalanche mode. To provide scanning rate calibration a 
part of the light beam entering the input slit of the camera 
was temporary delayed while passing through a 6 cm-
thick plane-parallel glass plate installed before the camera 
input objective. Both the streak camera traces and Fabry-
Perot interferometer images were captured with a “Canon 
Power Shot SX 100 IS” digital photo camera, operating in 
RAW format.  

 

 
 

Fig.1. Schematic diagram of the apparatus: 1- Nd:LSB  
           microlaser;  2-5 – beam splitters; 6-7 – optical  
           filters;  8 – Glan prism; 9 – DFB dye laser  
           (CL – cylindrical lens; SD – slit diaphragm;    
           BS –  beam splitter; ODL – optical delay line;  
           M1 – M2 -  mirrors;  P – prism; DC – dye cell);  
          10 – 12 – collimating lenses; 13 – quartz prism;  
          14 -21- rotatable mirrors; 22 – IT 51-30  
           Fabry- Perot interferometer; 23 – S 3804 diffraction  
           spectrograph; 24 – KT-342 avalanche transistor;  
           25 - 26 - FD-24K silicon photodiode; 27 - analog to  
           digital converter; 28 – Agat-SF3 streak camera. 

 
3.     EXPERIMENTAL RESULTS 

The investigations were carried out using an ethanol 
solution of Rhodamine 6G (concentration C = 2×10-4 M) 
as the active medium of a DFB laser. Since the DFB laser 
characteristics depend directly on those of the pump 
source, some of the DPSS micro laser output parameters 
have been previously investigated in more details.  

As an example Fig.2 shows an interferogram of the 
“STA-01SH” micro laser emission (a), as well as the 
intensity temporal profile of its pulse (b). Single rings in 
the interferogram as well as smooth pulse profile make 
evidence on the single-mode operational regime of the 
device. The laser linewidth and pulse duration (FWHM) 

calculated from the series of measurements were 
determined to be Δλ0.5 ≤ 0.003 nm and τ0.5 ~ 0.48 ns, 
respectively. 

Using a dye solution mentioned above a DFB laser 
pumped by full power of a micro laser provided a narrow-
band emission (Δλ < 0.1 nm) tunable in the spectral range 
of 543 − 604 nm. In such regime of operation the 
conversion efficiency of the pump energy into the DFB 
output energy was as high as ~43%. The dependence of 
the DFB laser output characteristics on the experimental 
conditions was investigated in details for the case when 
lasing wavelength was adjusted to be in the vicinity of the 
gain profile of an active medium.   

As a result of the measurements of the temporal 
characteristics of a DFB laser, it was found that, 
generally, when a DFB laser is pumped well above the 
threshold, a train of picosecond pulses is generated. In 
this case, both the total width and a number of pulses in 
the train depend on the pumping level γ = Ep/Ethr 
decreasing with lowering the γ value. At pumping levels γ 
not very far from the threshold single picosecond pulses 
are emitted by a DFB laser. 

As a result of the measurements of the temporal 
characteristics of a DFB laser, it was found that, 
generally, when a DFB laser is pumped well above the 
threshold, a train of picosecond pulses is generated. In 
this case, both the total width and a number of pulses in 
the train depend on the pumping level γ = Ep/Ethr 
decreasing with lowering the γ value. At pumping levels γ 
not very far from the threshold single picosecond pulses 
are emitted by a DFB laser. 

 

 
 

Fig.2. The output emission spectrum (a) and the temporal  
           intensity profile (b) of the DPSS micro laser  
           STA-01SH. 
 
As an example, the temporal intensity profiles of the 

DFB laser emission registered at different pumping levels 
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γ are presented in Fig. 3 (λL = 569 nm; LDFB ≈12 mm;    
Ethr ≈ 2,5 μJ).  

 

 
 
Fig.3. Temporal intensity profiles of the DFB laser output  
           at different pumping levels γ : LDFB ≈ 12 mm;  
           λL = 569 nm. 
 
It is seen that at γ ≈ 4,6 a DFB laser emits a train of 

three picosecond pulses with a total width of ~ 550 ps. 
When the excitation power is lowered to γ ~ 3,1, a 
number of the generated pulses is reduced to two and their 
overall length becomes about  440 ps. At the pumping 
level γ ~ 2,1 a DFB laser produces a single picosecond  
pulse with duration τ0.5 ≈ 57 ps.  

During the measurements it was installed that single 
pulse duration is a function of the pump level γ and tends 
to lengthen with decreasing the γ value. As was proposed 
in ref. [3], the duration of a single pulse may be defined as 
the duration of the first DFB laser pulse taken at the 
pumping level γ when the second pulse just reaches the 
threshold. With regard to the experimental conditions 
mentioned above the pumping level, at which the second 
pulse tends to appear in the DFB laser output, was close 
to γ ≈ 2,25.  Single pulse duration registered for this case 
was measured to be τ0.5 ≈ 55 ps.  

The spectrum of a DFB laser operating in the regime 
of single picosecond pulses was found to be in a view of 
the single narrow line (Fig.4), whose width Δλ0.5 reduces 
with decreasing the excitation power. 

For example, when the pumping power was 
maintained at the levels γ  equal to 2.2, 1.7 and 1.3 a DFB 
laser delivered the output emission with a linewidth of     
~ 0.008, ~ 0.007 and ~ 0.005 nm, respectively. The 
duration of single picosecond pulses τ0.5, corresponding to 
these pumping conditions, was measured to be ~57, ~67 
and ~83 ps, respectively. Taking into account these data, 
we have found that the time-bandwidth product 
Δν0.5τ0.5 for single pulses is ~ 0.4. This makes evidence on 
the transform-limited character of single picosecond 

pulses generated by a DFB dye laser under the DPSS    
Nd-LSB micro excitation. 

 

 
 
Fig.4. The output emission spectrum of a DFB dye laser in  
            the regime of single picosecond pulses:  
            λL = 569 nm γ ≈ 1.7; τ0.5 ≈ 67 ps. 
  
The experimentally measured dependence of the 

single pulse energy on the pump energy is presented in 
fig.5. It is seen that this dependence is of nonlinear 
character, and near the second pulse threshold                
(Ep ~ 5.6 μJ) the single pulse energy EL reaches ~0.13 μJ. 
Taking into account single pulse duration of ~ 55 ps 
registered for this case, the peak power of single pulse PL 
is estimated to be ~ 2.4 kW. At the pumping level γ ≈ 2.1 
the energy stability of single picosecond pulses produced 
by a DFB dye laser was not worse than 1%. 

 
 
Fig.5. The dependence of the single picosecond pulse  
           energy on the pump energy. 
 

4.    CONCLUSION 
In conclusion, a compact and highly stable tunable 

picosecond laser system based on a DFB dye laser 
pumped with a subnanosecond DPSS Nd-LSB micro laser 
has been realized. To our knowledge, both the pumping 
level γ ~ 2.2 (at which a DFB laser is still able to generate 
single picosecond pulses without an external quenching of 
the gain medium), and ≤1% single picosecond pulse 
energy fluctuation, have been demonstrated in this work 
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are among the best values of such parameters ever 
reported for DFB dye lasers pumped with comparatively 
long (subnanosecond) pulses. Since only a small part of 
the DPSS micro laser energy is required for a DFB dye 
laser to operate in the regime of single picosecond pulses, 
the rest of the micro laser power may be used for the 

synchronous pumping the amplifier based on the similar 
active medium. In such a way the energy of single 
picosecond pulses produced by a DFB “generator” may 
be noticeably increased thus expanding the range of 
practical use of the device. 
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Photoluminescence properties of (Ba,Ca)Ga2(S,Se)4 chalcogenide semiconductors doped with Eu or/and Ce were studied. 

Barium and calcium thiogallates were found to have more efficient luminescence in comparison with selenogallates. The 
(Ba,Ca)Ga2S4 semiconductors co-doped with europium and cerium show a high thermal stability of luminescence characteristics in 
the range of 10-300 K. Both thio- and selenogallates activated with Eu or/and Ce demonstrate a considerable PL efficiency droop at 
high excitation levels exceeding 104 W/cm2. A photon assisted de-excitation due to absorption from excited states of the rare earths 
mainly by the exciting radiation and a following nonradiative relaxation of the electrons is proposed as a mechanism of the droop.  

Anti-stokes luminescence of Er-Yb pairs in barium thiogallate has been obtained for the first time. Room temperature 
excitation intensity dependence of BaGa2S4,Er,Yb anti-stokes luminescence is studied in the range of 0.5–125 W/cm2 (976 nm) and 
discussed. 

  
Keywords: Photoluminescence, barium thiogallate, barium selenogallate, europium, cerium, luminophore 
PACS: 78. 20. – e. 7840 Fy 

 
1.      INTRODUCTION 

Ternary chalcogenide semiconductors of II-III2-VI4-
type doped with rare earths are attracting materials for 
electroluminescent panels [1-4], as phosphors [5-8], anti-
stokes phosphors [9-11] and laser media [12-14]. 
Europium and cerium ions are radiative centers emitting 
in the visible spectral range when incorporated in the 
ternary chalcogenide hosts. For example, BaAl2S4 PL 
properties of some of the materials doped with Eu2+ and 
Ce3+ were studied before in respect of dependencies of 
their photoluminescence (PL) on temperature [15,16] and 
on rare earth concentrations [6]. One of the possible 
applications of the phosphors is using them in white 
LEDs. Easy dimming of LED emission intensity is an 
important advantage over fluorescent lamps. Phosphors 
used in white LEDs should have stable spectral 
characteristics and constant quantum yield of 
luminescence in respect of excitation power density level 
to avoid dependence of LED chromaticity and color 
rendering index on dimming factor. Recently, excitation 
intensity dependencies of luminescent properties of 
BaGa2S4 [17] and BaGa2Se4 [18] doped with Eu or/and 
Ce were explored for the first time. It was found that PL 
efficiency of the phosphors droops at excitation power 
densities above 104 W/cm2 and it seems to be common 
feature of the ternary chalcogenide semiconductors doped 
with Eu or/and Ce. The review of previous and new 
results concerning BaGa2S4, BaGa2Se4 as well as CaGa2S4 
and CaGa2Se4 doped with Eu or/and Ce are presented in 
this work. 

Ability to convert invisible radiation (UV, IR) in a 
variety of wavelengths in the visible light (0.38-0.76 nm) 
lies at the heart of their visualization. For the range of 0.9-
1.0 μm has been developed and used anti-stokes 
phosphors based on La2O2S and Y2O2S with erbium and 
ytterbium as a sensitizer and activator, respectively 

[19,20]. In this paper, the anti-stokes luminescence of 
BaGa2S4:Er,Yb, recently obtained for the first time [21] is 
investigated depending on the level of excitation at room 
temperature (RT). 

 
2.      EXPERIMENTAL 

(Ba,Ca)Ga2(S,Se)4 samples were synthesized from 
pure barium, calcium and gallium sulphides or selenides 
as precursors by solid-phase reaction. Synthesis was 
carried out in one-temperature furnace during 4 hours at 
1000-1300°C. Post-synthesis 4 hour annealing at 900-
1000°C in atmosphere of H2S was applied. The additional 
synthesis and doping details are presented elsewhere [22]. 
Polycrystalline ceramics samples were prepared for 
measurements by milling into powder to avoid sample 
inhomogeneity. Then samples were compacted in 100-
200 μm layers on silicon plates. BaGa2S4:Eu2+,Ce3+ was 
doped with 3 at.% of each ions. All others were doped 
with 5 at.% of REE. 

Radiation of a xenon lamp (cw) monochromated and 
chopped was used for measurements of PL and PL 
excitation (PLE) spectra. For registration a 
monochromator equipped with a photomultiplier and a 
lock-in multiplier was applied. A close-cycle helium 
cryostat was employed for temperature-resolved 
measurements (10 – 300 K). Radiations of an InGaN laser 
diode (cw, 405 nm), a HeCd laser (cw, 325 nm), and an 
N2 laser (8 ns, 337.1 nm) were used for excitation 
intensity resolved PL measurements. Integral PL 
intensities were measured by power meter Thorlabs PM-
120 (at cw excitation) and by radiometer LaserProbe RM-
3700 (at pulse excitation). The PL spectra were taken off 
by a CCD-spectrograph. E-gun Radan-2250 (250 keV) 
was applied as excitation source for cathodoluminescence 
(CL) measurements. GaInAsP IR-laser diode (cw, 
972 nm) was used for excitation of anti-stokes 
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luminescence. Time-resolved measurements were carried 
out using N2 laser radiation. The PL transients were 
registered from a fast photodiode by a digital oscilloscope 
with time resolution of about 1 ns. 

 
3.     PL AND PL EXCITATION SPECTRA AT RT 

Room temperature PL properties of 
(Ba,Ca)Ga2(S,Se)4 doped with Eu or/and Ce were studied. 
Eu doped samples excepting barium selenogallate have 
one ion-related band in emission spectra (Eu: 4f65d→4f7). 
The band position depends on matrix and for the studied 
compounds it lies in the “green-yellow” spectral range. 
Additional wide PL band of BaGa2Se4:Eu located near 
685 nm originates from matrix since it is only composes 
the emission spectrum of not doped material. The PL 
excitation (PLE) spectra were measured at detected 
wavelengths corresponding to the maxima of the ion 
related PL bands (Eu: 4f65d→4f7). As it is seen from 
Fig. 1, all of the doped with europium compounds 
excepting BaGa2Se4 have the PLE spectra convenient for 
excitation by blue emission of InGaN-chips (near 
450 nm). 
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Fig. 1. Normalized PL (solid) and PLE spectra (dot) of  
           (Ba, Ca)Ga2(S, Se)4:Eu measured at RT. PLE  
           spectrum marked with “*” is measured for the  
           matrix related PL band of BaGa2Se4:Eu  
           (λreg = 680 nm). 
 
PL spectra of the samples are compared in Fig. 2. 

All measurements were done at proper excitation 

wavelengths under the same other conditions. The 
resulting spectra were reduced to equal λexc = 450 nm by 
multiplying factors according to the corresponding PLE 
spectra. One can see that the thiogallates have more 
efficient PL. Most probably it is caused by higher band-
gaps of the thiogallates than those of the selenogallates 
[23,24]. Low efficiency of the BaGa2Se4:Eu 
photoluminescence in addition to relatively narrow band-
gap is determined by energy loss from ions to deep levels 
in the matrix. It is supported by presence of an ion-related 
wing in the PLE spectrum of the matrix-related PL band 
(the curve marked with “*” in Fig. 1). 

The samples doped with cerium have two bands in 
their PL spectra corresponding to 5d→2F5/2 and 5d→2F7/2 
transitions in Ce3+ ions. PL efficiencies of Ce-doped 
samples are typically by 10-20 times lower than those of 
Eu-doped ones. However the co-doping with both ions 
leads to nearly doubling (relative to Eu-doped sample) the 
value of BaGa2S4 PL efficiency and to fivefold increase 
of the BaGa2Se4 PL efficiency. This is known to be due to 
resonant energy transfer from excited Ce3+ ions to Eu2+ 
ones [6,22,25]. However, for calcium selenogallate the 
co-doping oppositely worsens PL efficiency about one 
order of its magnitude. Probably a reverse transfer of 
excitation energy (from excited Eu3+ ions to Ce2+ ones) 
occurs in the matrix. This supposition could explain the 
observed PL efficiency decrease since as it was noted 
before Ce-doped calcium selenogallate has lower PL 
efficiency in comparison with Eu-doped one. 
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Fig. 2. PL spectra of BaGa2S4:Eu (1), BaGa2Se4:Eu (2),  
           CaGa2S4:Eu (3) and CaGa2Se4:Eu (4) measured at  
           low level excitation (λ = 450 nm, cw) 
 
The obtained data on PL spectra positions λPL, 

optimal wavelengths of excitation λPLE of studied 
phosphors and types of corresponding electron transitions 
are summarized in the Table 1. The ranges of effective 
excitation wavelengths instead of PLE spectrum 
maximum positions are given in the corresponding 
column of the table in the cases of absence or 
insufficiently well-resolved maxima of PLE spectra. The 
range of the effective excitation wavelengths of a certain 
phosphor is determined as a wavelength interval where its 
PL signal is higher than half of its maximal value. 
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                                                                                                                                                         Table 1. 
 Wavelengths of characteristic electron transitions. 

Compound λPLE, nм 
Transition 

in absorption λPL, nм 
Transition 
in emission 

BaGa2S4:E
u 

352
–448 

Eu: 4f7→
4f65d 

5
02 

Eu: 4f65d→4f7 

BaGa2S4:C
e 

392 
300 

Ce: 2F5/2
→5d1 

Ce: 2F5/2→5d2 

4
42 

4
97 

Ce: 5d1→2F5/2 
Ce: 5d1→2F7/2 

BaGa2S4:E
u,Ce 

335
–449 

 
300 

Eu: 4f7→
4f65d, 

Ce: 2F5/2→5d1

Ce: 2F5/2→5d2 

5
01 

Eu: 4f65d→4f7 

BaGa2S4: 
Er,Yb 

976 Yb: 2F7/2
→2F5/2 

6
45-675
515-560 

Er: 4F9/2→4I15/2 
Er: 2H11/2, 4S3/2→4I15/2 

BaGa2Se4 < 3
80 

band-to-
band 

6
85 

deep levels 

BaGa2Se4:
Eu 

< 3
80 

win
g near 

400–455 

band-to-
band, 

 
Eu: 4f7→4f65d 

6
85 
 

515 

deep levels 
 

Eu: 4f7→4f65d 

BaGa2Se4:
Ce 

  5
07 

5d1→2F7/2,2F5/2 

BaGa2Se4:
Eu,Ce 

323
–448 

band-to-
band, 

Eu: 4f7→4f65d 

6
85 

5
15 

deep levels 
Eu: 4f65d→4f7 

СaGa2S4:E
u 

302
-470 

352
, 398 

Eu: 4f7→
4f65d 

5
54 

Eu: 4f65d→4f7 

СaGa2Se4:
Eu 

339
–520 

Eu: 4f7→
4f65d 

5
77 

Eu: 4f65d→4f7 

СaGa2Se4:
Ce 

460 
391 

Ce: 2F5/2
→5d1 

Ce: 2F5/2→5d2 

5
70 

5
07 

Ce: 5d1→2F7/2 
Ce: 5d1→2F5/2 

СaGa2Se4: 
Eu,Ce 

340
-480 

Eu: 4f7→
4f65d 

5
78 

Eu: 4f65d→4f7 

 
4.     THERMAL STABILITY OF PL 

For many applications it is important to know 
thermal PL quenching and spectrum change of phosphor 

to predict possibility of using it in conditions of variable 
temperatures. 

 

0 50 100 150 200 250 3000.7

0.8

0.9

1.0

a

 BaGa2S4:Eu2+

 BaGa2S4:Ce3+

 BaGa2S4:Ce3+,Eu2+

λexc = 405 nm
Iexc = 0.05 W/cm2

I PL
 (a

rb
. u

n.
)

T, K
0 50 100 150 200 250 300

431

432

433

434

504

505

506

507

 BaGa2S4:Eu2+

 BaGa2S4:Ce3+, 507 nm 
 BaGa2S4:Ce3+, 432 nm
 BaGa2S4:Ce3+,Eu2+

b

T, K

λ P
L (

nm
)

 
 
Fig. 3. Integral PL intensities (a) and PL positions (b) of BaGa2S4 doped with Eu, Ce and co-doped with Eu and Ce as  
           functions of temperature. 
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Temperature dependence of PL in the range of 10-
300 K was studied for the barium thiogallates. It was 
found that the integral PL efficiency decreases only by 10, 
15 and 4% at the temperature rise from 10 K to RT 
(Fig. 3, a). The observed temperature PL quenching of the 
BaGa2S4:Eu PL is only a half of previously reported value 
for a sample with lower content of europium [15]. 
Positions of the ions related PL bands of barium 
thiogallates shift by less than 2 nm within the studied 
temperature interval (Fig. 3, b). 
 
5.      PL AT DIFFERENT EXCITATION LEVELS 

Our study shows that the thiogallates and 
selenogallates are characterized by a very stabile PL 
position of the ion-related bands in a wide range of 
excitation levels. For example, several PL spectra of the 
barium thiogallate co-doped with Eu and Ce are presented 
in Fig. 4. As it is seen from the figure the PL spectra do 
not demonstrate any significant shift over more than nine 
orders of excitation power density. This may indicate a 
fine solubility of rare earths in the matrixes and a 
formation of isolated radiative centers. 

 The selenogallates doped with Eu and co-doped 
with Ce demonstrate a similar behaviour of PL positions 
(Fig. 5, a). However the short-wavelength PL band of 
BaGa2S4:Ce corresponding to 5d→2F5/2 transition of Ce3+ 
ions suffer from a significant high energy shift in contrast 
to the 5d→2F5/2-related band. 
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Fig. 4. PL spectra of BaGa2S4 co-doped with Eu and Ce at  
           different levels of excitation, W/cm2: pulse (8 ns):  
           1 – 1.25·106, 2 – 1.25·105 , 3 – 1.25·104,  
           4 – 1.25·103, 5 – 1.25·102 ; cw: 6 – 10, 7 – 1,  
           8 – 0.1, 9 – 10-2, 10 – 10-3. 

The PL efficiencies of some studied samples 
determined as ratio between integral PL intensity and 
corresponding power density of exciting radiation are 
presented in the Fig. 5, b. One can see that PL efficiencies 
of barium thiogallates independently on doping type are 
constant up to 20 kW/cm2. This property of BaGa2S4 
allows to compare PL efficiencies of barium 
selenogallates at high (N2 laser) and low (Xe lamp) levels 
of excitation.  

One can see from Fig. 5, b that barium 
selenogallates doped with Eu and co-doped with Eu and 
Ce do not satisfy requirements of constant luminescent 
quantum yield. Their PL efficiencies at Iexc ~ 104 W/cm2 
are several times higher than that at low Xe lamp 
excitation level. The Eu-related bands of BaGa2Se4:Eu 
and BaGa2Se4:Eu,Ce rise with excitation level faster than 
the matrix-related ones. Thus the increase of the PL 
efficiencies occurs most probably due to saturation of 
channels of radiative relaxation of excited ions via deep 
levels of matrix. 
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Fig. 5. Integral PL intensities (a) and PL positions (b) of  
           BaGa2(S, Se)4 doped with Eu, Ce and co-doped  
           with Eu and Ce as functions of excitation level. 
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PL efficiencies of all studied samples decrease at 
excitation intensity are higher than 104 W/cm2. Excited 
Eu2+-ion concentration at 104 W/cm2 of pulse (8 ns) 
excitation corresponds to that at about 270 W/cm2 (cw) 
taking into account the lifetime of excited Eu2+ of about 
300 ns (see below). This level is not reached even in the 
most bright state-of-the-art LEDs, and the observed PL 
efficiency droop is not an obstacle for using the 
phosphors as a component of white LEDs. However the 
phenomenon is interesting in itself. 

Degradation of material, heating and corresponding 
temperature PL quenching, absorption saturation, 
absorption from excited state may be proposed as 
mechanisms of the observed PL efficiency droop. 

It was found that a decrease of the excitation 
intensity from 1 MW/cm2 (the level at which the PL 
efficiency droop is essential) to 10 kW/cm2 leads to the 
total recovery of the PL efficiency. This observation 
allows ruling out the degradation as a possible 
mechanism. 

High temperatures of material during exciting pulse 
should be considered to explain the droop by heating 
taking into account a relatively weak temperature PL 
quenching of BaGa2S4:Eu at above RT range [15]. 
Moreover the droop occurs also at low temperatures at 
which PL efficiency of doped BaGa2S4 extremely weakly 
depends on temperature (see Fig. 3, a). Obviously 
temperature PL quenching of less than 10% (at 
temperature rise from 10 to 300 K) cannot lead to PL 
efficiency droop of several times. 

Laser line of nitrogen laser used for high excitation 
has photon energy (3.68 eV) less than the BaGa2S4 band-
gap value (≈ 3.94 эВ при 300 K [23]) and thus it is too 
low for band-to-band excitation of BaGa2S4. The 
absorption of nitrogen laser emission by BaGa2S4:Eu, 
therefore, is due to the rare earth ion absorption which can 
be in principle saturated at high levels of excitation. 
However even the maximal energy (10 mJ/cm2) of 
excitation pulse can excite all ions in only 600 nm of 
material doped up to 5at.% of Eu or/and Ce. Thus, one 
should conclude that absorption saturation in the thin 
surface layer cannot explain the observed droop since 
layers of phosphors were about 100-200 μm. 

At high pumping levels, when concentration of 
excited ions is high, encounter probability of a photon 
emitted inside the material with an excited ion ceases to 
be negligible. This should lead to nonlinear effects. For 
example, leaving the material luminescence photons can 
induce an electron from an excited state to radioactively 
relax to its ground state. However the emission 
stimulation will not lead the PL efficiency droop. Other 
possibility is excitation of a previously excited ion by a 
luminescence or exciting radiation photon to higher levels 
of the ion or in the conduction band of the matrix. In the 
first case of de-excitation we lose a luminescence photon 
and an excited ion (potential photon). In the second case 
an exciting photon would be spent not only on excitation 
of an ion in its ground state, but also on de-excitation of a 
previously excited one. Both cases lead to a decrease of 
the external quantum yield value, because, as expected, 
the matrixes have a large number of defects and 
nonradiative recombination in it is a more probable 
process than the radiative recombination or electron 

transfer back to the excited level of the ion. This photon-
assisted de-excitation can, in principle, be responsible for 
the observed PL efficiency droop of BaGa2(S,Se)4 doped 
with the rare earths. 

From the standpoint of laser properties of the 
materials, the de-excitation by pumping radiation 
complicates amounting to the level of excitation sufficient 
for lasing threshold in the medium. However, the de-
excitation by intrinsic luminescence AES of the ions 
generates a more serious obstacle to lasing. A luminescent 
photon meeting an excited ion may interact with it: either 
be absorbed by it or stimulate the ion to relax to the 
ground state with emission of the same photon (optical 
gain). In other words, the absorption of the luminescence 
photons from excited state (AES) of ions competes with 
their stimulated radiative relaxation. It is obvious that the 
optical gain in the material would be impossible if the rare 
earth AES cross-section for the luminescence photons is 
larger than the cross section of their photostimulated 
radiative relaxation. Thus, it is important to know how 
effective AES of own luminescence photons is in the 
considered materials to predict their application as laser 
media. 

 
6.      ACCOUNTING FOR THE OWN EMISSION  
         AND EXTERNAL RADIATION AES 

To quantify the intrinsic emission AES of Eu2+ in 
BaGa2S4 on the effectiveness of its luminescence, we 
need to solve the following rate equation: 

 
( ) ( ) ( ) ( ) ( )A

dn t
A n t B n t B n t A n t

dt
= − ⋅ − ⋅ − ⋅ ⋅ ⋅ , (1) 

 
with initial condition n(0) = n0, where n0 is an excited ion 
concentration just after end of short exciting pulse. 

Summand A n(t) on the right of (1) corresponds to 
the spontaneous radiative transition of electrons of the 
ground state, B n(t) – to their nonradiative relaxation, and 
BA·n(t)·A·n(t) – AES of  own emission. Clearly, the 
probability of the latter process is proportional to the 
concentration of excited ions n(t) and flux of 
luminescence quanta, which, in turn, is proportional to the 
rate of spontaneous radiative transitions – A n(t). Equation 
(1) is simply integrated: 

 ( ) ( )
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t A
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n e
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ηη
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⋅
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where η = A/(A+B) is luminescence efficiency at low 
excitation levels, when BA·n(t) << 1. It may be shown that 
the quantum efficiency of luminescence ηL (ratio of 
difference between number of ions relaxing radiatively 
and number of photons losing on ion AES to the initial 
number of excited ions n0) is expressed by: 

 

 
( )0

L
0

ln 111 1A

A

B n
B n
η

η
η

+ ⋅ ⋅⎛ ⎞
= + ⋅ −⎜ ⎟ ⋅⎝ ⎠

. (3) 

 
It is noteworthy that the quantum yield of 

luminescence is found to be independent on the 
probability of spontaneous radiative relaxation time (the 
lifetime of the excited state of the ion), except through η 
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and, hence, (3) applies to any rare earths, which have 
AES of own radiation. 

Concentration n0, achieved in the material by the end 
of the pump pulse, linearly depends on excitation pulse 
energy if its duration τ is much shorter than the lifetime 
η/A of the excited state of ions and its intensity (Iexc, 
cm-2·s-1) is low: n0(Iexc) = k·Iexc·τ, where k – coefficient of 
absorption. However, the dependence of n0(Iexc) can 
become sublinear due to AES of ions at sufficiently high 
levels. Measured in the experiment efficiency ηexp is the 
product of the excitation efficiency ηexc: 

 
 ηexc = n0(Iexc)/(k·Iexc·τ) (4) 

 
and luminescence efficiency ηL since the ion de-excitation 
by its own emission and by pump radiation can be 
separated in time in the case of short excitation pulses. To 
determine the dependence of n0(Iexc), one need to solve 
the following rate equation:  

 

( ) ( )( ) ( )exc G exc G

dn t
I B N n t I B n t

dt + −= ⋅ ⋅ − − ⋅ ⋅ , (5) 

 
where BG+ – photon absorption cross section of an ion 
from its ground state, BG- – photon absorption cross 
section ion from its excited state, N – the total 
concentration of ions (doping level). Terms A·n(t) and 
B·n(t) responsible for the radiative and nonradiative 
relaxation as well as term BA·n(t)·A·n(t) responsible for 
luminescence AES of the ions are neglected in (5) since 
τ << η/A . The solution of equation (5) has the next form: 
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( )

( )
exc G G

G
G G

1 t I B Ben t N B
B B
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−
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+
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From this expression we can determine the 

concentration of excited carriers by the end of the pump 
pulse n0 = n(t)|t = τ, as a function of Iexc:  
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where ζ = BG-/BG+. Taking into account (7), the expression 
(4) for excitation efficiency is: 
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where k = BG+·N (absorption only by ions). Finally, the 
experimentally determined efficiency ηexp being as 
discussed above the product of ηexc·ηL taking into account 
(3), (7) and (8) can be written as following: 
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Figure 6 shows the experimental dependence points 
ηexp(Iexc) and lines – curves calculated using (9). Curves 
“calculation 1” and “calculation 2” differ in that the first 
of these is a free approximation in respect of all 
parameters, and the second one is a fitting in which BA is 
fixed at a small value so that the BA·n0 << 1. In the first 
case de-excitation of the ion by luminescence composes 
of about a quarter of the overall PL efficiency droop, 
while the second one the de-excitation by own emission is 
practically absent (ηL ≈ η). 

As it is seen from the small difference in the solid 
and dashed curves in Fig. 6, the formula (9) alone and its 
approximation of ηexp(Iexc) can not answer the question of 
the contribution of luminescence AES of ions in the droop 
of ηexp. Therefore, some additional criteria are required to 
elucidate it. It was found that analysis of kinetics of 
luminescence decay may help here.  

 

1021 1022 1023 1024
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40 1 10 100 1000

T = 300 K

 experiment
 calculation 1
 calculation 2

η

Iexc, phot. cm-2 s-1

Pexc, kW/cm2

 
 

Fig. 6. Experimental (points) and calculated (lines) PL  
            efficiencies of BaGa2S4:Eu at different excitation  
            levels. Calculation 1 – free fitting with (9),  
            calculation 2 – fitting with fixed at a low value of  
            BA, practically fully excluding the ion de-excitation  
            by luminescence. 
 

7.     PL KINETICS AT OWN AND EXCITING  
        RADIATION AES OF IONS 

N
⎞
−⎟⎟

⎠
 (9) 

From general consideration it is clear that the 
kinetics of luminescence at high excitation levels should 
not differ from monoexponential decay (characteristic of 
low-intensity excitation) if the experimentally observed 
decrease in the efficiency is determined solely by the 
dependence ηexc(Iexc). Otherwise, at high pump level, at 
least the initial part of the luminescence kinetics is 
determined not only by spontaneous relaxation of the 
excited ions, but also by their nonradiative de-excitation 
with the loss of photons on AES of the rare ions. This 
should lead to a suppression of the luminescence signal, 
its downward deviation from the monoexponential decay 
curve signal. 

Based on (1) and its solutions (2) one can obtain an 
expression for kinetics of luminescence IPL(t). The 
number  of  generated  per  unit  volume  per  unit  time of  
photons is equal to A·n(t), the number of photons that are  
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lost in the de-excitation per unit volume per unit time is 
equal to BA·n(t)·A·n(t), therefore, per unit of time material 
will leave the number of photons IPL(t), proportional to 
A·n(t)-BA·n(t)·A·n(t), where n(t) is given by (2). Then, 
after substituting (2) in this expression and simple 
transformations, the kinetics of the luminescence can be 
represented as:  

IPL(t) = 
( )( )

0

0 2/
0

11 1 1

1 1

At

AAt

tA
A

B n e

An e
B n e

η

η

η

η
η

η

−

−

−

⎛ ⎛ ⎛ ⎞⎜ + − +⎜ ⎜ ⎟⎜⎜ ⎝ ⎠⎝⎝

+ −

⎞⎞
⎟⎟⎟⎟⎠⎠ , (10) 

 
where n0 is given by (7). The above mentioned features of 
the PL kinetics in cases of different contribution of own 
emission to the de-excitation of ions are easily visible 
from (10). Difference from the monoexponential decay in 
the case of any breach of BA·n0 << 1 condition will be the 
stronger, the more BA·n0 is and, therefore, the greater 
contribution of luminescence efficiency ηL gives to the 
overall droop of experimental PL efficiency ηexp(Iexc). 

The PL kinetics (10) for the parameters of BA, η, ζ, 

BG, received in fittings "calculation 1" and "calculation 2" 
and for two excitation intensities equal to the power 
densities of 0.1 MW/cm2 (dashed lines) and 1 MW/cm2 
(solid line) are presented in the Fig. 7. 

PL kinetics at the excitation levels Pexc equal to the 
calculated values Iexc (Pexc = Iexc·hν·e, where hν – photon 
energy of exciting radiation, e – electron charge) were 
measured to derive the realized in the present phosphor 
mechanism. As it is seen from Fig. 7, b, where 
experimental PL kinetics are presented, no suppression of 
the luminescence signal at the initial stage is observed 
even at the highest level of excitation. This fact suggests 
the complete absence of the nonradiative ion de-excitation 
by own emission. More over, the upward deviation of the 
measured PL kinetics from monoexponential decay in the 
initial stage (see Fig. 7, b) may indicate not only on 
compensation of AES by optical gain, but even on its 
excess over AES. This, in turn, suggests that lasing can be 
achieved in the studied materials in the form of 
microscopic crystals, bulk single crystals or epitaxial 
layers. 
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Fig. 7. Calculated (a) and measured (b) luminescence kinetics: 1,1’ – Pexc = 1 MW/cm2, curves 2, 2’ – Pexc = 0.1 MW/cm2.  
           1, 2 – (10) with parameters from “calculation 1”, 1’, 2’ – (10) with parameters from “calculation 2”. 
 
 

8.      CATHODOLUMINESCENCE OF  BaGa2(S,Se)4   
         DOPED WITH Eu OR/AND Ce 

All studied samples show also an intensive 
luminescence at e-beam excitation. CL spectra of some of 
the studied samples are presented in Fig. 8 (only doped 
with europium are shown). The main relationships 
between luminescence intensities at this type of excitation 
correlate with those at optical excitation. Spectra positions 
are the same independently on type of excitation. 
However full widths at half maximum of CL spectra of 
the samples with relatively high efficiency is significantly 
less than widths of their PL spectra (compare curves 1 and 
1’ in Fig. 8, for example). The difference between spectra 
can, in principle, be determined by higher depth of 
penetration of exciting electrons (in comparison with 
photons). As a result the whole material is the origin of 
emission in the case of e-beam excitation, while in the 
case of optical excitation only surface layer of material is 
considered to be excited and emit.  

 
 
Fig. 8. CL spectra of BaGa2S4:Eu (1), BaGa2Se4:Eu (2),  
           CaGa2S4:Eu (3) and CaGa2Se4:Eu (4) and PL  
           spectrum of BaGa2S4:Eu (1’). 
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Though this explanation do not give answer on the 
questions why low energy wings of spectra suffer from 
the transformation and why the observed spectrum 
narrowing occurs only in the samples with relatively high 
efficiencies (BaGa2S4:Eu, BaGa2S4:Eu,Ce, 
BaGa2Se4:Eu,Ce, CaGa2S4:Eu, CaGa2S4:Eu) and is absent 
in weaker emitting samples (BaGa2S4:Ce, BaGa2Se4:Eu, 
BaGa2Se4:Ce, CaGa2Se4:Ce, CaGa2Se4:Eu,Ce). Other 
explanation can be development of a stimulated emission 
in the corresponding phosphors at a high level of the e-
beam excitation. However no significant shortening of CL 
kinetics relative to PL kinetics being expected was 
observed. 

 
9.     ANTI-STOKES LUMINESCENCE OF BARIUM   
        THIOGALLATE CO-DOPED WITH ERBIUM   
        AND YTTERBIUM 
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Fig. 9. Integral efficiencies (a) and separate lines positions  
           (b) of green (1) and red (2) bands of anti-stokes  
           luminescence of BaGa2S4:Er,Yb. 
 
The BaGa2S4 doped with only erbium studied here 

has no anti-stokes luminescence. This is usually explained 
by the small absorption cross section of the ground state 
of Er3+(4I15/2). Co-doping of barium thiogallate with 
erbium and ytterbium has allowed obtaining luminescence 
in the visible spectral range at excitation by IR radiation. 
The 972 nm emission of a laser diode was used for the 
measurements. Two main groups of lines were detected in 
the emission of BaGa2S4:Er3+,Yb3+: PL band with a 

complex structure in the region of 500-560 nm 
corresponding to the transitions from the 2H11/2, 4S3/2 
levels of erbium ion, and PL band in the range of 640-
680 nm (4F9/2 →4I15/2). The 2H11/2, 4S3/2 and 4F9/2 levels of 
Er3+ ion are excited via level 4F7/2, which in turn is excited 
by resonant energy transfer from two close ytterbium 
ions, as in other matrices. The cross section of absorption 
from the ground state of Yb3+ ion (2F7/2) is significantly 
higher than that of Er3+ (4I15/2). 

It was found that that the efficiency of conversion 
”IR radiation → visible radiation” has a bell-shaped 
dependence on the excitation intensity with a maximum at 
about 40 W/cm2 (Fig. 9, a). An initial rise of the 
efficiency is most probably due to nonlinear dependence 
of population of erbium 4F7/2 level on concentration of the 
excited ytterbium ions. This nonlinearity results from the 
need to energy transfer to erbium from two excited ions of 
ytterbium. The decrease of the PL efficiency at high 
excitation level may be connected also with material 
heating and heat-induced activation of nonradiative 
channels of the excited ion relaxation. 

There is no significant shift of separate lines 
composing two bands of anti-stokes luminescence in the 
whole investigated range of excitation power density. 
However the most short-wave line of “green” band 
successfully compete with others lines of the band. Its 
intensity rises with excitation level faster than others. This 
may also occur due to thermal carryover of electrons from 
2H11/2, 4S3/2 levels back to 4F7/2 and may indicate 
excitation radiation induced heating of material.  

 
10.   CONCLUSION 

Luminescent properties of (Ba,Ca)Ga2(S,Se)4 
chalcogenide semiconductors doped with rare earths (Eu, 
Ce, Er, Yb) has been studied in wide ranges of 
temperature and excitation intensity. Doped with Eu 
barium and calcium thiogallates can be effectively excited 
by blue emission of LEDs. High thermal stability of PL 
efficiency was observed for barium thiogallate co-doped 
with europium and cerium. Thiogallates were found to 
have luminescence efficiencies almost independent on 
excitation power density at levels below 104 W/cm2. All 
samples were determined to demonstrate a significant PL 
efficiency droop at higher levels of excitation. AES of 
rare earth ions was proposed to be responsible for the 
droop. 

Kinetics following from the solution of balance 
equations describing own luminescence and external 
exciting radiation AES of rare earth were compared 
between each other and with experimental ones. From the 
comparison was found that luminescence is not involved 
in the nonradiative deexcitation what suggests the 
potential prospects of using these compounds as laser 
media on the visible spectrum. 

Anti-stokes luminescence (510-560 and 640-
680 nm) in erbium and ytterbium co-doped barium 
thiogallate was obtained and investigated in respect of 
dependence of excitation level of IR radiation (972 nm). It 
was ascertained that the dependence of anti-stokes 
luminescence has a bell-shaped form and the optimal 
excitation power density is about 40 W/cm2. 
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Basing on the general photon eigenstate and anomaly cancellation, it is shown that the electric charge quantization in   

 model with exotic particles can be obtained independently on parameters α and β. The fixation of 
hypercharges of fermions fields by the Higgs fields and dependence of the electric charges quantization conditions from the 
hypercharges of Higgs fields leads to the fact that the electric charge in the considered model can be quantized and fixed only in the 
presence of Higgs fields. In addition, we have shown that in the considered model the classical constraints following from the 
Yukawa interactions are equivalent to the conditions following from the P – invariance of electromagnetic interaction. The most 
general expressions for the gauge bosons masses, eigenstates of neutral fields and the interactions of leptons and quarks with gauge 
bosons have been derived in the arbitrary case.  

XLC U(1)SU(3)SU(3) ××

 
Keywords: Extensions of electroweak gauge sector, Gauge Models, Electroweak interaction, Electric charge 
quantization, Higgs fields. 
PACS: 12.10. Dm; 12.10.-g;12.15.-y;14.80.-Bn; 11.15.-q 
 
1.      INTRODUCTION 

Standard Model (SM) of strong and electroweak 
interaction well describing existing experimental data 
involves several unanswered questions. Within SM have 
not been solved such problems as existence of three 
families [1, 2], mass hierarchy problem [1, 2], electric 
charge quantization etc. Solution of mentioned theoretical 
problems can be achieved either by introduction of 
additional particles or by enlargement of symmetry group. 
For instance, the SU(5) grand unification model [3] can 
unify the interactions and predicts the electric charge 
quantization, while the models based on E6 group can also 
unify the interactions and might explain the masses of the 
neutrinos [4].  

Interesting alternative to explain the origin of 
generations comes from the cancellation of chiral 
anomalies [5]. In particular, the models with gauge group 

 [6-9], (called 3-3-1 models) 
arise as a possible solution to this puzzle, since some of 
such models require the three generations in order to 
cancel chiral anomalies completely [9-11]. An additional 
motivation to study this kind of models comes from the 
fact that in these models there are some progress in 
investigations of such problems as neutrino mass [12],      
Р – parity violation in nuclear transitions [13] and etc. 
Electric charge quantization in two model based on the  

 gauge group, namely in the 
minimal model and in the model with right-handed 
neutrino has been considered in [14]. Authors have 
shown, that electric charge quantization is not dependent 
on the classical constraints on generating mass to the 
fermions, is related closely with the generation number 
problem and is a direct consequence of the fermion 
content under the anomaly free conditions.   

XLC U(1)SU(3)SU(3) ××

XLC U(1)SU(3)SU(3) ××

     It should be noted that the electric charge quantization 
problem considered in [14] has been derived for the 
concrete values of parameters α and β. Besides in these 
type models based on   group 

symmetry [5-14], the expressions for the masses of 
neutral gauge bosons and eigenstates of neutral fields 
have been obtained in particular case.      

XLC U(1)SU(3)SU(3) ××

It has been shown [15, 16] that photon eigenstate 
depends from the hypercharges of Higgs fields (see, also 
[14]), that leads to necessity of more detailed research of 
electric charge quantization in gauge theories. This work 
is devoted to investigation of electric charge quantization 
in XLC U(1)SU(3)SU(3) ××  model with exotic particles 
independent of parameters α and β.  
     
2.      MODEL STRUCTURE 

The electric charge is defined in general as a linear 
combination of the diagonal generators of 

XLC U(1)SU(3)SU(3) ××  group                                                        
                                                                           

                       ,                     (1) 
∧∧∧∧

++= IXTTQ 83 βα
 
with 1,0)/2diag(1,T3 −=  and 32)/2diag(1,1,T8 −= , 
where the normalization chosen is 2/)( αββαTTTr δ=  and 

)diag(1,1,1I =  is the identity matrix. The value of the 
parameters α and β determines the fermion assignment 
and it is customary to use this number to classify the 
different models (see, for example [17]). 

The hypercharges of fermions (as well as the Higgs) 
fields causing interaction with Maxwell field, is defined 
as                                                                                                                 

                                   .                         (2)      IXTY 8
ˆˆˆ += β

 
Note that as the aim of this paper is the study of 

electric charge quantization, the expressions of electric 
charge (1) and hypercharge (2) further are not used.  

Let’s consider the case when symmetry is broken by 
the Higgs fields     
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The part of interaction Lagrangian responsible for the 
Higgs fields looks like      
                                                  

).()()()()()( ρρηηχχ μμμμμμkin DDDDDDV +++ ++=   
                                                                                        (4) 
The covariant derivative is given by μD
 

                ,μ9aμaμμ XBig'TWigTD −−∂=             (5)      
 
where aT 1,...,8)a =(  are the  generators, and ( )LSU 3

69 )/diag(1,1,1T =  are defined as 

1,2,...,9)(a,bδTTr abTba == ,2/( ) ; g  and   – 
coupling constants. 

'g

To keep consistency with the effective theory, the 
VEVs in the model satisfy the constraint: 
(similarly to papers [7]).                                                                              

uυV >>>>

For lepton and quark fields we choose the flowing 
representations (we will consider one family of leptons 
and quarks without mixing): 

                                                            ,)~(1,1,yNψ),~(1,1,yeψ),~(1,3,y
N
e
ν

ψ NRRNReRReRlL

L

e

lL ==
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3.      MASSES OF GAUGE BOSONS 
The gauge bosons of this model form an octet  

and singlet  associated with and  

accordingly. It is easy to see that the massless gauge 
bosons associated with  group decouple from 
the neutral bosons mass matrix and are not considered 
late. The masses matrix of gauge bosons arises from the 

kinetic part (4) of interaction lagrangian. The covariant 
derivatives for the triplet of Higgs fields look likes 

aμW
U(1)μB LSU(3)

CSU(3)

                                                                   
                        ,iμiμiμ iPD ϕϕϕ −∂=                        (7)                       
 
were  iϕ  - Higgs fields  (3), and matrix  has the form μP
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where ggt '=  and 
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In this case taking into account (3), (8) and (9) in (4) for the masses of gauge bosons we have  
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where       
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Note that as far as the masses (11) and interactions of gauge bosons (9) are not the subject of this paper we will not 

discuss them later. Discussion of these problems can be found in [5-14].  
The interactions lagrangian, containing the mass of the neutral gauge bosons in this case, looks like: 
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The eigenvalues of the mass matrix (13) are the roots of equation  
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In general case the eigenvalues of mass matrix corresponding to the masses of neutral gauge bosons can be real 

and differ from zero. In the case when the roots of equation (15) satisfy condition (that is in 

agreement with experimental data [19]), we have 

2
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1 MMM >>>>
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In our case  the easiest mass in (17) can 

be identified with photon mass (  ) only under 

the condition  

)( uυV >>>>
2
γM2

3M =

                             0=++ χρη XXX .                  (18) 
 
Notice that this condition also follows from the electric 
charge conservation [14]. In this case for the masses of 
neutral bosons we have 
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1182,1
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The easiest of massive neutral vector bosons (19), 

can be identified whit SM Z  - boson
   

.ZMZM ≡
2

 
4.      ELECTRIC CHARGE QUANTIZATION 

Transformation of neutral fields  to 
the physical photon field, can be written in the form 

μ8μ3μ ,B,WW

                                                    
               .               (20) μ38μ23μ1μ BaWaWaA ++=

 
The eigenstate with zero eigenvalue follow from the 

equation 
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It can be checked that (taking into account  (18))  the  

matrix  has a non-degenerate zero eigenvalue and 
corresponding eigenstate can be identified with physical 
photon field .  

2M 0

Aμ

In the considering model for the quantities  ia
)1(i 3÷=    we have  
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where  

           ( )[ ] .23 2
1222

ρηρη XXXXtgg +++=     (23)                      
 
From the expressions (20), (22) and (23) one can see 

that, the photon eigenstate is independent on VEVs 
structure. This is a natural consequence of the  
invariance [14-16]. However photon eigenstate depends 
from the Higgs fields hypercharges. Moreover, to be 
consistent with the QED based on the unbroken   
gauge group, the photon field has to keep the general 
properties of the electromagnetic interaction in the 
framework of the 3-3-1 model, such as the parity invariant 
nature [20]. These would help us to obtain some 
consequences related to quantities which are independent 
on VEVs structure. 

)1(U

)1(U

At first let us consider interaction of leptons with the 
electromagnetic field.  In the considered model it looks 
like
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Taking into account the parity invariance of the electromagnetic interaction from (24), we have  
 

                                                                                                                               (26)  .0,0,0 ''
0 === Ne QQQν

 
In the considered case when neutrino has not the right component, the requirement parity invariance of electromagnetic 
interaction and the condition of neutrino charge equality to zero are equivalent. Besides, from the condition of   parity 
invariance of electromagnetic interaction we have the relations between hypercharges of Higgs and lepton fields 
 

                                           
.,, χηρηη XXyXXyXy NReRlL −=−==                                                   (27) 

 
Consequently for the electric charges of leptons we have 

                                      ,
2

,,0 0
ρη

ρη
ν XX

XX
QQQQQ eNee −
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−=−==                                                (28) 

where 
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                                                                   ( )ρη XX
g

ggQe −
′

=
2

.                                                                           (30)            

 
In the considered model the Yukawa interactions which induce masses for the leptons can be written as 
  

                                                    ..chffL NRlLNeRlLe
l
Y ++= χψψρψψ                                                            (31) 

 
From (31) under the U (1) invariance we also have conditions (27). As a result we can conclude that conditions 
following from the P-invariance of electromagnetic interaction are equivalent to the conditions following from the 
Yukawa interactions which induce masses for the leptons. The equations (27) are the fixing condition for the 
hypercharges of the leptons fields by the Higgs fields and further it will be shown that they are also the conditions of 
electric charge quantization of leptons. 

Let’s consider interaction of quarks with electromagnetic field. In the considered model it looks like 
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Similarly to the of leptons case taking into account P-invariance of electromagnetic interaction from (32) and (33) we 
have conditions  

                                                                                                                                 (34)        .0Q0,Q,0Q '
U

'
d
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u ===

 
These conditions lead to the following relations between hypercharges of Higgs and quarks fields 
 
                                  .,, χρη XyyXyyXyy URQLdRQLuRQL =−=−=−                                      (35) 
 
The expressions (35) fix the left and right hypercharges difference of quarks fields are also the conditions of quarks 
electric charge quantization. Equations (35) also follow from the Yukawa interactions which induce masses for the 
quarks 
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Similarly to the leptons case we can conclude that conditions following from the P-invariance of electromagnetic 
interaction are equivalent to the conditions following from the Yukawa interactions which induce masses for the quarks. 
(See also [15, 16]). Taking into account (35), (22) and (18) in (33) for the quarks electric charges we have 
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The obtained expressions (28) and (37) can be considered as the evidence of electric charge quantization of leptons 

and quarks. However these expressions do not define numerical values of electric charges of leptons and quarks (in 
terms of electron charge). For obtaining of the numerical values for the leptons and quarks electric charges, it is 
necessary to have the additional relations between fermions field hypercharges. Such of relations can be obtained from 
the conditions of cancellations of gauge [5, 21] and mixed gauge-gravitational anomalies [22]. In the considered model 
we have 
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From the first equation (38) (with taken into account (27)) we have:    
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Taking into account (35) from the second and third equations (38) we have expression (18). Fourth equation (38) leads 
to:  
                                                                                  .ρη XX −=                                                                                 (40) 
 
Consequently for the hypercharges of fermions fields we have:  
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This leads to the electric charge quantization 
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Similar expressions can be written for other 

fermions. Conditions (27) and (35) fix the hypercharges 
of fermions fields. The conditions following from the 
anomalies cancellations (taking into account (27) and 
(35)), fix hypercharges of all remained fields. Thus, if 
there are no conditions (27) and (35) it is obvious that to 
solve the equations following from the anomalies 
cancellations is impossible and consequently there are not 
electric charge quantizations, hence, these conditions are 
electric charge quantization ones. However these 
conditions depend from the hypercharges of Higgs fields, 
so these facts can be interpreted as a presence of influence 
of Higgs fields on the electric charge quantization.  

It is necessary to note that unlike results of work 
[14] in which authors have shown that electric charge 
quantization does not depend on the classical constraints 
on generating mass to the fermions in the considered case 
the conditions following from the Yukawa interactions 
are equivalent to the conditions following from the P – 
invariance of electromagnetic interaction. Equivalence of 
conditions following from the Р – invariance of 
electromagnetic interaction and from the classical 

constraints on generating mass to the fermions in the SM 
and  model has 
been shown in [15,16]. This fact may be useful for the 
explanation of the Р – invariance of electromagnetic 
interaction. 
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4.     CHARGED AND NEUTRAL CURRENTS 

For the eigenstate with nonzero eigenvalue we have  
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Here (in the case of arbitrary Higgs field hypercharges) 
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The magnitudes   can be found from the appropriate expressions  by substitution . ic )1(i 3÷= ib 21 ZZ →

In the most general form the interaction lagrangian of fermions with gauge bosons has the following form: 
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where   fLψ , fRψ – are left and right fermions fields.  

Taking into account (43) and (46) we have   
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where  f  takes values  UudNee ,,,,,ν . For the coupling constants we have: 
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where upper signs relate to victories coupling constants and lower signs relates to axial ones. Besides:  
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Note that the expression of magnitudes  и  – can be obtained from appropriate expressions (50) by the 

substitution  → . 
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In the present work we report the growth of InGaN light emitting diode structure on c-plane sapphire substrate and preparation 

bicolor phosphor for creating phosphor converted white light emitting diode. Their optical characteristics have been investigated. It is 
shown that, the although thermal quenching is observed, the room temperature luminescence intensity curve before and after heating 
process of the samples is almost identical, which indicates the thermal quenching is recoverable or no thermal degradation. It is very 
important aspect for pc-white LED, because heat is produced continuously during LEDs operating. 

 
Keywords: light emitting diode structure, luminescence. 
PACS: 535.37; 539.216;539.22; 538.91-405; 548; 620.18 

 
1. INTRODUCTION 

White light-emitting diodes (LED) have attracted a 
great deal of attention in solid- state lighting application. 
Due to their potential for substantial energy saving, high 
efficiency and long lifetime, it has been projected that 
LEDs will broadly replace conventional incandescent and 
fluorescent lamps for general lighting in the future. In 
2020, LED lighting efficiency is expected to be over 200 
lm/W. If these goals are reached then 50% of the 
electrical energy currently used for lighting applications 
can be saved [1]. But to achieve that, there are many 
intermediate steps that have to be taken, for example, 
increasing light extraction from LED devices, improving 
packaging, finding better infrastructure, and discovering 
highly efficient LED phosphors.  

Two of the key quantities in light source assessment 
are luminous efficacy of radiation (LER) and color 
rendering index (CRI). However, a key element 
associated with the future penetration of LEDs into solid-
state lighting market is LER and this parameter is reduced 
with increasing LED quantity. Main requirements of 
white LED packaging are high luminous efficiency, high 
color rendering index, adjustable color stability, low 
thermal resistance, rapid thermal dissipation, high 
reliability and low cost. It is not simple task for packaging 
to satisfy these requirements simultaneously. In general 
there normally exist some contradictions such as high 
luminous efficiency and low correlated color temperature 
(CCT), high performance and low cost. Warm white LED 
with low CCT needs the addition of longer wavelength 
phosphor, which will increase the conversion loss and 
thereby reduce the luminous flux. Light extraction and 
thermal dissipation are normally interplayed. If more light 
is extracted, less heat should be dissipated. Low junction 
temperature will further increase the initial optical power 
and make the LED brighter. In contrast, if less light is 
extracted or the junction temperature is too high, there 
will be a harmful optical-thermal cycle that can damage 
the chip and cause degradation of material. Packaging 
design should balance these contradictions and guarantee 
the most favorable targets.  

LED emission spectra are not absolutely stable with 
temperature and more over change with drive current. The 

color rendering depends on the color temperature of the 
LED and details of the composition of the phosphors. 
There has extensive research and development for 
phosphors in LFLs/CFLs, cathode-ray tubes, and X-ray 
films, but most of these traditional phosphors are not 
suitable for pc-LED. This is usually because these 
phosphors do not strongly absorb violet or blue LED 
radiation, leading to LED package losses from scattering. 
Also, many traditional phosphor use Eu3+, Tb3+, or Mn2+ 
activators whose transitions are forbidden with long decay 
times(>1ms), causing phosphor quenching due to 
saturation from the high LED radiation flux on the 
phosphor. Generally efficient and stable phosphors are 
based on an inorganic host, which is doped by Eu2+ and 
Ce3+ ions. They have very short luminescence decay times 
and saturate only extremely high excitation density.  

Obviously, the primary requirement for a phosphor 
is it converting the radiation from a pump LED into 
luminescence emission expected from that it absorbs the 
pump wavelength. Strong absorption can be expected 
from dipole-allowed electron transitions in dopant ions, if 
the dopant concentration is high enough. The best known 
and used examples are Ce3+ and Eu2+, which spectral 
location of their absorption and emission lines can be 
shifted due to crystal field, stokes shift may be much less 
varying. However, only few host materials are known in 
which the emission from these ions is in the green or red 
spectral region. In particular, new requirements for color 
temperature (2700-5000K), color rendering (CRI>75), 
efficiency, color stability have been introduced. This 
leads to new challenges for the phosphor in addition to the 
usual requirements of high absorption, high efficiency and 
chemical stability. The efficiency should depend as little 
as possible on temperature, the phosphor must not 
saturate at high irradiance and the spectral emission must 
match the particular application. In addition particle size 
must ensure homogeneous color in all directions. It is not 
easy task to translate these requirements into phosphor 
design. For the past decade, there was a great deal of 
research on the thiogallate and thioaluminate phosphor in 
applications of inorganic electroluminescent displays 
(IELDs), field emission displays (FEDs) and white light 
emitting diodes (white-LEDs). [2,4]. The interest to 
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binary and ternary compounds such as Ca(Sr,Ba)S and 
Ca(Sr, Ba)Ga2(Al)S4 activated by Eu2+ and Ce3+ is start 
for a realization of multi-color and full color iEL devices. 
Flat panel displays (FPD) are the one of the most 
important electronics, not only technologically and 
scientifically, but also socially and economically. In 
1970’s, the main research was on multi-color and full 
color EL (red, green, blue and/or white) [5-7]. This 
problem was much harder than expected in the beginning. 
In 1980’s, the research was focused exclusively on the 
development of color EL materials, such as alkaline earth 
compounds host material (CaS, SrS) with luminescent 
centers (Ce3+, Eu2+). Subsequently, thiogalates such as 
Sr(Ca,Ba)Ga2S4 doped with Eu2+ were studied. Finally, 
BaAl2S4:Eu2+ was developed [8], which gave a 
sufficiently enough blue color available for display use. 
At present, the technical achievement of inorganic EL 
display panels is very high, i.e., the size is 30–42 inch, the 
luminance is enough for TV use, and the color quality is 
good. In 2005, a new inorganic EL was reported which 
exhibited very high brightness of 600,000 cd/cm2 [9,10]. 
Finally blue inorganic EL of BaAl2S4:Eu2+ was developed, 
resulting in fullcolor EL-TV using “color by blue” by 
iFire Technology. Very recently, a new ultra bright 
inorganic EL of dc driven at lower than 10V has been 
developed.  

In this paper we report a white LEDs phosphor on 
the base of CaGa2S4-CaS called as composite phosphor, 
which has many advantages, for example one-step 
synthesis, double emission bands and excite by n-
UV(360-410) and blue (440-480) nm LED chip 
efficiently.  

Many of the needs for new LED phosphors have 
been met by the discovery and development of new 
phosphors over the past 10 years. During this time, the 
field of LED phosphors has moved from a single family 
of phosphor compositions-the Ce3+-doped aluminate 
garnets-to a variety of silicate, aluminate, nitride, 
oxynitride, sulfide, and fluoride compositions, leading to 
commercial LEDs that cover a full range of white CCTs. 

 
2. PRINCIPLE OF WHITE LIGHT 

 GENERATING IN LEDs 
There are several methods for generating white 

LEDs [11-12]. Currently, of these, a blue light-emitting 
diode (LED) coated with a yellow-emitting phosphor has 
been commercialized because it satisfies both of the 
following requirements: a high luminous flux and simple 
structure. In addition, the cost of a white LED of this type 
is lower than that of white LEDs composed of red, green, 
and blue LED chips. The main disadvantage of multichip 
RGB approach is strong temperature dependence of 
performance and high cost.  

The most frequently used yellow emitting phosphor 
is Y3Al5O12:Ce3+ (YAG:Ce). However, because YAG:Ce 
emits a greenish-yellow light, the emission from an 
InGaN-based blue LED coated with YAG:Ce is deficient 
in the red spectral region and its color rendering property 
is poor [13]. To improve the color rendering property of 
white LEDs, Sheu et al. used a near ultraviolet (n-UV) 
LED [14]. Fabricated with three different phases of 
phosphors, the n-UV LED-pumped white LEDs lead, 
firstly, to a decrease in luminous efficiency due to 

reabsorption of emissions, and, secondly, also to an 
increase in manufacturing cost. Won et al. and Kim et al. 
introduced single-phase full-color-emitting phosphors for 
an n-UV LED-pumped white LED [15, 16]. Recently, Xie 
et al. and Kimura et al. reported that high brightness and 
good color rendering properties were achieved with 
nitride green/red phosphor-converted (pc) white LEDs 
[17]. However, both high firing temperature (>1600°C) 
and high N2 pressure (>5 atm) are necessary to synthesize 
nitride phosphors [18]. In this study, we used white LEDs 
phosphor (Ca1+x-yEuy)Ga2S4+x, which has many 
advantages, one-step synthesis, double emission bands 
and excited by n-UV and blue LED chip efficiently and 
coating technology is simple. 

  
3. EXPERIMENTAL 

Phosphor (Ca1+x-yEuy)Ga2S4+x, were prepared by 
conventional solid state reaction without the use of any 
toxic gas. In order to enhance crystallinity and 
fluorescence radiation, the sample was subjected to post 
heat-treatment at 700°C for 6 hours in an evacuated 
quartz ampoule. The resulting powder samples were 
characterized by X-ray powder diffraction using X’Pert 
MRD Philips analytical diffractometer with CuKα1 
(λ=1.54056A°) radiation and scan rate of 0.01°/sec. The 
XRD data indicated that the samples obtained consisted of 
two phases and were in good agreement with data 
CaGa2S4 and CaS. Excitation spectra were recorded with 
a Jobin-Yvon spectrophotometer Fluorolog-3 using a 
Xenon lamp (450W). LEDs used to excite our phosphor 
were commercial structure emitting at wavelengths 415 
and 450 nm. To make white LEDs the phosphor was put 
in a two component optical gel in liquid phase. Then the 
chip was covered with this mixture and the gel–phosphor 
composition was polymerized. The gel–phosphor 
compositions have been prepared in identical 
polycarbonate lenses having special cavities to put it. The 
samples have been prepared with identical phosphor 
concentration in gel to receive qualitative the same 
performance of different phosphors used in our 
experiments. Their optical characteristics have been 
investigated by exciting them with the different 
wavelengths provided by the three LED types as 
described above. 

Some of the InGaN light emitting diode structures 
used to excite the phosphors for these studies grown by 
low pressure metalorganic vapor phase epitaxy on a c-
plane sapphire substrate. A 2 μm thick undoped GaN 
buffer layer including a thin in-situ deposited SiN defect 
reduction layer was grown after AlN nucleation layer. 
The active region consisted of a single InGaN quantum 
well grown at about 800 °C with an In content of about 
10% covered by a 10 nm thick AlGaN electron barrier 
layer. The structure was finished by a 200 nm thick Mg-
doped GaN layer. The bare LED structure shows strong 
electroluminescence at 415 nm with a FWHM of          
110 meV at room temperature. 

 
4. RESULTS AND DISCUSSION 

Fig.1 presents the excitation spectra at 300K for       
(Ca1+x-yEuy)Ga2S4-x, phosphors at 558 and 680 nm 
analysis wavelengths.  
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From the excitation spectra is clearly shown that this 
composite phosphor can be excited efficiently either by 
blue or by n-UV light LEDs. According our previous 
result [19] the emission spectra under different excitation 
wavelength 360, 400, 430, and 460 nm the two bands 
correspond to the emission in the ternary      
4f65d1(a1)→4f 7(8S7/2) and binary 4f65d1(t2g)→4f 7(8S7/2) 
compounds of transitions of Eu2+. Emission spectra of                     
(Ca1+x-yEuy)Ga2S4+x, under 415 nm LED excitation 
measured at different temperature presented in fig.2. 

  

 

 
 
Fig. 1. PLE spectra of phosphor at 300 K. 
 

 
 
Fig. 2. Emission spectra of phosphor under 415 nm  
            LED excitation with different temperature. 
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Fig. 3. Luminescence intensity before and after  
            heating of phosphor. 
 
Although thermal quenching is observed, the room 

temperature luminescence intensity curve before and after 
heating process of the samples is almost identical, which 

indicates the thermal quenching is recoverable or no 
thermal degradation. (fig.3).  

It is very important aspect for pc-white LED, 
because heat is produced continuously during LEDs 
operating. In fig.4 shown the spectra of                      
(Ca1+x-yEuy)Ga2S4+x, under 415 and 450 nm LED. 

 

 
 
Fig. 4. Normalized spectra of (Ca1+x-yEuy)Ga2S4+x  
            under 415 and 450 nm LED excitations. 
 
The best conversion of LED radiation to the 

phosphor is 415 nm, but the green spectral gap between 
the LED and phosphor band is narrow for 450 nm LED 
excitation. Fig.5(a, b) shows EL spectra of white LED 
under following forward currents of direct current (DC): 
10, 20, 30, 40, 50, 60, 70, 80 and 90 mA. 
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Fig. 5a. EL of 415 nm LED chip with phosphor  
              under different applied current. 
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Fig. 5b. EL of 450 nm LED chip with phosphor  
             under different applied current. 
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 Each emitting bands 560 nm and 650nm in this 
study is showed a superior property whereby the emission 
intensity increases without saturation as a function of the 
applied current under 415 and 450 nm LED excitations. 
The intensity of red band is more higher under 450 nm 
LED but the green band is narrow for excitation 450 nm  

 

LED and this is influenced to color rendering index.  
 

ACKNOWLEDGEMENT 
Part of this work have been financially supported by 

CNRS/ANAS collaboration 0904 project and TWAS 
research Grant program 09-084 RG/Phys/AS_G. 
 

______________________________ 
 
[1] J.R. Brodrick. (2003). DOE Solid State Lighting 

Status and Future, U.S. Dept. of Energy, Office of 
Energy Efficiency and Renewable 
Energy. http://www.netl.doe.gov/ssl/PDFs/DOE%20
SPIE%20Presentation%20080304.pdf  

[2] P. Benalloul, C. Barthou, J. Benoit, L. Eichenauer 
and A. Zeinert. Appl. Phys. Lett. 63, 1993, 1954. 

[3] P. Benalloul, C. Barthou  and J. Benoit.  J. Alloys 
Compounds 275–277, 1998, 709-715. 

[4] W.A. Barrow, R.E. Coovert, E. Dickey, C.N. King, C. 
Laakso, S.S. Sun, R.T. Tuenge, R.C. Wentross and J. 
Kane. 1993 Digest of Technical Papers of 
International Symposium, SID (Seattle, Washington). 
p. 761. 

[5] H. Kobayashi. Proc. SPIE 1910, 15 (1993). 
[6] S. Shinoya and S. Kobayashi (eds.), 

Electroluminescence (Springer-Verlag, 1998). 
[7] Y. Ono (ed), Electroluminescent display (World 

Scientific Publishing, 1995).  
[8] N. Miura, M. Kawanishi, H. Matsumoto, and R. 

Nakano, Jpn. J. Appl. Phys. 38, L1291 (1999).  
[9] News Release on Kuraray web-

page, http://www.kuraray.co.jp/en/release/2005/051
012_2.html, and the related patent: JP 2005-
336275A, JP 2005-339924A, JP 2006-199794A.  

[10] C. Barthou, R.B. Jabbarov, P. Benalloul, C. 
Chartier, N. N. Musayeva, B.G. Tagiev, and O.B. 
Tagiev, Journal of The Electrochemical Society, 153, 
(3), G253-G258, 2006. 

[11] Light Emitting Diodes for General Illumination. 
Tutorial materials (OIDA), ed. by Jeff I. Tsao 
(2002). http://lighting.sandia.gov/. 

[12] Strategies in Light 2004, Conf. Proc. (San-Diego, 
2004). 〈strategies-u.com〉. 

[13] H.S. Jang, W.B. Im, D.C. Lee, D.Y. Jeon, S.S. Kim, J. 
Lumin. 126, 371 (2007) 

[14] J.K. Sheu, S.J. Chang, C.H. Kuo, Y.K. Su, L.W. Wu, 
Y.C. Lin, W.C. Lai, J.M. Tsai, G.C. Chi, R.K.Wu, 
IEEE Photonics Technol. Lett. 15, 18 (2003). 

[15] Y.-H. Won, H.S. Jang, W.B. Im, J.S. Lee, D.Y. Jeon, 
Appl. Phys. Lett. 89, 231909 (2006). 

[16] J.S. Kim, P.E. Jeon, Y.H. Park, J.C. Choi, H.L. Park, 
G.C. Kim, T.W. Kim, Appl. Phys. Lett. 85, 3696 
(2004) 

[17] R.-J. Xie, N. Hirosaki, N. Kimura, K. Sakuma, M. 
Mitomo, Appl.Phys. Lett. 90, 191101 (2007) 

[18] R.-J. Xie, N. Hirosaki, M. Mitomo, K. Sakuma, N. 
Kimura, Appl. Phys. Lett. 89, 241103 (2006)  

[19] R. Jabbarov, N. Musayeva, F. Scholz, T. Wunderer, 
A. N. Turkin, S. S. Shirokov, and A. E. Yunovich, 
Phys. Stat. Solidi A, 206, n.2, 287-292, 2009. 

 
 

Received: 11.04.2011 
 
 
 
 
 

 

http://www.netl.doe.gov/ssl/PDFs/DOE%20SPIE%20Presentation%20080304.pdf
http://www.netl.doe.gov/ssl/PDFs/DOE%20SPIE%20Presentation%20080304.pdf
http://www.kuraray.co.jp/en/release/2005/051012_2.html
http://www.kuraray.co.jp/en/release/2005/051012_2.html
http://lighting.sandia.gov/


FIZIKA                                                      2011                                        vol. XVII №2, section: En  

 
DISPERSION OF OPTICAL PARAMETERS OF YbBi2Te4 AND YbBi4Se7 
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The reflection coefficients R(E) of polycrystalline samples YbBi2Te4 and YbBi4Se7 in interval of beam energy 1-6 eV normally 

falling on the surface have been measured in the work. The optical parameters (ε2E, ε2E2, nef, ε0,ef) of the given compounds are 
defined with the help of Kramers-Kronig relations.   
 
Keywords: dispersion, optical ytterbium, bismuth, chalcogenide, triple reflections. 
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INTRODUCTION 

The results of optical parameter definition of 
YbBi2Te4 and YbBi4Se7 on the base of measurement of 
reflection coefficient R(E)  of normally incident beam 
with the energy 1-6 eV on the sample surface are 
presented in the present work. The functions of their 
optical parameters are defined by Kramers-Kronig 
method. This question in these materials hasn’t been 
investigated yet, whereas the materials of such type are 
the analogues of Ln3X4 and Ln5X7 [1] and have the series 
of interesting physical properties: the superconductivity 
and luminescent characteristics are revealed in them. 
They are also perspective ones for the preparation of 
thermo-sensitive resistances and thermocouples, gauges in 
the remote control devices by thermal processes.  

From [2] it follows that the section of YbTe-Bi2Te3 
compound is quasi-binary one. Two compounds 
YbBi2Te4 and YbBi4Te7 crystallize in system. The section 
liquidus consists of primary crystallization branches of α- 
solid solutions YbTe, YbBi2Te4 and YbBi4Te7 on the 
basis of bismuth telluride.  YbBi2Te4 compound forms on 
peritectic reaction L+ YbTe⇔YbBi2Te4 at 873K 
temperature. It is established that YbBi2Te4 has the 
polymorphous modifications: α - YbBi2Te4 at temperature 
673K transits into β- YbBi2Te4. As it is seen in works 
[3,4], YbBi2Te4 compound is isostructurally to YbSb2Te4 
and has the cubic lattice of type Th3P4 with the elementary 
cell parameters: a=10,48±0,01А, dexp=6,35, 
dcalc=6,40gr/cm3, the microhardness is Hμ=1500MPa. 
YbBi2Te4 compound is the semiconductor with narrow 
forbidden band ΔΕ=0,34eV. 

YbBi4Se7 compound melts without decomposition at 
temperature 963K. The compound has the dark grey color 
and is stable in the air. Its picnometric density is 
dpicn=6,30gr/cm3, the microhardness is Hμ=1660 MPa. 
The structure of YbBi2Se4 and YbBi4Se7 single crystals 
has been studied [5]. The structure of YbBi4Se7 is related 
to hexagonal syngony. The elementary cell parameters 
are: а=13,90, с=14,384А, dexp=7,45, dcalc=7,5430gr/cm3. 
The electric conduction YbBi4Se7 is 1,5⋅10-4 Om-1⋅m-1 at 
300K, the width of forbidden band is equal to 
ΔΕ=0,81eV. 

The semiconductor optical spectra are connected 
with their electronic structures. The material energy level 
defining their many physicochemical parameters is the 
one of its main parameters. The knowing of material 
dispersion allows us to predict the principal possibilities 

of definite property realization and its application in 
semiconductor electronics. 

The obtaining and investigation of optical parameter 
spectra of YbBi2Te4 and YbBi4Se7 are the aim o the 
present work.  

 
THE EXPERIMENT TECHNIQUE 

The synthesis of YbBi2Te4 and YbBi4Se7 compounds 
has been carried out analogically on the synthesis of 
LnBi2S4 (Se4,Te4) and LnBi4S7(Se7,Te7) compounds. The 
synthesis is carried out from elements bismuth by B-3 
cleanness, ytterbium Ytb-1 cleanness, tellurium B-3 
cleanness, selenium B-5 cleanness by ampoule method or 
by alloying of binary compounds. The synthesis is carried 
out in the quartz ampoules evacuated (up to ~10-2Pa) at 
temperature 900-1200K in the dependence on the 
composition.  

After compound synthesis finishing the 
homogenizing annealing during 200h at temperature 
1000C has been carried out.  

From the obtained materials we have prepared the 
samples for measurement of reflection coefficient R(E). 
The measurements are carried out by double-beam 
method in energy range 1÷6 eV at normal incidence of 
light beam on the sample.  

As it is known the interaction of light with the 
substance is described by refractive n and absorption k 
indexes which characterize the phase and dumping of 
plane wave in the substance. These values can be defined 
with the help of R(E) by Kramers-Kronig formula: 
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The optical parameters of the investigated materials are 
obtained with the help of computer programs applied in 
refs. [6-9]. 
 
THE RESULTS AND DISCUSSION 

 In the present work the R(E)  is measured and on its 
base the optical functions of YbBi2Te4 and YbBi4Se7 are 
defined. Their such parameters as: reflected light phase θ, 
absorption k and refractive n indexes, real ε1 and 
imaginary ε2 parts of dielectric constants, absorption 
coefficient α, the functions of characteristic volume         
–Img ε-1 and surface –Img (ε+1)-1 electron loss, 
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electrooptical differential functions (α, β), optical 
conduction ε2E, integral function of bound state density 
ε2E2, effective static dielectric constant ε0,ef (E), effective 
number of valence electrons nef(E) taking part in optical 
transitions up to the given energy E are obtained. 

From them the measurement results of reflection 
coefficients R(E) and the functions of their optical 

parameters YbBi2Te4 and YbBi4Se7 such as coefficient of 
optical conduction ε2E , integral function of bound state 
density ε2E2, effective static dielectric constant ε0,ef (E), 
effective number of valence electrons nef(E) taking part in 
optical transitions up to the given energy E defined on its 
base, are presented on fig.1-5. 

   
                                                                                        Table 

 
Samples The band-to-band optical transitions in polycrystalline 

YbBi2Te4 and YbBi4Se7 in energy range 1÷6 eV. 

YbBi2Te4 1,15 1,49 1,94 2,14 3,26 4,13 4,95 
YbBi4Se7 1,94 3,44 4,42 4,5 5,17 5,39 - 
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Fig.1. The reflection coefficient R(E) spectra:  
          YbBi2Te4  (curve Te) and YbBi4Se7  (curve Se). 

 
The measurement results of reflection coefficient R(E) 
spectra in YbBi2Te4 and YbBi4Se7 in beam energy 
range1÷6 eV are presented on the fig.1. As it is seen from 
this figure in YbBi2Te4 case the reflection coefficient R(E) 
decreases with energy, for YbBi4Se7 its values increase 
and in the both cases the peaks which are connected with 
optical transitions in them are observed on the curves.   
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Fig.2. The spectra of optical conductance ε2Е:  
           YbBi2Te4 (curve Te) and YbBi4Se7 (curve Se). 

 
The calculation results on formula (1) of the spectra of 
optical conductance Еε2 are given in the fig.2. The values 

of optical transitions defined by optical conduction peaks 
are given in the table.   
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Fig.3. The spectra of integral functions of bound state  
          density ε2Е2: YbBi2Te4 (curve Te) and YbBi4Se7  

               (curve Se). 
  

The spectra of integral functions of bound state density 
ε2Е2 are given on fig.3. The state density is connected 
with material electronic structure and is the one of its 
important parameters.  
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Fig.4. The spectra of effective number of valence  
           electrons nef(E) taking part in transitions up to the  
           given energy E for YbBi2Te4  (curve Te) and  
           YbBi4Se7 (curve Se). 

 
The values of the number of valence electrons nef(E) 
taking part in transitions up to the given energy E for 
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YbBi2Te4  (curve Te) and YbBi4Se7 (curve Se) defined on 
(ε2) are given in fig.4. As it is seen from the figure the 
values of effective number of valence electrons for 
YbBi2Te4 is less than for YbBi4Se7. The effective number 
of valence electrons determines the total force of 
oscillators in (ε2) spectra.     
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Fig.5. The spectra of effective static dielectric constant  
           ε0,ef(E) of YbBi2Te4  (curve Te) and YbBi4Se7  

                (curve Se). 
 
The spectra of effective static dielectric constant ε0,ef (E) 
are presented on fig.5. The effective static dielectric 
constant is connected with electron number taking part in 
optical transitions at which its values with the energy 
don’t change. In our case this condition isn’t carried out, 
however, for YbBi2Te4 case this condition is carried out.    

As it is shown in [1] the analytic singularity of 
imaginary part of complex dielectric constant ε2(E) and 
function of bound state density dN/dE almost coincide. 
Moreover the gradient of band-to-band states makes the 
main contribution into analytic singularity of function    
dN /dE:     

dE
dNij ~ ∫ ∇ ijk

k

E
dS

 , 

 
where Eij(k)=Ej(k)-Ei(k) is the distance between 
conduction band and valence band. The values dN/dE 
near critic points in k-space defined by the expression 

ijk E∇ =0 and also the position of critic points and 

transition types can be theoretically calculated from band 
structures. 

The analysis of ε2(E), dN/dE function and reflection 
coefficient R(E) shows that the disposition in energy 
spectrum and peak characters are similar ones or very 
close to these parameters. That’s why the values of 
corresponding band-to-band intervals and band natures 
can be defined with the help of the direct comparison of 
the crystal reflection experimental curves in E>Eg range 
with theoretical calculations of dN/dE function. 

As it is mentioned in [9] the state density N(E) is the 
conception which is similarly usable one for crystalline 
and non-crystalline substances. According to 
experimental data results the speed of state density in 
non-crystalline substance doesn’t strongly differ from 
corresponding speed of state density in the crystal.   

The thin structure in the first case can be lubricated 
and the local states can appear in forbidden band. The 
band structure saves at this condition, because it mainly is 
defined by atom short range ordering. 

As it is seen from fig.1 the dependences of reflection 
coefficients for YbBi2Te4 and YbBi4Se7 differ. The 
reflection coefficients R(E) for YbBi2Te4 decreases with 
energy increase and for YbBi4Se7 its increase is observed. 
This fact can be explained by the difference of their 
electronic structure which depends on the composition, 
structure and material atomic structure. As it is seen from 
fig.2-5 the analogous differences are observed in other 
optical parameters.  

Thus, the semiconductor materials YbBi2Te4 and 
YbBi4Se7 are synthesized in the work on the base of the 
measurement of their reflection coefficient in energy 
range 1-6 eV, their optical parameters such as (ε2E, ε2E2, 
nef, ε0,ef) are defined. 
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By method of conformational analysis there was determined the spatial structure of neuropeptide allatostatin –4 belonging to 

allatostatins family. On the basic of value of intramolecular conformational energy calculation was conducted quantitative 
assessment of the stability of molecule’s possible conformational status in dipolar medium terms. 
              
Keywords: Allatostatin, conformational analysis, structure. 
PACS: 87.10.-e 
 
INTRODUCTION 

The allatostatins form a family of bioactive 
neuropeptides which play key role in regulation of 
processes of synthesis and juvenile hormone release at 
various kinds of insects [1-4]. The important role in 
realization of allatostatin functions play their 
conformational characteristics and 3-dimensional spatial 
configuration, studying of which necessary for 
understanding the mechanisms of neuropeptides is 
functioning at molecular level. In present work by method 
of molecular mechanics on the basic of phased approach 
described in works [5,6] there was conducted 
investigation of structure and conformational dynamics of 
allatostatin-4 molecule. Primary molecule structure 
offered in work [4] is a linear sequence of eight 
aminoacid residuals H-Asp1- Arg2-Leu3 – Tyr4 –Ser5- 
Phe6-Gly7-Leu8-NH2 and includes residuals with aromatic 
rings in positions 4 and 6 of neuropeptide chain. The 
molecule contains also two residuals with charged 
functional groups at the ends of own side-chains. This is 
negatively charged carboxylic group at the residual of 
asparaginic acid (Asp1) and positively charged guanidine 
group at arginine (Arg2). Presence of volumetric side 
chain with branching at Cγ – atom in leucine residuals 
(Leu3, Leu8) may influence fundamentally onto 
interaction of conformational condition of main and side 
chains of allatostatin-4 molecule.  
 
METHOD OF CALCULATION 

On fig.1 is shown scheme of phased calculation of 
allatostatin-4 molecule fragments. Molecule structure 
modeling was conducted by methods of theoretical 
conformational analysis subject to polar atom 
environment on the basic of pack of applied computer 
programs [7]. They based on quantitative calculation of 
complete conformational energy of investigated fragment 
and search of its local minimums by method of conjugate 
gradients. Conformational energy (Econf) is represented as 
additive contributions sum from non-valence  (Enonval), 
electrostatic (Eel) atoms interactions, torsional rotational 
energy around valent connections (Etors) and energy of 
hydrogen bonds formation (Eh.b.). Semiempirical potential 
functions and their parameterization used in work are 
taken from work [8].  Polar atom environment in 
calculation experiment was modeling by means of 
character ε=10 and parameter D describing depth of 
hydrogen bonds equal to -1,5 kcal/mole in Morse 
potential  [5,6]. In work there also used standard system 

of identificators describing conformational conditions 
either separate aminoacid residuals (residual shapes – B, 
R, P and L) or fragments of various length. Aminoacid 
residual’s shape (i.e. shape of its main chain) 
characterizes appliance of φ and ψ   angles to peptide 
chain of one or another area of conformational space:      
R(φ,ψ=-180÷00); B(φ=-180÷00,  ψ=0÷1800);               
L(φ,ψ =0÷1800) and P (φ=0÷1800 , ψ =-180÷00).  
         Match of aminoacid residuals shapes in polypeptide 
chain forms a shape of chain itself.  Folding method of 
two adjacent residuals of peptide chain in independent 
coordinate space X,Y,Z defines by two types of shapes: e 
and f. They describe unfolded and folded types of 
polypeptide chain structure accordingly. Structural types 
vary by angle θ= ψi + φi+1, value of which at all possible 
shapes of residuals approximately to zero in shape e or 
equal 1800 in shape f.   Conformational conditions of side 
chain of aminoacid residuals indicate by symbols χi, where 
i= 1, 2 or 3 for χ angle value in interval 0÷1200 ; - 120÷00 
and – 120÷00,  accordingly. Counting of dihedral angle of 
rotation was conducted according to standard 
nomenclature [9]. 
 
RESULTS OF CALCULATION AND THEIR  
DISCUSSION 

Spatial structure of the molecule studied on the basic 
of stable conformations of methyl amides N- acetyl -ά-
aminoacids subject to various orientations of their side 
chains. Phased calculation of allatostatin – 4 spatial 
structures included studying of conformational conditions 
of sequentially expansible fragments due to scheme 
shown in fig.1. While calculating tripeptide fragment 
Asp1- Arg2-Leu3 for asparagine acid taking account of R 
and B shapes of main chain because for the first residual 
of molecule B and L shapes are isoenergetic. For leucine 
residual in position 3 of peptide chain there had been took 
into account R, B and L shapes of its main chain, but 
values of dihedral angles of side chain (χ1’ χ2) before 
beginning of the conformational energy minimization 
procedure were taken as equal to 60, 180 and -60o. Angle 
value χ2 in side chain of residuals Tyr and Phe took equal 
to 90o. Total number of low-energy conformational 
conditions calculated for fragments Asp1- Arg2-Leu3, 
Leu3–Tyr4–Ser5-Phe6 and Phe6-Gly7-Leu8 were 
accordingly 171, 1215 and 324. Values of relative energy 
of fragment conformations chosen for next calculation of 
overlapping section of allatostatin-4 molecule depending 
on peptide chain length vary in range of 0÷3 kcal/mol. As 
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follows from calculation results, more than half of 
allowed conformations on tripeptide fragment Asp1- Arg2-
Leu3 (58, 9%) belong to shape fe with semifolded shape 
of peptide chain. Due to calculation results the 
conformations of shape fe almost for 2.0 kcal/mol 
energetically efficient than low- energetical 
conformations with fully open shape of the main chain 
(into interval of relative energy 0÷3 kcal/mole fits only 
7,7 % of low- energetical conformations of shape ee). 
Preference of such structures stipulated by effective 
interactions of side chains of oppositely charged arginine 

residuals side chains and asparagine acid. Contribution 
from energy of interresidual interactions in fe shape 
conformations is maximal and makes -7,8 kcal/mol. 
Totally summary contribution from the energy of non-
valence and electrostatic interactions of these residuals in 
low- energetically conformations vary in range of -5,1 ÷ -
7,8 kcal/mol. In global conformation of fe shape there 
forms hydrogen bond between oxygen atom of carboxyl 
group Asp1 and hydrogen atom of amid group of Arg2 

main chain. Total number of low-energy tripeptide 
conformations chosen for next calculations phase was 39.   

 

 
Fig.1. Calculation scheme of stable conformations of allatostatin-4 molecule 
 

 
 

                             а) Shape:  feeefef                                                              b) Shape: eeeefef 
                                 Conformation:                                                                   Conformation: 
                                 R1B3B3B3R1R1PR3                                                             R1L3B3B3R1R1PR3 

 

 
 

c)  Shape: feeefee                                                                   d)  Shape: feeeffe 
                                        Conformation:                                                                        Conformation: 
                                        R1B3B3B3R1R1PL3                                                                  R1B1B3B3R1R1BB3 

 
Fig. 2.  Conformational conditions of allatostatin-4 molecule with Erel= 0.0 (a), 1,6 kcal/mol (b), 1,8 kcal/mol (c), 2,1 kcal/mol (d) 
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For tetra peptide fragment Leu3–Tyr4–Ser5- Phe6 
energetically preferable are conformations of shapes eef 
and eff (27,9 and 18% from total number of calculated 
conformations with Erel = 0÷5 kcal/mol, accordingly). 
Stable structures with local energy minimums f this 
fragment is stabilized mainly by non- valence interactions 
of residuals with aromatic side chains Tyr4 and Phe6 
(order – 5,0 kcal/mol). In low-energy conformation 
belonging to shape eff there forms β-bending in section 
Leu3-Phe6, where distance between Cά – atoms of 
residuals Tyr4 and Phe6 equal to 5, 4 Å. Such bending 
forwards approach and almost parallel location of rings 
residuals so that distance between rings centers of gravity 
vary in range of 4,2 ÷ 4,5 Å. Creating of  β-bending in 
low-energy tetra peptide conformations and forming 
hydrogen bonds between atoms of residuals peptide links 
located in positions 3 and 6 of the main chain indicate 
forming of compact structure, stabilized by dispersive 
interactions which may stay kept at increase of peptide 

chain length. Effective interresidual interactions between 
Tyr4 and Phe6 form also in conformations of shape fee, 
however, they on 1,7 kcal/mol yield to the fragment 
global conformation. General contribution into such 
structures stabilization bring dipeptide interactions    
Leu3–Tyr4 (-5, 1 kcal/mol). Presence of serine residual 
containing hydroxyl group in side chain, defines specific 
of spatial building of given sector of allatostatin-4 
molecule. It is known that at Ser owing to electrostatic 
interactions between its main and side chains brightly 
express tendency to participate in formation of β 
structures. In all calculated fragment conformations 
arrives hydrogen bond between OH group of side and NH 
group of main chain of serine, which length vary in very 
narrow interval of values 2,48 ÷ 2,51 Å. Thus, tetra 
peptide fragment closely packed into space and stabilized 
mainly by non- valence interactions introduced in next 
calculations mainly by conformations of shapes eef, fee 
and eff. 

 
                                                                                                                                        Table 1 

Energy distribution of allatostatin -4 conformations 
 

 
 No 

 
  shape 

Relative energy, кcal/mol 
 0÷1     1÷2      2÷3      3÷4       4÷5       >5 

Percentage correlation 
in conformations 

1 feeefef 1 6 3 7 6 26 28.1 
2 feeefee - 1 - 2 1 22 15.3 
3 feeffff - - 1 - 3 17 12.7 
4 feeeffe - - 1 - 1 16 10.4 
5 fefeeee - - 1 1 - 1 1.6 
6 fffefff - - - 1 - 10 6.2 
7 feeefff - - - 3 4 16 13.2 
8 eeeefef - 1 2 1 - 2 3.4 
9 eeeffff - - 1 1 - 2 2.3 

10 effefff - - - - 1 4 2.8 
11 eeeeffe - - - - 1 2 1.7 
12 eefeeee - - - - 1 3 2.3 

 
                                                                                                                                                      Table 2 

Energy parameters of allatostatin -4 low- energetical conformations 
 

 
No 

 
Shape 

C o n f o r m a t i o n *

Asp   Arg   Leu Tyr  Ser   Phe  Gly   Leu 

Energy contribution,     (kJ/mol) 
   
      Enb               Eel                  Etor                  Econf              Erel 

1 feeefef  R1        B3        B3      B3      R1      R1       P      R3 -44,3 3,0 4,3 -36,9 0,0 
2 eeeefef  R1        L3      B3    B3    R1    R1     P     R3 -44,9 4,5 5,1 -35,4 1,6 
3 feeefee  R1        B3        B3      B3      R1      R1        P     L3 -42,4 2,3 4,9 -35,2 1,8 
4 feeeffe  R1        B1        B3      B3      R1      R1        B     B3 -42,9 3,1 4,9 -34,9 2,1 
5 fefeeee  R1        B1        R2      B3      B2       B3       B     R3 -41,7 2,8 4,2 -34,6 2,4 
6 eeeffff  R1        L3        B3      R3      R1       B3       P      R3 -42,4 3,9 4,1 -34,3 2,6 
7 feeefff  B2        L3        B3      B3      R2       B3       P      R3 -40,0 2,5 3,8 -33,7 3,3 
8 fffefff  R1        R3        R3      B3      R1       B3       P      R3 -40,0 3,2 3,4 -33,4 3,5 
9 feeffff  R1        B1        B3      R3      R1      B3        P      R3 -40,1 2,6 5,8 -32,8 4,1 
10 eeeefff  R1        L3        B3      B3      R2      B3        P      R3 -40,3 4,0 3,9 -32,4 4,6 
11 effefff  B1        R3        R3      B3      R1      B3        P      R3 -40,9 5,3 2,6 -32,2 4,8 
12 eefeeee  R1        L3        R2      B3      B1      B3        P      R3 -41,4 3,8 5,8 -31,8 5,1 

* - conventional signs of local minimums of monopeptides see in text. 
 
Onto tetra peptide fragment Phe6-Gly7-Leu8 the 

number of calculated conformations belonging to 4 
shapes and 16 forms of peptide chain is 324. In low-

energy fragment conformation yield to glycine residual 
playing the role of hinge in fragment structure does form 
effective interresidual interactions between Phe6 and Leu8. 
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Thus conditions either with open or half- folded main 
chain shape realize with equal probability. About this 
stipulate both minimization results and analysis of 
contribution of interresidual interactions in low-
energetical fragment conformational conditions. In 

fragment global conformation there forms hydrogen 
bonds between atoms of residuals Phe6 and Leu8 main 
chain, which length vary due to main chain 
conformational condition from 2,03 to 2,07 Å. 

 
                                                                                                                                                              Table 3 

Energy contributions (kcal/mole) of interresidual interactions in low- energetical  
conformations of allatostatin-4 molecule. 

 
Amino acid residues 

Erel = 0 kcal/mol Erel = 1,6 kcal/mol  

Distance between Cα 
 atoms (Å) ∑

8

,
,

ji
jiE  

(kJ/mol) 

Distance between Cα 
 atoms (Å) ∑

8

,
,

ji
jiE  

(kJ/mol) 
Asp1-Arg2 3.8 -7.5 3.8 -5.1 
Arg2-Leu3 3.8 -1.6 3.8 -1.6 
Leu3-Tyr4 3.8 -2.1 3.8 -2.1 
Tyr4-Ser5 3.8 -1.9 3.8 -1.9 
Ser5-Phe6 3.8 -2.2 3.8 -2.3 
Phe6-Gly7 3.8 0.8 3.8 -0.8 
Gly7-Leu8 3.8 -1.5 3.8 -1.5 
Asp1-Leu3 6.4 -0.7 5.6 -4.8 
Arg2-Tyr4 6.0 -3.3 5.9 -2.8 
Leu3-Ser5 7.2 -0.2 7.2 -0.2 
Tyr4-Phe6 5.4 -5.0 5.4 -5.1 
Ser5-Gly7 5.0 -1.0 5.0 -1.0 
Phe6-Leu8 5.7 -3.3 5.7 -3.3 
Asp1-Tyr4 9.5 0.5 8.9 0.5 
Arg2-Ser5 9.3 -0.1 9.3 -0.1 
Leu3-Phe6 8.7 -0.1 8.6 -0.1 
Tyr4-Gly7 4.3 -2.5 4.2 -2.6 
Ser5-Leu8 8.4 -0.0 8.3 -0.0 
Asp1-Ser5 12.9 -0.1 12.4 0.1 
Arg2-Phe6 9.3 -0.3 9.2 -0.2 
Leu3-Gly7 6.1 -0.2 5.9 -0.2 
Tyr4-Leu8 7.4 -0.2 7.3 -0.2 
Asp1-Phe6 13.0 0.1 12.9 0.1 
Arg2-Gly7 6.1 -1.3 6.0 -1.1 
Leu3-Leu8 8.6 -0.0 8.4 0.0 
Asp1-Gly7 9.5 -0.1 9.5 -0.1 
Arg2-Leu8 6.8 -3.3 6.6 -2.3 
Asp1-Leu8 9.8 -0.0 10.0 0.1 

 
                                                                                                                                                                                 Table 4 

Dihedral angles of side and main chains of aminoacid residuals in low- energetical allatostatin-4 conformations. 
 

Residue Dihedral angles 
Asp1 ϕ= -89,ψ= -44,ω=178, 

χ1=54, χ2=105 
ϕ= -73,ψ= -43,ω=178, 

χ1=61, χ2=112  
ϕ= -89,ψ= -44,ω=180, 

χ1=54, χ2=105  
Arg2 ϕ= -134,ψ=97,ω=179, 

χ1= -67,χ2=174 χ3=161 
ϕ=53,ψ=57,ω=175, 

χ1=57,χ2=179,χ3=181 
ϕ= -133,ψ=98,ω=183, 
χ1= -67,χ2=174,χ3=182 

Leu3 ϕ= -99,ψ=94,ω=183, 
χ1=54, χ2=177 χ3=182 

ϕ= -100,ψ=94,ω=183, 
χ1= -56,χ2=174,χ3=187 

ϕ= -99,ψ=96,ω=182, 
χ1= -54,χ2=177,χ3=187 

Tyr4 ϕ=-150,ψ=165,ω=177, 
χ1= -67, χ2=95, χ3=180 

ϕ= -148,ψ=165,ω=178, 
χ1= -65, χ2=96, χ3=179 

ϕ= -148,ψ=164,ω=178, 
χ1= -61, χ2=95, χ3=180 

Ser5 ϕ= -71,ψ= -52,ω=171, 
χ1=56, χ2=177 

ϕ= -69,ψ= -52,ω=171, 
χ1=57, χ2=179 

ϕ= -71,ψ=-53,ω=170, 
χ1=57, χ2=180 

Phe6 ϕ= -60,ψ= -29,ω=178, 
χ1=62, χ2=81 

ϕ= -60,ψ= -29,ω=178, 
χ1=62, χ2=81 

ϕ= -61,ψ= -35,ω=179, 
χ1=57, χ2=80 

Gly7 ϕ=80,ψ= -77,ω=182 ϕ=80,ψ= -77,ω=182 ϕ=72,ψ=-89,ω=181 
Leu8 ϕ= -104,ψ= -60,ω=179, 

χ1=53,χ2=176,χ3=186 
ϕ= -104,ψ= -60,ω=179, 
χ1=-53,χ2=176,χ3=186 

ϕ=50,ψ=59,ω=180, 
χ1= -58,χ2=174,χ3=186 

Erel 0,0 кcal/mol 1,6 кcal/mol 1,8 кcal/mol 
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                                                                                                                                       Table 5  

Hydrogen bonds in low- energetical allatostatin-4 conformations. 
 

No shape Conformation Hydrogen bond length (in Å)   
1 feeefef R1B3B3B3R1R1PR3 Cγ O(Asp1)...HN(Arg2) 

C′O(Tyr4)...HN(Gly7) 
NH(Ser5)...OH (Ser5) 
C′O (Phe6)...HN(Leu8) 

2,83 
2,75 
2,50 
2,12 

2 eeeefef R1L3B3B3R1R1PR3 Cγ O(Asp1)...HN(Leu3) 
C′O(Tyr4)...HN(Gly7) 
NH(Ser5)...OH (Ser5) 
C′O (Phe6)...HN(Leu8) 

2,26 
2,67 
2,51 
2,13 

3 feeefee R1B3B3B3R1R1PL3 Cγ O(Asp1)...HN(Arg2) 
NεH(Arg2)...OC′(Leu8) 
NH(Ser5)...OH (Ser5) 
C′O (Phe6)...HN(Leu8) 

2,79 
1,92 
2,50 
2,26 

4 feeeffe R1B1B3B3R1R1BB3 C′O(Tyr4)...HN(Gly7) 
NH(Ser5)...OH (Ser5) 
C′O (Phe6)...HN(Leu8) 

2,80 
2,50 
2,09 

5 fefeeee R1B1R2B3B2B3BR3 NεH(Arg2)...OC′(Phe6) 
C′O (Phe6)...HN(Leu8) 

2,71 
2,08 

6 eeeffff R1L3B3R3R1B3PR3 Cγ O(Asp1)...HN(Leu3) 
C′O (Arg2)...HN(Tyr4) 

C′O(Tyr4)... NH2 
NH(Ser5)...OH (Ser5) 

C′O(Ser5)...NH2 
C′O (Phe6)...HN(Leu8) 

2,40 
2,87 
2,13 
2,49 
2,93 
2,01 

7 feeefff B2L3B3B3R2B3PR3 C′O(Tyr4)...NH2 
C′O (Phe6)...HN(Leu8) 

1,92 
1,99 

8 fffefff R1R3R3B3R1B3PR3 NH(Asp1)...C′O(Tyr4) 
C′O(Tyr4)...NH2 

NH(Ser5)...OH (Ser5) 
C′O (Phe6)...HN(Leu8) 

2,91 
2,00 
2,48 
2,00 

9 feeffff R1B1B3R3R1B3PR3 Cγ O(Asp1)...HN(Arg2) 
C′O(Arg2)...HN(Tyr4) 

C′O(Tyr4)...NH2 
NH(Ser5)...OH (Ser5) 

C′O(Ser5)...NH2 
C′O (Phe6)...HN(Leu8) 

2,6 
2,8 
2,1 
2,5 
2,9 
2,0 

10 eeeefff R1L3B3B3R2B3PR3 Cγ O(Asp1)...HN(Leu3) 
Cγ O(Asp1)...HN(Arg2) 

C′O(Tyr4)...NH2 
C′O (Phe6)...HN(Leu8) 

2,4 
2,6 
2,1 
2,0 

11 effefff B1R3R3B3R1B3PR3 C′O(Tyr4)...NH2 
NH(Ser5)...OH (Ser5) 
OH (Ser5)...NH(Phe6) 
C′O (Phe6)...HN(Leu8) 

2,0 
2,5 
2,3 
2,0 

12 eefeeee R1L3R2B3B1B3PR3 Cγ O(Asp1)...HN(Leu3) 
C′O(Tyr4)...NH2 

NH(Ser5)...OH (Ser5) 
OH (Ser5)...NH(Phe6) 

C′O(Ser5)...NH2 
C′O (Phe6)...HN(Leu8) 

1,9 
2,5 
2,5 
2,1 
2,8 
2,0 

 
Total number 458 of primary variants composed for 

minimization procedure for whole molecule 
conformational energy correspond to 90 forms and 41 
shapes of peptide chain. They are combinations of low-
energy conformational conditions of fragments Arg1-
Leu3, Leu3 –Phe6, Phe6-Leu8 and their overlapping 
sections, relative energy of which doesn’t exceed 5 
kcal/mol. Conformational analysis of phased scalable and 
overlapping fragments of allatostatine-4 molecule elicits 
significant portability of results while increasing of given 

peptide chain length (table 1 and 2). As minimization 
result of energy of compiled structural variants there were 
found low-energetical conformations of allatostatin-4 
molecule. In relative energy interval 0÷10 kcal/mol 
include conformations of 12 oktapeptide structural type.  

Calculation showed that allatostatin-4 molecule in 
conditions of water environment may form several stable 
conformational conditions separated by low energetical 
barrier 5,0 kcal/mol.  
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In tote, 53 % of calculated structures contain open 
form of Arg2- Tyr4 sector and differ only with 
conformational conditions of C- ended fragment     
Ser5 - Leu8. In tables 2-3 there are given energy 
parameters of low- energetical conformations of 
allatostatin-4, and in table 4 – values of dihedral angles of 
molecule condition with global minimum of 
intramolecular conformational energy.  

     

Next upon stability conformation is – 
R1L3B3B3R1R1PR3; belonging to shape eeeefef, at     
1,6 kcal/mol yields upon stability to the global 
conformation of shape eeeefef. Upon summary 
contribution of tetra- and pentapeptide interactions      
(-2,6 kcal/mol) the global conformation appreciable 

exceeds other stable conformations R1B3B3B3R1R1PL3 
(13,2 kcal/mol) and R1B3B3B3R1R1PL3 (-10, 4 kcal/mol). 
In last conformation, however, due to closeness of distant 
onto chain residuals  Arg2 and Leu3 there forms effective 
interaction between side chain of arginine residual and 
leucine main chain     (-1,2 kcal/mol) and also tripeptide 
interaction between Phe6 and Leu8 (-2,7 kcal/mol).  

On fig. 2 there are given stereoimages of the 
molecule in four conformations with global (Econf=-36, 9 
kcal/mol) and local energy minimums (Econf=- 35,4; -35,2; 
-34,9 kcal/mol). Here should be noted that great number 
of low- energetical conformations are characterized be 
folded structure of the peptide chain at C- end of 
molecule. These conformations differ mainly with the 
energy of dispersive interactions i.e. ultima analyse, 
packing density and stipulate limitation of conformational 
freedom of C- ended allatostatin-4 fragment. About it 
argues also significant differentiation of shapes, because 
from 41 examined shapes into the interval of relative 
energy fit only 12.  

In global conformation of the molecule at Tyr4 –
Ser5- Phe6-Gly7 sector there arrives β- rotation of peptide 
chain, what about argue the distance between Cά- atoms 
of residuals Tyr4  and Gly7 (4,3 Å ; table 3) and hydrogen 
bonds between main chain atoms Tyr4 and Gly7 (table 5).  

      

     

Generalizing research results it is possible to 
suppose that in conditions of water environment the 
allatostatin-4 molecule may realize series of low- 
energetical conformational conditions varying mainly 
with conformational conditions of C- ended fragment. 
Received results may serve as a base for task-oriented 
allatostatin-4 modification with aim of creating analogs of 
more selective and prolonged actions. 

In the global conformation there form hydrogen 
bonds between oxygen atoms of carbonyl group and 
hydrogen atoms of amid group of peptide links: CO 
(Tyr4)…HN (Gly7) and CO (Phe6)…HN (Leu8) (table 5). 
Hydrogen bonds form also in another conformations but 
most optimal conformations of oktapeptide stabilize 
mainly by interactions, formed earlier in stable 
conformations of overlapping fragments- tripeptide Asp1- 
Arg2-Leu3 and tetra peptide Leu3–Tyr4–Ser5-Phe6. In low-
energetical conformations of oktapeptide there form also 
interresidual interactions due to peptide chain elongation. 
Such new interactions in global conformation are contacts 
between Arg2 - Gly7 (-1,3 kcal/mol) and Arg2-Leu8                

(-3,3 kcal/mol). In conformation of shape eeeffff new 
contacts also form between Tyr4 and NH2 of C-ended 
group of the molecule (- 3,5 kcal/mol).  

 
_______________________________ 
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The smectic C* based on a three-componential mixture of liquid crystals (LC) with not mesogene chiral  additive and showing 

ferroelectric properties has been developed. The physical parameters which are responsible for electrooptical effects are defined. The 
Clark-Lagerwall effect both in the pure smectic C* and with the additive of small particles of the centrosymmetric substance Al2O3 
and the ferroelectric SrTiO3 is investigated. It has been shown that time characteristics of a cell with LC - Al2O3 are a little bit 
worsened in comparison with a cell with the pure LC. It is caused by increase of the rotational viscosity of the ferroelectric liquid 
crystal with addition of small particles Al2O3. Time characteristics of the Clark – Lagerwall effect  in the LC - SrTiO3 cell 
essentially surpass time characteristics of the cell with pure LC because the transition from the deformed UP-state to a DOWN-
state demands overcoming much lower energy than the transition from the pure UP-condition to the DOWN-state. 
 
Key words: small particles, liquid crystal, ferroelectricity, smectic phase. 
PACS: 77.84Nh; 77.80bg; 61.30Eb; 61.30Gd 
 
INTRODUCTION 

Devices based on liquid crystals (displays, light 
modulators, etc.)  are characterized  by low operating  
voltage and sufficiently high  contrast ratio (100:1)     
[1-4]. Ferroelectric liquid crystals (FLC) have greater 
potential  [5-7]. Having  spontaneous polarization, FLCs 
 much stronger interact with external  electric field in 
comparison with a nematic LC. At typical values  of an 
operating  field (E = 2·105 V/m) the density of free 
interaction energy  of nematic LC with electric field has 
an order 

 

[5,7,8] in modern synthesized FLCs. One of 
consequences of chirality of  LC molecules is twist of 
the smectic С* phase (Fig. 1а). The planar structure of 
smectic С* liquid crystal (smectic layers are 
perpendicular to substrates) in the crossed polarizers 
looks as a set parallel equal sited strips. The helical 
structure is deformed at field application because the 
electric field aspires to orientate the spontaneous 
polarization in parallel to its direction,  and since some 
critical field defined by the formula ( θ « 1)  [6]  

Fel = 1/2∆εε0E2 = 2 J/  m 3, 

where for anisotropy of dielectric constant of nematic 
liquid crystal the ∆ε≈10  is taken and for electric 
constant ε0 = 8.85 nF/m. The typical value of ∆ε equals 
to 10.  

At the same time the density of free interaction 
energy of FLC (typical values of spontaneous 
polarization has order of 10-4 – 10-3 C/m2) with electric 
field, at such values of field intensity has an order      

Fel = PSE ≈ 20 - 200 J/  m 3. 

As seen, Fel for FLC surpasses one for nematic LC 
on 1-2 orders. Therefore, the electrooptical effect in 
FLCs possesses the best time and threshold 
characteristics. Ferroelectric properties are observed in 
the chiral smectic С* phase of LC. Spontaneous 
polarization in this phase arises as consequence of  
combination of layering and inclination of structure with 
chirality and  polarity of molecules [6-8]. If there is 
transverse dipole group close to the chiral center then 
ordering of these dipoles are occurred along smectic 
layers perpendicularly to long axes of molecules, 
forming spontaneous polarization. Spontaneous 
polarization   varies  from  1 nC ·сm-2   to   500  nC ·сm-2       

At thickness smaller than a pitch of smectic C*, the 
helical structure is suppressed by surface forces. The 
twist states are formed at sufficiently strong polar 
coupling of FLC molecules with a substrate surface   
(Fig. 2) where spontaneous polarization turns along 
layers on 180о at advancement from one layer to another 
[10]. If polar coupling is insufficiently strong, the 
further reduction of a thickness leads to loss of stability 
of these states. In the work of Clark and Lagerwall [9], 
the cell thickness equaled to 1.5 μm.  

 

    
          En = (π4/4) Kθ2/PSL2                     
 
the helical structure is completely untwisted ( Fig. 1б). 
Value K in last formula  is approximately equal to an 
elastic constant  of a longitudinal bend.  Applying a sign-
variable field on the planar sample, for example,  a 
rectangular bipolar  impulse, and having directed one of 
the crossed  polarizers in parallel to an axis of one 
switched states, we will obtain light modulation with high 
contrast, small operating voltage  and switching time.  A 
set of electro-optical effects is observed  in FLCs such as 
effect of spin up of helical structure [6], effect of 
deformation of helical structure [2], etc. The most suitable 
effect for application in displays and  light modulators  is 
Clark-Lagerwall which is carried out in  is surface-
stabilized ferroelectric liquid crystal (SSFLC) [9]. 
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Fig.1. Distribution of director in the smectic C * phase. 
                                                       

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                      a                         b 
 

Fig.2. Twist states under polarizing microscope (a). Distribution of the director in the twist state (b). 
 

        
                a                                 b 

 

 Fig.3. The form of surface-stabilized states under polarizing microscope (а). Distribution of the director and spontaneous    
            polarization in UP and DOWN states of surface- stabilized ferroelectric liquid crystal (b).  
 
Thus, instead of spiral structure there is two 

surface-stabilized  states divided by accurate borders -
(Fig. 3).  It is possible to reach full absorption of each of 
these  states by means of rotation  of the sample that 
indicates to uniformity of distribution of the director in 
these  states. The angular difference between directions 

of the director in these states is equal  to the doubled 
angle of inclination 2θ. These states are called UP and 
DOWN.  Spontaneous  polarization  is directed upwards 
in one of these states and it is done downwards at 
another. At application  of electric field  in the form of a 
rectangular bipolar wave there is faster switching  with 

 
 200   μm   

k

 
 50 μm 

memory between these  states.   
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Dependence of switching time τ on voltage at the 
Clar

  

with

τ(U) is 
chara

t molar ratio 1:1:1 with phase transitions 

Cryst 16 °C SmC 59 °C SmA 72°C N 89°C Iso 
  

Obtained mixture was doped by chiral addition with purpose to induce ferroelectricity [14] 
 

 
 

 

s polar chiral addition is not mesogene, its addition narrows mesophases, especially temperature interval of 

Cryst 6.0°C SmC* 43.5°C SmA 67.0 °C N 76.0 °C Iso 
 

Monodominization of sample at small thickness it 
is re   

concerning high-frequency (f =2 kHz, E =10 V/μm) near 

k-Lagerwall effect has complex character [11]. At 
large values of electric field, we deal with a mode of 
bulk switching: the director turns near one of surfaces on 
all area of cell and this picture is stretched along a 
thickness before full turn of the director at other surface. 
The switching time is inversely proportional to applied 
voltage at regime of bulk switching.                                    

It seemed, it is possible  to obtain light modulation 
                                

It is connected by that at small values of electric field, 
the transition from one state to another occurs by 
movement of domain walls.  Observation shows that the 
switching regime with movement of domain walls has 
nonthresfold character.  

 frequency of tens and hundreds MHz increasing the 
voltage applied on the SSFLC-cell. However, it is 
interfered by two factors:  electric breakdown of the cell: 
even at very careful clearing of FLC, it makes the way at 
values of intensity of electric field exceeding 108 V/m; 
as a rule, ferroelectric liquid crystals have  a negative  
sign of anisotropy of dielectric permeability (ε┴ > ε ||  or   
∆ ε = ε┴ - ε ||  < 0) as transverse dipole group responsible 
for  occurrence  of spontaneous polarization 
simultaneously increases  a transverse component of 
dielectric permeability. Quadratic interaction  of 
anisotropy of dielectric permeability with electric field -
which interferes with switching  at great values  of 
electric field intensity prevails over linear  interaction  
of spontaneous polarization with electric field and a 
minimum is observed in dependence τ(U) [12].  

Such V-shaped form of dependence 
cteristic for  the overwhelming  majority of 

ferroelectric liquid crystals, and it is recommended to 

work in the field of voltages getting near this minimum 
at use of FLC in electrooptical devices. At low voltage 
the switching time is inversely as the square of voltage. 

 

According to the Avrami model [10], the switching 
time depends not only on growth rate of domain walls 
but also on number of nuclei per an square unit. The 
more is the number of nuclei, the less is the 
proportionality factor between switching time and 
voltage. One of means of reduction of indicated factor is 
addition of small solid particles playing role of centers 
of nucleus formation. 

In the present work, influence of the small solid 
particles embedded in FLC on time characteristics of the 
Clark – Lagerwall effect is investigated. At that case two 
types of particles are considered: the particles of 
centrosymmetric substance Al2O3 and the particles of 
ferroelectric SrTiO3. 
 
EXPERIMENTAL 

In order to stimulate ferroelectricity in liquid 
crystals one can doping achiral smectic liquid crystal by 
polar chiral addition [13]. As a basic smectic C, the 
mixture of liquid crystals was used 

 
 
 
 
 
 
 
 
 
 
 
 

A
 

 
 

 
A
existence of smectic С* phase. Obtained liquid crystal possesses following phases:  
 

ached by giving of low-frequency electric field      
f =20 Hz, E =10 V/μm with the subsequent application 

the point of phase transition SmA - Sm C* inside the 
smectic A phase. 

C8H O 17 OC6H11 O COO O 32% 

C6H13O OC6H13 O COO O 32% 

NO2 

C10H21O O O COO 32% OC4H9 

CH O 4% 

CH3 

H* 

CH(CH

o 

CH3 

3)2

44 



INVESTIGATION OF CLARK-LAGERWALL EFFECT IN THE SMALL PARTICLES -LIQUID CRYSTAL SYSTEM 

The mixture was doped with 1.0 wt. % of the Al2O3 
particles with an average size of 0.2 μm or the 
ferro

 

 
of 3

in di

icky 
polym

ted lacquer in acetone is 
inser

where S is the area s s of substrates, C is 
electric capacity of a cell  nF/m  is an electric 

hase. After filling, the cell is encapsulated by 

speci

cture are defined visually under 
polar

electric SrTiO3 (spontaneous polarization has order 
3000 nC·сm-2) particles with the average size of    
0.5 – 2.0 μm. Dispersion was spent by mechanical and 
ultrasonic methods in the isotropic phase of the matrix.  

For measurement of parameters of obtained 
ferroelectric LC, the electrooptical cell with a thickness

      

al  glue for the purpose of prevention of 
evaporation of a liquid crystal. Obtaining of 
homogeneous orientation is reached by slow  cooling 
from the isotropic phase in the presence of sine electric 
field (50 V, 1 kHz).  

Temperature interval of ferroelectric phase and 
pitch of spiral stru

0 μm and the area of 200 mm2 has been prepared. 
We will describe some technological subtleties of 
preparation of an electrooptical cell. First of all, cell 
substrates should be  the optical glasses passing all the 
width of visible and near  infra-red part of spectrum. 
Besides, for achievement of uniformity  of a thickness  
on all area plainness should be high enough, i.e.  
surfaces  of glasses should be polished with accuracy   
0.1 λ≈ 50 nm (λ-wavelength  of incident light). Drawing 
of current-carrying layer In2O3  is spent by a method of 
sedimentation from a solution. Thus the thickness of 
layer In2O3 also should be no more than 0.2 λ≈ 100 nm.  

The planarly oriented layer is put by the following 
technology. The polyamide lacquer of 5 %  is dissolved 

methylacelamide and 40 nm are passed through the 
glass filter with the pore sizes of 40 nm. The drop of the 
obtained solution is fallen on glass plates and the system 
rotates in a centrifuge with frequency of 3000 rpm for a 
uniform covering. A plate is keep at  temperature 300°С 
within 0.5 hours  in the drying box. After that stage heat 
treatment (polymerization), working surfaces  of plates 
is rubbed with a special fabric in one direction for the 
purpose of obtaining of homogeneous orientation.    

The large thickness (d ≥ 5 μm) of LC layer are 
specified by  dielectric gaskets in the form of st

er in which solid balls of equal diameter are 
dispersed. At heating above 200°С,  polymer melting 
sticks together plates to each other, and the backlash 
between them  turns out  in regular intervals. Thus 
heterogeneity of a thickness does not exceed 0.5 μm. We 
will notice that at such selection of a thickness and 
orientant the strong planar coupling in absence of 
electric field takes place.  

The small thickness turn out (d ≤ 5 μm) without 
gaskets. The droplet of the dilu

ted in four corners of one of substrates. The second 
substrate is put on the first substrate after lacquer drying. 
Then this system is located in the special holder with 
four screws helping to press substrates to each other and 
to obtain the necessary gap. Non-uniformity of a 
thickness is shown in a kind of interference bands 
eliminated by these small screws. Thus it is possible to 
set a thickness of a gap between substrates with 
accuracy of 0.1 μm. The average thickness of a cell is 
defined by measurement of capacity of the empty 
(blank) cell by means of the formula  

                                         

d = ε0S/C 
 

pending site
, ε0 =8.85

constant.  
Cell filling was made by capillary forces at the 

isotropic p

izing microscope. At transition of smectics A to 
smectic С* homogeneous areas turn to striped areas 
(Fig. 4). Distance between these strips approximately 
equals to the helical pitch.  Applying a bipolar impulse 
to the cell we may obtain switching between two 
homogeneous states. Thus optical axes of these states 
are turned from each other on 2 θ. Τhe inclination angle 
is defined by this condition. Spontaneous polarization 
and rotational viscosity has been defined by advanced 
Martinot - Lagard method [15].  
 

 
 10 μm  

 

Fig.4. Chiral twisted planar texture of FLC at cell  
         thickness of 20 μm. 

 
RES N 

 Measurements of some physical parameters of pure 
g values: temperature 

inter

  

ULTS AND DISCUSSIO

FLC show that they have followin
val of ferroelectric phase - 6.0°C – 43.5°C; pitch of 

helical structure at 20°C- 3.5 μm; inclination angle at 
20°C - 33°; spontaneous polarization at 20°C – 3.5 
nCl/cm2; rotational viscosity at 20oC- 85 mPа·s. 
 

 
 
 0.5mm 

 
Fig. 5. The planar texture of ferroelectric liquid crystal  
            dispersed by particles Al2O3. 
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l 
dispe cles is shown in 

g.5. 

Planar texture of ferroelectric liquid crysta
rsed by aluminum oxide parti

Fi Estimations show that at cell thickness of 5 μm on 
1mm2 contain more than 104 particles of Al2O3. It is 
difficult to find out distortions of smectic С* structure 
created by these particles visually under a polarizing 
microscope (Fig. 6). In our opinion, it is caused with 
extremely small sizes of these particles (r ≤ 0.2 μm).  

 

  
 
Fig.6. The oscillogram of the cell transmission with  
        ferroelectric liquid crystal dispersed by particles 
        Al O  (the cell thickness of 1.3 μm), when sawtooth  

FLC er from this effect 
obse

  

a

                 
 
where U is voltage

 
 

Fig.7. Dependence of switching time on applied electric  
          field intensity: a – pure FLC (layer thickness of  

 
e 

bviously visible under a polarizing microscope (Fig. 8). 
It is 

hysical 
param

          

2

her large sizes of these particles, secondly, presence 

   
  2 3
          voltage is applied to the cell. 
 
Characteristics of the Clark - Lagerwall effect in 

 +Al2O3 substantially do not diff
rved in pure FLC. First of all, the effect has 

nonthreshold character as seen from the oscillogram of 
cell transmission when sawtooth voltage is applied on the 
cell (Fig. 6). 

Time characteristics of the cell with FLC +Al2O3   
become little bit worsened in comparison with the cell 
with pure FLC (Fig. 9). It is connected by that rot ry 
viscosity of ferroelectric liquid crystal increases with 
addition of small particles Al2O3. It proves to be true 
independent measurements under the form of a 
depolarizing current. As is known the area limited to the 
curve of a depolarizing current is equal to 2PS · S, where  

PS  is spontaneous polarization and S is the working area 
of an electrooptical cell. The halfwidth Uτ1/2 of this curve 

 

gives the rotational viscosity on following formula [16]: 
 

γ = PSUτ1/2/1.76d                          

 applied to an electrooptical cell. 
 

 

          1.7 μm) ; b-FLC dispersed by Al2O3 particles  
           (layer thickness of 1.3 μm); c-FLC dispersed by  

          SrTiO3 particles (layer thickness 2.3 of μm). 

Unlike particles Al2O3, particles SrTiO3 ar
o

possible to see on the average 103 particles SrTiO3 
in 1 mm2. Full transition from one state to another occurs 
during time τ called switching time. If action of the 
applied field takes place at smaller time t then transition 
is incomplete and the texture also differs (Fig.8). 

The preliminary measurements spent in cells with 
thickness of 30 μm and 5 μm show that p

eters of the composite essentially do not differ 
from parameters of pure ferroelectric LC. 

 
ell thickness of 2.3 μm) Fig. 8. A planar texture of ferroelectric liquid crystal dispersed by particles SrTiO3 (c

           a) U =0;   b) U = 10 V, t = 0.5 ms c) U = 10 V, t = 5 ms. 
                

omparison with centrosymmetric particles ratIn c
Al O

 
                                                      a) 100 μm 

 
                                                                 c) 100 μm 

 
                                                 b) 100 μm

3, ferroelectric particles SrTiO3 strongly deform a 
field director of ferroelectric liquid crystal, i.e. play a 
role of the centers of declination. It is connected,  firstly, 

of permanent polarizing charges on surface of these 
particles which co-operating with spontaneous 
polarization of ferroelectric liquid crystal  deform the 
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spatial distribution of the director. The electrooptical 
effect in such cell also has nonthreshold character.  

Time characteristics of the Clark – Lagerwall  
effect of  FLC + SrTiO3 at high voltage, i.e. in  the bulk 
regime of switching essentially surpass time 
characteristics of a cell with pure FLC (Fig. 7) since 
trans

        

ill be 
conf l  h

 It has been shown that time characteristics of a cell 
 appear a little bit worsened in 

comp
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ition from the deformed UP-state to a DOWN- state 
demands overcoming much smaller energy than 
transition from a pure UP-state to a DOWN-state. 

Predictably, switching time of a cell with   
FLC + SrTiO3 considerably is less than at a cell with 
pure FLC where the switching regime by movement of 
domain borders takes place at small voltage. It w

orm  with Avrami mode  according to whic  the 
switching speed from UP – state to DOWN- state and on 
the contrary, except of electric field intensity, is defined 
also by number of the nucleus centers, where formation 
and growth of domains of an opposite sign begin. These 
centers serve as fortuitous defects in an electrooptical 
cell with the pure LC, and numerous small particles 
SrTiO3 serve in a cell with FLC + SrTiO3. The FLC 

structure is strongly deformed for two reasons: surfaces of 
these particles are strongly polarized and the sizes of 
these particles coincide with widths of domain walls. 
Therefore, switching rate of a cell with FLC + SrTiO3 is 
more than at a cell with the pure FLC at low voltage.  
 
CONCLUSIONS 

_______________
 

with LC - Al2O3
arison with a cell with the pure LC. It is connected 

by that rotational viscosity of ferroelectric liquid crystal 
increases with addition of small particles Al2O3. While 
time characteristics of the Clark – Lagerwall effect in 
the LC - SrTiO3 cell essentially surpass time 
characteristics of the cell with the pure LC since 
transition from the deformed a UP-state to a DOWN-
state demands overcoming much smaller energy than 
transition from a pure UP-state to a DOWN-state. 
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Technology center in Ukraine (grant No 5352). 
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ELECTRONIC BAND STRUCTURE OF TlFeSe2 IN FERROMAGNETIC PHASE  

 
Z.A. JAHANGIRLI 1,4, K. MIMURA2, K. WAKITA3,   

Y. SHIM2, G.S. ОRUDZHEV4, N.T. MAMEDOV2 

1 H.M. Abdullayev Institute of Physics, Azerbaijan National Academy of Sciences 
2Osaka Prefecture University, Japan 

3Chiba Institute of Technology, Japan 
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Electronic band structure of crystalline TlFeSe2 has been calculated using full-potential method of Linear Augmented Plane 

Wave (LAPW) in density-functional approach with exchange-correlation potential taken in Generalized Gradient Approximation 
(GGA). The chemical bond in TlFeSe2 is shown to be metallic because energies of 3d-electrons localized at iron atoms are close to 
Fermi level energy.  
 
Keywords: density functional theory, LDA, spintronics, ferromagnetic. 
PACS: 75.50.Dd, 75.50 Ee, 75.50 Pp 
 

Spintronics is a subfield of quantum electronics 
where particle’s spin, or own mechanic momentum of a 
particle is used along with particle’s charge to physically 
represent the information.  In connection with this, mag-
netic materials such as magnetic semiconductors are of 
great interest.  The electronic band structure of magnetic 
materials is tightly related to d- or f- shell electrons of the 
atoms of rare earth and transient elements. Because of the 
3d64s2 ground state configuration of the valence electrons 
in Fe atoms, magnetic functionalities are naturally ex-
pected in Fe-contained materials.  In particular, Fe-
contained materials with lowered dimensionality are of 
special interest.   

TlFeSe2 with quasi-one-dimensional linear chain 
structure and space group [1,2] has attracted 
our attention as one of such materials. Seidov et al. [3] 
have experimentally studied temperature dependences of  

)( 3
2/2 hm CC

magnetic susceptibility and electric resistivity of TlFeSe2.  
The obtained results have been indicative of an anti-
ferromagnetic ordering in semiconducting phase of 
TlFeSe2.   

First calculations, performed in plane wave basis by 
using empiric pseudo-potential method [4, 5] could not 
provide a comprehensive view on electronic band struc-
ture of TlFeSe2, because of the emerged technical diffi-
culties caused by necessity to take into account relativistic 
effects, electron correlation and electron magnetic order-
ing in the empty shells of Fe atoms. 

We have then employed LAPW- based density func-
tional method [6] to take into account spin polarization 
effects inherent in ground state of empty shell of Fe atom.  
By choosing spin direction (z) of d electrons of Fe atom, 
we have examined how the total energy per unit cell (Etot) 
depends on the total spin projection (Sz) on this direction. 
 

 
Fig. 1. Band structure of TlFeSe2: a- “spin-up”, b- “spin-down”. It also follows from the obtained results that coupling  
           of six 3d electrons  
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Calculations have been performed with the use of 
WIEN2k program packet [7]. The convergence of the 
iterations has been as high as 1meV for randomly chosen 
436 k-points inside the reduced Brillouin zone of TlFeSe2. 
The states with energy less than  -6 Ry have been treated 
as core states. Stable anti-ferromagnetic and unstable fer-
romagnetic phases have been found to be possible accord-
ing to the obtained results. Here we present the results 
related to ferromagnetic phase of TlFeSe2.             

In this phase, TlFeSe2 is a metallic compound for 
both spin polarizations (Fig. 1).  

In Table 1 we have given total energy per unit cell 
for six values of the total spin projection, Sz. As follows 
from the Table 1, the minimum energy per unit cell cor-
responds to the spin configuration with Sz=5.  

The total and local DOS (density-of-state) distribu-
tions are shown in Fig. 2. Analysis of the obtained DOS 
drives to a conclusion that crystal orbitals occupied by 3 
non-coupled electrons are 3d Fe orbitals with energies 
close to Fermi level energy. The contribution of the other 
atoms into total DOS is negligibly small.  

(Sz=0) is energetically non-favorable. At the same 
time, the energy difference between Etot for Sz=5 and Sz=4  
is rather small (0,001 Ry, Table. 1). Therefore it would be 
hardly correct to completely exclude electron configura-
tion for which the total spin projection Sz equals 4.  

Table 2 contains muffin-tin radiuses (RMT), distance 
to the nearest neighbor, sum of muffin-tin radiuses of the 
nearest neighbors, and charge in muffin-tin sphere (MT) 
for each atom in the unit cell. 

 
 

 

     

 
 

Fig. 2. Full and local DOS in TlFeSe2 for “spin-up” и “spin-down” polarizations. 
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                                                                                                                                                                    Table 1  

Total spin projections (Sz) and total energy per unit cell (Etot) 
 Sz       6       5       4      3       2       1      0 
Etot -105688.854 -105688.859 -105688.858 -105688.856 -105688.854 -105688.847 -105688.838 

 
                                                                                                                                                                     Table 2 

Muffin-tin radiuses, distance to the nearest neighbor, sum of RMT of the nearest neighbors, charge in MT sphere. 

atom RMT (a.u.) nearest neighbor/distance 
(a.u.) sum of RMT charge in  MT 

sphere 
Tl 2.5 Se1/ 6.11345 4.57 5.4165 
Fe 2.33 Se1/ 4.42953 4.4 5.2246 
Se1 2.07 Fe/ 4.42953 4.4 6.7095 
Se2 2.07 Fe/ 4.4506 4.4 6.6992 

 
It is seen from the Table 2 that muffin-tin spheres of 

Fe и Se atoms are adjoined. The charge that is concen-
trated in muffin-tin sphere of Se atom is noticeably larger 
than that in muffin-tin sphere of Tl or Fe. It is then possi-
ble to conclude that ionic constituent is yet appreciable 
and that chemical bonding in ferromagnetic phase of 
TlFeSe2 bears not only metallic but also ionic character. 

The authors are thankful to Prof.  F.M. Hashimzade 
for reading the manuscript and useful advises.  This work 
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The effect of light from the different region of spectrum (from the intrinsic and impurity absorption region of spectrum) on the 

mobility if charges in pure and alloyed by gadolinium atoms crystals of p-GaSe have been investigated at temperature of 
T=77÷350K. 

It is established that the value and course of dependence of mobility on the temperature changes at influence of light. In 
addition there is residue mobility effect. All this effect of light on the mobility depends both on the dark resistivity of pure and on the 
doping level and on the spectrum composition of light. 

It is find out that observed effect of the light on the mobility in both group of crystals due to the optical smooching of potential 
barrier free energetically zone (optical erasing of drift barriers).        

 
Keywords: layered structure, effect of light, charge carrier mobility. 
PACS: SQ 621.315.592 

 
1. INTRODUCTION 

Semiconducting AIIIBVI compounds with layered 
structure, in particular gallium monoselenide crystals with 
high photosensitivity, as well as unusual photoelectric 
properties attract attention of the researchers [1-3].  

In this paper results received by us at research of the 
effect of light from different region of optical spectrum on 
mobility of charge carriers (study of “mobility 
photoeffects”) in pure (non-doped specially) and doped 
by gadolinium atoms gallium monoselenide crystals are 
reported. 

 
2. EXPERIMENT 

The research objects were pure (with ρd ≈ 103; 104; 
2⋅105; 9⋅105; 4⋅106; 9⋅106; 2⋅107; 1,5⋅108 Ω⋅cm at 77 К) 
and doped (NGd ≈10-5; 10-4; 10-3; 10-2 and 10-1 at.%) 
gallium monoselenide crystals (p-GaSe). Dark specific 
resistance of the doped crystals at 77 K depending on NGd 
varied within 102÷109 Ω⋅cm limits and had its maximal 
value for NGd≈10-4 at.% and minimal one for     
NGd≈10-1 at. %.  

             

It have been established that under other identical 
conditions, under effect of white or monochromatic light 
from fundamental absorption region mobility of the 
charge carriers in high-resistance pure (Fig. 1), as well as 
doped with NGd≤10-4 at.% (Fig. 2) crystals at first (at low 
intensities) nearly, under the linear law increases and 
further (at high large intensities) the dependence μ(Ф) 
goes to saturation. In so doing the index of power (ko) for 
low temperature part of μ(Т) dependence decreases with 
increasing of the light intensity (Ф) (Fig. 3). In                
p-GаSe<Gd> crystals effect of light on value and the 
course of temperature dependence of μ  has appeared 
dependent also on doping level (NGd). With growth of NGd 
at first (for NGd≤10-4 at. %) the effect of light appears 
more strongly and then (for NGd>10-4 at. %) (Fig. 4) is 
considerably weakly.  

Samples of rectangular parallelepiped shape were 
cut off from large ingots which were grown by a method 
of slow cooling at constant temperature gradient along the 
ingot. Doping was carried out from a solid phase [4]. 

In pure crystals at 300 K for different samples dark 
specific resistance (ρd), mobility (μ) and concentration of 
the majority charge carriers (p0) were ~102÷103 Ω⋅cm, 90-
100 cm2/V⋅s and ~1014÷ 1015 cm-3 accordingly. With 
decreasing of temperature down to 77 K the concentration 
of the charge carriers in investigated crystals decreased 
only by one-two order of magnitude (at 77K  
р0≈1013÷1014  cm-3) and change (growth) of ρd value 
sometimes reached up to several orders of magnitude. 
This fact testifies that in p-GaSe crystals under certain 
conditions at low temperatures besides concentration, 
mobility of the charge carriers also strongly (than by 
μ~Т3/2 or μ~Т-3/2 low [5]) varies with temperature. At 
discussion before received on μ(Т) results, it was 
supposed that it may be conditioned by dominant role of 

drift barriers [6-8] in current transit. For check of this 
version one of suitable ways may be study of influence of 
illumination on μ.  

With this purpose we recorded dependences of μ 
from temperature (Т), time (t), intensity (Ф) and wave 
length (λ) of the light in p-GaSe samples with different 
dark  specific resistance (ρd) and doping level (NGd) under 
different conditions. 

 
3. RESULTS 

Thus both dependence μ (Т) and value of μ and the 
temperatures ТМ, at which the recession of charge carrier 
mobility under the law μ ~T-3/2 begins, appear dependent 
also from prehistory of the investigated sample. If a 
sample previously at low temperatures (Т<120÷150 K for 
different samples depending on ρd and NGd) to expose for 
a long time to white or monochromatic light from 
fundamental absorption region, values of μ, ТМ as well as 
к0 (at Т≤ТМ) after termination the effect of the light, 
during the certain interval of time (10-15 minutes, 
depending on ρd) significantly differ from available 
parameters both in the dark and at direct effect of the light 
(Fig. 5).  
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Fig. 1. Dependence of charge carrier mobility on intensity  
           of monochromatic light from fundamental  
           absorption region in p-GaSe crystals with different  
           specific dark resistance:  
                               mcmKT i 58.0;77 == λ
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Fig. 2. Dependence of the charge carrier mobility on  
           intensity of monochromatic light from fundamental  
           absorption region in p-GaSe crystals with different  
           doping levels.     mcmKT i 58.0;77 == λ

     
      124 104,103;102;01:.%, −−− −−−−atN Gd

      8)77( 105,11:, ⋅−⋅ cmOhmK
dρ

 
Under other identical conditions μ  has appeared 

dependent also on wavelength of the light (Fig. 6). It is 
established that under the effect of white or 
monochromatic light from fundamental absorption region, 
μ increases relative to its dark value (μ0) and after 
termination of the effect of the light only in ~ 100 ÷120 s 
reaches its initial dark value  - “positive mobility 
memory” is observed.  

Under the effect of the light from impurity 
absorption region creating negative photoconductivity, or 
IR erasing of intrinsic photoconductivity the mobility of 

free charge carriers decreases relative to μ0 (Fig. 5, curves 
2 and 4) and after termination of the effect of the 
illumination μ reaches its initial value in ~ 40÷60 s - 
“negative mobility memory” is observed  (Fig. 8). 

 

 
 

Fig. 3. Temperature dependence of the charge carrier  
            mobility in p-GaSe crystals under illumination by  
            monochromatic light from fundamental absorption  
            region with different intensity:  

                    ,      8105,16,5,4,3,2,1:,;77 ⋅−⋅= cmOhmKT dρ
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Fig. 4. Temperature dependence of the charge carrier  
            mobility in p-GaSe<Gd> crystals illuminated by  
            monochromatic light from fundamental absorption  
            region with different intensity:  
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In case of “positive mobility memory” initial dark 
value of mobility (μ0) can be restored more quickly 
(almost instantly).  

 

 

 

 
Fig. 5. Temperature dependence of the charge carrier     
            mobility in p-GaSe (curves 1-3) and p-GaSe<Gd>  
           (curves 1′-3′) crystals in initial dark condition  
           (1 and 1′), under effect of the light (2 and 2′) and     
           after the termination of the effect of the light  
           (3 and 3′):   

  ;77 KT = mcmi 58.0=λ
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Fig. 6. Dependence of the charge carrier mobility on light 

wavelength in p-GaSe (curves 1and 2) and                  
p-GaSe<Gd> (curves 3 and 4) crystals:  
                        ;77 KT = ;7.0 mс ФФ =
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Fig. 7. Dependence of the charge carrier mobility on time   
            in p-GaSe (curves 1 and 2) and  p-GaSe<Gd>  
            (curves 1′and 2′) crystals under  illumination by  
            light from fundamental (curves 1 and 1′) and  
            impurity  (curves 2 and 2′) absorption region.  
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Fig. 8.  Kinetics of the charge carriers mobility after  
            termination of illumination by the light from  
            fundamental absorption region without additional  
            effect (curve 1) and in case of short-term effect of  
            thermal (curve 2) and light  (curve 3) pulse from    
            impurity absorption region:   ;77 KT =
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Fig. 9.  Spectral distribution of negative photoconductivity  
            (curve 4), IR erasing of the “mobility memory”  
            (curve 1), IR erasing of residual (curve 2) and  
            intrinsic (curve 3) photoconductivity:  

;77 KT =   cmOhmK
d ⋅⋅= 8)77( 105,1ρ

 
For this purpose it is enough to heat a sample up to    

Т ≥ 350K with the subsequent sharp cooling by 
immersing it in liquid nitrogen or to expose it to the light 
from impurity absorption region during 10-15 s (by 
temperature or IR-erasing accordingly) (Fig. 9). With 
increase of the temperature effect of the light, as well as 
prehistory of the sample on mobility of the charge carriers 
decreases and at Т>150K these effects completely 
disappear.  

 

 
 
Fig. 10. Dependence of depth of IR erasing of the “mobility  
              memory” in p-GaSe (curve 1) and p-GaSe<Gd>  
             (curve 2) crystals on erasing light intensity:  

             ;       ;77 KT = cmOhmK
d ⋅⋅= 8)77( 105,1ρ

      ;  .%10 3 atN Gd
−= mcmi 80.0=λ sec10t =Δ  

 
As opposed to thermal erasing, in case IR-erasing 

the absolute restoration of μ0 does not occur. In the latter 
case under optimum conditions (under optimum 
wavelength, intensity and duration of the effect of IR 

light) a depth of IR-erasing of the “mobility memory”        

( 100%
μ

μμ
γ

po

popc
⋅

−
= ) does not exceed 60-70 %.  

It is established that spectral distribution of IR-
erasing of the “mobility memory” in both crystals groups 
good correlated with spectra of IR-erasing of residual and 
intrinsic photoconductivity, as well as spectrum of 
negative photoconductivity (Fig. 9). It is necessary to note 
that the depth of IR-erasing of the “mobility memory” (γ) 
in the investigated crystals has appeared dependent also 
on intensity of erasing light (Фer). With increasing Фer a 
value of γ at first increases approximately under the linear 
law and further (at high Фer) the dependence γ(Фer) 
approximate to saturation (Fig. 10).  

 
4. DISCUSSION 

Passing to discussion of the received results, first of 
all it is necessary to note that the established dependences 
of the charge carriers mobility on effect of the light at 
different temperatures, value of dark specific resistance 
and doping level for crystals, as well as on the time from 
the point of view of existing conceptions in the scientific 
literature for features of the charge carriers mobility in 
quasi-homogeneous semiconductors are abnormal. More 
correctly, these results do not converge with criteria of the 
specified theory and it appears inexplicable on their basis. 
In our opinion, therewith it is necessary to take into 
account also effect of factors caused by specificity of a 
potential relief of free energy bands of gallium 
monoselenide crystals [6]. In particular, it is supposed that 
because of presence of vacancies of the gallium atoms (or 
ions), and/or displacement of the adjacent layers relative 
to each other, as well as areas consisting of other 
modifications [9], in separate microareas of the 
investigated sample exist chaotic (on distribution and on 
the dimensions) large-scale defects. Therefore, the 
gallium monoselenide crystals under certain conditions (at 
low temperatures, in the dark and at low illuminations) 
behave as the partially disorder semiconductors in whole 
consisting of low resistance matrix (LRM) with chaotic 
high-resistance inclusions (HRI) [6, 7]. As opposed to 
non-crystalline semiconductors (for example, vitreous, 
amorphous semiconductors, etc.), therewith though as a 
whole prevails integrated order caused by single 
crystallinity, however its some local microareas behave 
similarly to disorder. A degree of the irregularity of such 
(partially disordered) semiconductor is determined by 
quantity and dimensions of the macroscopic defects. Such 
partial irregularity in turn determines value of the dark 
specific resistance and causes detection of a number of 
anomalies in electronic, including transport properties of 
the investigated material. In such structure recombination 
barriers on LRM-HRI borders and drift barriers between 
adjacent HRI areas arises [7, 8]. Naturally, the larger a 
degree of such partial irregularity the larger be value of 
specific dark resistance of the crystal. With increase of 
temperature or intensity of the light from fundamental 
absorption area falling on a sample occurs gradual 
thermal or optical ordering (smoothing of a potential 
relief of free areas) of the crystal accordingly.  
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At low doping of p-GаSe<Gd> crystals gadolinium 
ions under the effect of internal electric field existing in 
LRM-HRI borders are accumulated around HRI and 
increase the dimensions of HRI and irregularity degree of 
the crystal. At last, at those contents of the entered 
gadolinium atoms, when LRM-HRI border already is 
gradually saturated by Gd ions, begins their entry also in 
inside of HRI. Thus they partially replacing absent 
gallium ions result in reduction of irregularity degree of 
the crystal. At more high doping levels growing part of 
gallium vacancies are filled by gadolinium ions and the 
investigated crystal approximate to quasi-ordered state. 
On the other hand, because of covalent bonds between 
gadolinium ions situated in adjacent layers, considerably 
increases interlayer bonds in the crystal. Further (at more 
higher doping levels) introduced gadolinium atoms 
already begin regularly distribute on all volume of the 
crystal and investigated crystal gradually approximate to 
condition of regularly doped quasi-ordered 
semiconductor. And in such p-GаSe<Gd> crystal bonds 
between the adjacent layers becomes rather strong than in 
pure p-GаSe crystals. Therefore p-GаSe<Gd> single crystals 
with NGd≈10-2÷10-1 at.% have more stable, high 
reproducible parameters and characteristics than low 
doped crystals.  

Within the framework of the above described model 
it is possible to assume that in high-resistance gallium 
monoselenide crystals at low temperatures in the dark 
besides scattering on different dot defects [5], current 
transit (accordingly mobility of the charge carriers) is 
determined also by presence of the drift barriers in the 
appropriate free bands with height Δεdr. And the effect of 
drift barriers on current transit is dominant and the charge 
carriers for overcoming these barriers should expend 
energy Δε =Δεdr. For this reason with increase of 
temperature, at first (at low temperatures) the mobility of 
the charge carriers increases more strongly (under the law 
μ~ехр (-Δεdr/кТ) than at domination scattering of the 
charge carriers on impurity ions (μ~T-3/2).  

As with growth of Δεdr increases also ρd, under other 
identical conditions with growth of ρd an index of power 
in μ(Т) dependence at low temperatures (ko) increases. 
More correctly, in crystals with high ρd the course of μ(Т)  
curves appears more abrupt.  

In p-GаSe<Gd> crystals an irregularity degree of the 
crystal and value of Δεdr with NGd vary not monotonously 
and with growth of NGd at first (at NGd<10-4 at. %) both 
they increase and further (at NGd>>10-4 at. %) passing 
through a maximum begin to decrease. Thereof, at low 
temperatures the steepness of μ (Т) curves varies with a 
doping level non-monotonously.   

Under illumination with white or monochromatic 
light from fundamental absorption region owing to optical 
smoothing of the potential relief of free energy bands of 
the crystal [10] an index of power in μ (Т) dependence at 
low temperatures decreases.   

Under illumination with light from impurity 
absorption region owing to change of the recombination 
channel (replacement of slow recombination through r-
centers to fast S-centers [11]) concentration of the charge 
carriers in free bands decreases and the height of the 
potential barriers, including drift barriers, increases. This 
in turn results in reduction of the charge mobility.  

As to detection of “positive and negative mobility 
effect”, as well as “mobility memory”, both of them in 
frameworks of aforesaid may be connected to presence of 
recombination barriers in investigated crystals. 
Significantly interfering on recombination of non-
equilibrium free charge carriers, these barriers slow down 
process of restoration of initial (existing before 
illumination) state of the drift barriers.  

Within the framework of the offered model 
observable in high-resistance pure  and weak doped 
crystals “the effect of residual mobility” can be explained 
by partial compensation of the bulk charge on LRM-HRI 
border by a charge of the superfluous concentration of 
charge carriers [11] created by light. After termination of 
the effect of the light, because of an obstacle 
recombination barriers this superfluous concentration of 
non-equilibrium charge carriers recombine non-instantly, 
but much more slowly. Therefore initial value of Δεdr 
mobility for the charge carriers also establishes slowly - 
the “effect of mobility memory” is observed. 

At T>TM and high NGd owing to temperature and 
impurity smoothing of the potential relief of free energy 
bands the role of drift (including recombination) barriers 
in mobility of charge carriers sharply decreases. Therefore 
decays (or disappears) both dependence of μ on effect of 
light, the “effect of memory mobility” and effect of 
prehistory of the sample on the charge carrier mobility.  

 
5. CONCLUSION 

Thus one can say that the found out features of the 
effect of the light on mobility of charge carriers in high-
resistance, as well as in low-doped by gadolinium atoms 
gallium monoselenide crystals, first of all, are stipulated 
by partial irregularity of this material.  

With application of the model of the semiconductor 
with two energy barriers and different local energy levels 
(traps, capture levels, slow and fast recombination 
centers) in the band-gap it is possible satisfactorily to 
explain the received results.  
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[1] A.Sh. Abdinov, A.G. Kyazimzadeh. Fiz. i Tekh. 

Poluprovodnikov, 1975, V. 9, No. 11, PP. 2135-
2138 (in Russian). 

[2] A.Sh. Abdinov, A.M. Guseynov. Residual IR-
quenching of intrinsic photoconductivity in indium 
and gallium selenide single crystals. Doklady AN 
Az. SSR, 1989, V. 45, No. 4, PP. 11-16 (in Russian).  

[3] A.Sh. Abdinov., R.F. Babayeva, R.M. Rzayev, Sh.A. 
Allahverdiyev. Sensitized impurity 

photoconductivity in p-GaSe single crystals, doped 
with rare-earth elements. Bulletin of Baku 
University, ser. fiz. mat. nauk, 2006, No.3, PP. 156-
161 (in Russian).   

[4] A.M . Guseynov, T.I. Sadykhov.  Reception of indium 
selenide single crystals doped with rare-earth 
elements. In collection: Electrophysical properties of 
semiconductors and gas-discharge plasma. Baku, 
ASU, 1989, PP. 42-44 (in Russian).   



A.SH. ABDINOV, R.F. BABAYEVA, R.M. RZAYEV 

[5] V.L. Bonch-Bruyevich, S.G. Kalashnikov. Physics of 
semiconductors, Мoscow, "Science", 1990, 668 p. 
(in Russian).   

[6] R.F. Babayeva. Izvestiya NAN Azerb., ser. fiz. mat. 
i tekhn. nauk., Fizika  i Astronomiya, 2009, V. 
XXIX, No. 5, PP. 202-205 (in Russian). 

[7] M.K  Sheynkman,  A. Ya. Shik. Fiz. i Tekh. 
Poluprovodnikov, 1976, V. 10, No.2, PP. 209-232  
(in Russian).   

[8] V.B. Sandomirskiy, A.G. Zhdan, M.A. Messerer, I.B. 
Gukyayev. The mechanism of the frozen (residual) 
conductivity of semiconductors. Fiz. i Tekh. 

Poluprovodnikov, V. 7, No.6, 1973, PP. 1314-1321(in 
Russian). 

[9] Z.S. Medvedeva. Chalcogenides of elements of III 
subgroups of periodic system. Мoscow, "Science", 
1968, 215 p. (in Russian).  

[10]  S.M.Ryvkyn. Photoelectric phenomena in 
semiconductors. М. "Science", 1963, 494 p. (in 
Russian).  

[11]  V.I. Tahirov, A.G. Kyazymzadeh, М.М. Panakhov. 
Izvestiya Vuzov, Fizika, 1981, V. 24, No.6, PP. 28-
31. (in Russian).  

 
Received: 18.05.11 

 
 

 
 

 

56 



FIZIKA                                                      2011                                        vol. XVII №2, section: En  

 
THEORETICAL INVESTIGATION OF VIBRATIONAL FREQUENCIES AND 

MOLECULAR STRUCTURE OF SOME [M(Cl)6]-2 IONS    
 

GÜRKAN KEŞAN AND CEMAL PARLAK  
Department of Physics, Dumlupınar University,  

43100, Kütahya, Turkey 
 

The normal mode frequencies and corresponding vibrational assignments and structural parameters of [M(Cl)6]-2 ions (M = Ti, 
Ge or Zr) have been theoretically examined by means of B3LYP density functional method with Lanl2dz basis sets. The 
thermodynamics functions, atomic charges, the highest occupied and lowest unoccupied molecular orbitals (HOMO or LUMO) of 
these ions were also predicted at the same level of theory. Theoretical results have been successfully compared against available 
experimental data in the literature.  
 
Keywords: [Ti(Cl)6]-2, [Ge(Cl)6]-2, [Zr(Cl)6]-2, B3LYP, Lanl2dz. 
PACS: 31.15. E, 33.20.Ea, 33.20.Tp 
 
1.      INTRODUCTION 

Octahedral halide complexes, [M(Cl)6]-2 which is 
called hexahalogene compounds, of Oh symmetry have 
been extensively studied for many years [1-3]. 
Experimental data of the vibrational spectra of [M(Cl)6]-2 

ions (M = Ti, Ge or Zr) ions exist in the literature [1, 4-6]. 
The B3LYP density functional model exhibits good 
performance on electron affinities, excellent performance 
on bond energies and reasonably good performance on 
vibrational frequencies and geometries of inorganic or ion 
compounds [7] as well as organic and neutral compounds 
[8]. The Lanl (Los Alamos National Laboratory) basis 
sets, also known as Lanl2dz (Lanl-2-double zeta) and 
developed by Hay and Wadt [9-11], have been widely 
used in quantum chemistry, particularly in the study of 
compounds containing heavy elements. 

The goal of present study is to aid in making 
assignments to the fundamental normal modes of 
[M(Cl)6]-2 (M=Ti, Ge, Zr) and in clarifying the 
experimental data available for these ions. In this study, 
the vibrational spectra of [M(Cl)6]-2 ions are performed 
using the DFT/B3LYP method with Lanl2dz basis set and 
compared to available experimental data. Geometric 
parameters, thermodynamic properties, atomic charges 
and HOMO-LUMO molecular orbitals were also 
calculated for these ions with same level.    
 
2.     CALCULATION 

For the vibrational calculation, molecular structure 
of [M(Cl)6]-2 ions were first optimized by B3LYP model 
with Lanl2dz basis set. The optimized geometric structure 
concerning to the minimum on the potential energy 
surface was provided by solving self-consistent field 
(SCF) equation iteratively. The absence of imaginary 
frequencies confirmed that the optimized structure is a 
local minimum. The graphics of optimization steps for 
these ions were carried out by the ChemCraft program 
[12]. After the optimization, the vibrational frequencies of 
[M(Cl)6]-2 were calculated using the same method and the 
basis set under the keyword Freq = Raman and then 
scaled to generate the corrected frequencies. Correction 
factors for selected regions or vibrational modes were 

calculated using ∑ (νexp / νcalc) / n [7, 13]. The 
thermodynamics properties, HOMO and LUMO energies 
and atomic charges of related ions were also provided by 
B3LYP/Lanl2dz level. The calculation utilized the Oh 
symmetry of [M(Cl)6]-2 (Figure 1) was performed using 
the Gaussian 09.A.1 program package [14]. Each of the 
vibrational modes was assigned by means of visual 
inspection using the GaussView 5.0.8 [15]. Gaussum 
2.2.5 program was also used for visualization of the 
structure and simulated vibrational spectra [16].  
 
3.      RESULTS AND DISCUSSION 

The optimized geometrical parameters of [M(Cl)6]-2 
calculated by DFT/B3LYP method with Lanl2dz basis set 
show that depending on the title ionic radii of the 
compounds, M – Cl bond lengths are different. According 
to calculated geometric parameters, M – Cl bond lengths 
are 2.40, 2.43 and 2.54 Å, respectively. The Cl – M – Cl 
bond and torsion angles are same for these ions as 90 o 
and 180o, respectively, due to their geometrical layout 
resembles.  

Optimizations realized three steps.  The each of title 
ions is stable state in step number 3. These steps are 
shown in Fig. 2.  

The [Ti(Cl)6]-2 ion is more stable than [Ge(Cl)6]-2  

and  [Zr(Cl)6]-2  ions. These compare can be also seen 
Table 1.  

Several thermodynamics parameters, capacity, zero 
point energy, entropy etc., calculated by DFT/B3LYP 
method Lanl2dz basis set are presented in Table 1.   

The variation in the Zero Point Vibrational Energy, 
ZPVE, seems to be insignificant. The total energy and 
change in total entropy of [M(Cl)6]-2 (M=Ti, Ge, Zr) are at 
room temperature.  

Each of [M(Cl)6]-2 ions consist of 7 atoms, so it has 
15 normal mode frequencies and belongs to the Oh point 
group.   Fig. 1. demonstrates the six normal modes for 
these ions. The calculated vibrational frequencies for 
[M(Cl)6]-2 ions at B3LYP with Lanl2dz basis set are given 
in Table2 2-4, together with experimental data, for 
comparison. Vibration modes ν4 , ν5,6 and ν10,11,12 are 
Raman active, whereas ν1,2,3 and ν7,8,9 are infrared active.
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Fig. 1. Vibrational modes of [M(Cl)6]-2 (M = Ti, Ge, Zr)   
 

 
 

Fig. 2. Optimization steps for [M(Cl)6]-2 (X=Ti, Ge and Zr).   
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                                                                                                                              Table 1. 
The thermodynamic parameters of [M(Cl)6]-2 (M=Ti, Ge and Zr) calculated by B3LYP/Lanl2dz level. 

Parameters B3LYP/ Lanl2dz [M(Cl)6]-2 

Ti Ge Zr 
Optimizal global minimum energy, (Hartress) -148.1863 -93.7167 -136.7750 
Thermal total energy, (kcal/mol)     11.400   11.342     11.314 
Heat capacity, (kcal/mol k)       0.034     0.034       0.034 
Entropy,  (kcal/mol k)    
Total       0.010     0.010       0.011 
Translational       0.043     0.043       0.043 
Rotational       0.025     0.025        0.026 
Vibrational       0.035     0.035       0.039 
Vibrational energy, (kcal/mol)       9.622     9.564       9.537 
Zero point vibrational energy, (kcal/mol)       4.167     4.082       3.830 
Rotational constants (GHz)       0.626     0.611       0.558 
Dipole moment (Debye)       0.541     0.376       0.508 

 
                                                                                                                                           Table 2.   

Normal modes of [Ti(Cl)6]-2 calculated at the B3LYP/Lanl2dz level of theory. 
 
Mode / Assignment 

Calculated 
Frequency 

Infrared 
Intensity a 

Raman 
Activity b 

Experimental 
Frequency c 

Corrected 
Frequency d 

ν1 /  νa (M-Cl) 316 231.08 0 316 354 
ν2 / νa (M-Cl)  316 231.08 0  354 
ν3 / νa (M-Cl) 316 231.08 0  354 
ν4  / νs (M-Cl) 285 0 34.13 320 320 
ν5 / νa (M-Cl) 196 0 6.00 271 220 
ν6 / νa (M-Cl) 196 0 6.00  220 
ν7 / δw ( Cl-M-Cl ) 178 0.26 0 183 200 
ν8 / δw ( Cl-M-Cl ) 178 0.26 0  200 
ν9 /  δw ( Cl-M-Cl ) 178 0.26 0  200 
ν10 /  δs ( Cl-M-Cl ) 161 0 7.75 173 181 
ν11 /  δs ( Cl-M-Cl ) 161 0 7.75  181 
ν12 /  δs ( Cl-M-Cl ) 161 0 7.75  181 
ν13 / δt ( Cl-M-Cl ) 90 0 0 - 101 
ν14 / δt ( Cl-M-Cl ) 90 0 0  101 
ν15 / δt ( Cl-M-Cl ) 90 0 0  101 
Correction factor 
Average factor 

1.1216 
1.1213 

a and s asymmetric and symmetric, respectively. a Units of infrared intensity are km/mol. b Units of Raman activity                         
are A4 / amu. c References [4]. d  Frequency multiplied by the average correction factor by 1.1213.  
 

                                                                                                                                           Table 3. 
Normal modes of [Ge(Cl)6]-2 calculated at the B3LYP/Lanl2dz level of theory. 

 
Mode / Assignment Calculated 

Frequency 

 
Infrared 
Intensity a 
 

Raman 
Activity b 

Experimental 
Frequency c 

 
Corrected 
Frequency d 
 

ν1 /  νa (M-Cl) 284 176.34 0 310 318 
ν2 / νa (M-Cl)  284 176.34 0  318 
ν3 / νa (M-Cl) 284 176.34 0  318 
ν4  / νs (M-Cl) 254 0 71.22 318 285 
ν5 / νa (M-Cl) 205 0 10.60 213 230 
ν6 / νa (M-Cl) 205 0 10.60  230 
ν7 / δw ( Cl-M-Cl ) 185 11.31 0 213 207 
ν8 / δw ( Cl-M-Cl ) 185 11.31 0  207 
ν9 /  δw ( Cl-M-Cl ) 185 11.31 0  207 
ν10 /  δs ( Cl-M-Cl ) 160 0 10.30 191 179 
ν11 /  δs ( Cl-M-Cl ) 160 0 10.30  179 
ν12 /  δs ( Cl-M-Cl ) 160 0 10.30  179 
ν13 / δt ( Cl-M-Cl ) 101 0 0 - 113 
ν14 / δt ( Cl-M-Cl ) 101 0 0  113 
ν15 / δt ( Cl-M-Cl ) 101 0 0  113 
Correction factor 
Average factor 

1.1712 
1.1213 

a and s asymmetric and symmetric, respectively. a Units of infrared intensity are km/mol. b Units of Raman activity                         
are A4 / amu. c References [5]. d  Frequency multiplied by the average correction factor by 1.1213.  
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                                                                                                                                            Table 4. 
Normal modes of [Zr(Cl)6]-2 calculated at the B3LYP/Lanl2dz level of theory. 

  
Mode / Assignment Calculated 

Frequency 

 
Infrared 
Intensity a 
 

Raman 
Activity b 

Experimental 
Frequency c 

 
Corrected 
Frequency d 
 

ν1 /  νa (M-Cl) 297 195.59 0 290 333 
ν2 / νa (M-Cl)  297 195.59 0  333 
ν3 / νa (M-Cl) 297 195.59 0  333 
ν4  / νs (M-Cl) 285 0 25.97 327 320 
ν5 / νa (M-Cl) 224 0 2.73 237 251 
ν6 / νa (M-Cl) 224 0 2.73  251 
 
ν7 / δw ( Cl-M-Cl ) 142 5.47 0 150   159 
ν8 / δw ( Cl-M-Cl ) 142 5.47 0  159 
ν9 /  δw ( Cl-M-Cl ) 142 5.47 0  159 
ν10 /  δs ( Cl-M-Cl ) 137 0 6.91 153 154 
ν11 /  δs ( Cl-M-Cl ) 137 0 6.91  154 
ν12 /  δs ( Cl-M-Cl ) 137 0 6.91  154 
ν13 / δt ( Cl-M-Cl ) 73 0 0 - 82 
ν14 / δt ( Cl-M-Cl ) 73 0 0  82 
ν15 / δt ( Cl-M-Cl ) 73 0 0  82 
Correction factor 
Average factor 

1.0710 
1.1213 

 
a and s asymmetric and symmetric, respectively. a Units of infrared intensity are km/mol. b Units of Raman activity                         
are A4 / amu. c References [6]. d  Frequency multiplied by the average correction factor by 1.1213.  
 

Vibrational modes of ν13,14,15 are inactive in both, so 
it can be said that its frequencies are combination and 
overtone bands. The correction factors are obtained by 
taking the average of the ratios between the computed and 
experimental frequencies for all modes of a particular 
motion type [7, 13]. The computed correction factors for 
the B3LYP/Lanl2dz are presented in under the each tables 
and their average is 1.1213 for Lanl2dz basis set. Check et 
al.’s average correction factor was 1.1670 of B3LYP 
method for Lanl2dz basis set on a set of 36 metal halide 
molecules [7]. Determined correction factor in this study 
is close to previously reported value.  

In order to make a comparison between the 
experimental and theoretical wavenumbers, we have 
calculated root mean square deviation (RMSD) which is a 
frequently used measure of the differences between 
values predicted by a model and actually observed from 
the thing being modeled. RMSD is given by  
 

NwwRMSD
N

i
i

th
i /)( 2exp∑ −= λ

 
 
where N is the total number of vibrational modes, λ is 
scaling factor, wth and wexp are the theoretical and 
experimental frequencies (cm-1), respectively [13]. In this 
study, RMSD value has been obtained as 33 cm-1 for 
[Ti(Cl)6]-2, 20 cm-1 for [Ge(Cl)6]-2 and 23 cm-1 for 
[Zr(Cl)6]-2. The calculated Infrared and Raman spectra of 
the title ions are given in Figure 3. 

The calculated Mulliken charges of [M(Cl)6]-2 (M = 
Ti, Ge and Zr) ions are shown in Table 5. Mulliken 
charge of M1 in each ion is 0.15, 0.89 and 0.55, 

respectively. The charge distributions of Cl atoms are 
similar value. Regarding the calculations, there is 
considerable positive charge on metal atom with a 
corresponding negative charge on each Cl atoms. This 
suggests that the ion is held together in part by 
electrostatic forces. 
 

                                                 Table 5. 
Atomic charges distributions of  [M(Cl)6]-2 

 (M = Ti, Ge and Zr) 

 B3LYP/Lanl2dz 
M = Ti, Ge and Zr 

M1  0.15  0.89  0.55 
Cl2 -0.38 -0.50 -0.44 
Cl3 -0.38 -0.48 -0.42 
Cl4 -0.36 -0.48 -0.42 
Cl5 -0.34 -0.46 -0.40 
Cl6 -0.36 -0.48 -0.42 
Cl7 -0.36 -0.48 -0.42 

 
The HOMO and LUMO orbitals are the main orbital 

take part in chemical stability. The HOMO describes the 
ability to donate an electron and LUMO as an electron 
acceptor. The absorption of the electronic transition is 
defined from the ground to the first excited state. In other 
words, the transitions can be described from HOMO to 
LUMO. The HOMO is located over Cl atoms in   
[M(Cl)6]-2. The atomic compositions of the frontier 
molecular orbital and their orbital energies are shown in 
Fig. 4. 
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Fig. 3. Infrared (a) and Raman (b) spectra of [M(Cl)6]-2 (M=Ti, Ge and Zr)   

 
 

Fig. 4. Atomic orbital compositions of the frontier molecular orbital for [M(Cl)6]-2 (M = Ti, Ge and Zr).   
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4.     CONCLUSION 
In present investigation, molecular structure, 

vibrational frequencies, thermodynamics parameters and  
HOMO-LUMO orbitals  have been studied using 
DFT/B3LYP method with Lanl2dz basis set. The 

[Ti(Cl)6]-2 ion is more stable than others. The RMSD 
between the experimental and calculated frequencies is 
very similar for each ions.  The HOMO is located over Cl 
atoms for all ions.  
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The single crystals of the Ga0.83In0.83Fe0.34S3 have been grown.  It is established that the unit cell parameters of the hexagonal 

lattice are: a =3.7813 Å, c=12.1888 Å, V=151.04 Å3, ρrent=3.84 g/cm3, sp.gr. P3m1, Z=1.33.  
 

Keywords: crystal structure, hexagonal  lattice. 
PACS: 548.571; 548.4 

 
INTRODUCTION 

The phase diagram of Ga2S3-In2S3 quasi-binary 
sections were investigated by the authors of [1-2]. They 
found that only one compound of GaInS3 composition 
with constants of hexagonal lattice: a=3,810 Å, a=17,241 
Å, sp. gr. P3m1, Z=2 forms in this system. 
   The formation phases of quasi-binary sections (Ga2S3-
In2S3) of Ga-In-S system are studied, the growth number 
of single crystals with the general formula (Ga, In)2S3  and 
crystal structures of all these polymorphous phases are 
defined by us earlier with taking into consideration the 
presence of different polymorphous modifications and 
polytypic forms of Ga2S3 and In2S3 at Ga change by X-ray 
diffraction method [3-18].  For growth of these single 
crystals the previously synthesized crystal powders of the 
following compositions: GaInS3, Ga0.75In1.25S3 and 
Ga0.5In1.5S3 are used. The temperature ranges of crystal 
growing are: 
 
1. GaInS3  Т1=973 K,  Т2=873 K; 
2. Ga0.75In1.25S3   Т1=1073 K,  Т2=973 K; 
3. Ga0.5In1.5S3  Т1=1173 K,  Т2=1073 K;  

 
Time of growth was selected between 250-320 hours 

and the dimensions of the quartz ampoules, used for 
crystals growth, were L=200 mm, d=12 mm, transporter 
agency I2-6.7 mg/cm3, mass example 0.5 gr.  

All of the mentioned single crystals were produced 
by CVD (Chemical Vapor Deposition) and analyzed by 
detailed X-ray analysis. The selected crystals, tested by 
X-ray Laue and rotation precession methods, were 
employed to define the unit cell constants and the 
following results were obtained: 

All grown single crystals obtained from gas phase 
with participation of I2are investigated by X-ray analysis, 
the lattice parameters, their symmetry and crystallic 
structures are defined. The big amount of publication data 
[3-18] is dedicated to the analysis of structural-
crystallochemical characteristics and one can formulate 
that the different layered structures the characteristics of 
which are the following form at the change of relation of 
In atoms to Ga ones: 

• The bulk yellow crystals obtained from 
GaInS3 and Ga0.75In1.25S3 crystallize in 
hexagonal system with lattice parameters: 
a=6.53Å  and c=17.90Å [3]. 

• The red layered single crystals grown up in 
temperature interval T1=1073 K and 
T2=973 K are related to hexagonal system 
with lattice parameters: a=3.80 Å and 
c=30.50 Å [4]. 

• Among the red crystals with layered 
structure, there are slightly blonde layered 
single crystals with triangular forms. These 
crystals belong to polytypical forms of 
GaInS3 with cell parameters a=3.80 Å and 
c=45.90 Å [5]. 

• The layered yellow crystals obtained from 
the Ga0.5In1.5S3 composition in temperature 
interval T1=973 K and T2=873 K, are 
rhombic ones with the lattice parameters: 
a=19.11, b=6.20 and c=3.81 Å [6]. 

• The oval shaped layered yellow crystals 
obtained from the Ga0.75In1.25S3 
composition in the temperatureT1=1173K 
and T2=1073K have hexagonal structure 
and crystallize in two polytypic forms. 
Their cell parameters are a=3.81 Å, 
c=18.20 Å and a=3.81 Å, c=54.92 Å, 
correspondingly [7]. 

• The layered blackish crystals obtained from 
Ga0.5In1.5S3=GaIn3S6 and Ga0.75In1.25S3 
compositions at T1=1073K and T2=973K 
are hexagonal with a=3.8 Å and c=21.1 Å 
lattice parameters [8]. 

• The octahedron shaped crystals were grown 
at high temperatures and belong to cubic 
spinal with a=10.61 Å [9]. 

The present work is devoted to the growth of 
Ga0.83In0.83Fe0.34S3 single crystals obtained by partial 
exchange of tetrahedral cations of Ga, In by Fe atoms in 
hexagonal structure GaInS3 (a=3.81 Å and c=18.20 Å) 
and the clarification of its crystal lattice.  
 
SYNTHESIS AND GROWTH OF GA0.83IN0.83FE0.34S3 
SINGLE CRYSTALS 

Growth of the Ga0.83In0.83Fe0.34S3 single crystals was 
started by the synthesis through the direct fusion of the 
initial elements with stoichiometric ratio. The element 
purity grade was no less than 99.998%. Iron was 
preliminarily purified from the oxide layer by hydrogen 
passing at temperature range of 820-880K. The necessary 
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amounts of elements of corresponding compositions were 
placed into the glassy-carbonic Su-2500 crucibles and 
then in quartz tubes. The synthesis in the glassy-carbonic 
crucibles prevents the interaction between metal 
compound and quartz, which may contaminate the 
synthesized material by oxides. Then the preliminarily 
evacuated ampoules were filled with argon gas and 
evacuation was done again to achieve a residual pressure 
of 10-4 torr.  The Ga0.83In0.83Fe0.34S3 crystals were obtained 
by heating the ampoule content in a declined furnace at 
1250–1275K for 2.0–2.5 hrs. Then the melted masses 
were cooled down to 973K and kept at this temperature 
for 15 days [18]. The crystal growth method has been 
described by Memo [10]. The structural analysis was 

carried out by the powder X-ray diffractometer (D8 
ADVANCE, CuKα-radiation, λ=1.5406 Å, mode-40 kV, 
40 mA, 0.5°<2θ<80°, T=300K). The experimental data 
processing was done by the software EVA and TOPAS. 
 
THE STRUCTURE INVESTIGATION 

Comparison of the diffraction data of this work with 
appropriate data of the polymorphic and polytypic forms 
of Ga2S3-In2S3 system showed that they are fully 
consistent with the crystals grown from the Ga0.5In1.5S3 
gas phase [11]. Also Table 1 presents all the X-ray 
diffraction data indexed by TOPAS (tab.1; fig.1) 
software. 

                                                                                
                                                                                   Table 1.  

X-ray diffraction data for Ga0.83In0.83Fe0.34S3 
№ 2θ 

 
dexc I/I0 

 
h 
 

k 
 

l 
 

1 7.247 12.1888 577 0 0 1 
2 14.523 6.0944 50.6 0 0 2 
3 21.858 4.0629 5929 0 0 3 
4 23.334 3.8091 402 1 0 2 
5 28.195 3.1625 83.8 1 0 1 
6 29.753 3.0004 412 0 1 3 
7 29.285 3.0472 9.7 0 0 4 
8 30.976 2.8846 54.5 1 0 2 
9 36.841 2.4377 107 0 0 5 

10 40.401 2.2307 101 1 0 4 
11 44.566 2.0314 132 0 0 6 
12 46.398 1.9554 36.9 1 0 5 
13 48.087 1.8906 64.8 1 1 0 
14 48.699 1.8683 10 1 1 1 
15 52.512 1.7412 94.2 0 0 7 
16 53.003 1.7262 69.9 1 0 6 
17 53.408 1.7141 9.48 1 1 3 
18 56.128 1.6373 3.39 2 0 0 
19 56.677 1.6227 8.66 2 0 1 
20 58.305 1.5812 7.77 2 0 2 
21 60.137 1.5374 4.54 1 0 7 
22 60.74 1.5236 16.7 0 0 8 
23 62.075 1.4939 2.46 1 1 5 
24 67.639 1.3839 4.75 1 1 6 
25 67.783 1.3814 3.84 1 0 8 
26 69.044 1.3592 6.8 2 0 5 
27 69.33 1.3543 3.77 0 0 9 
28 73.943 1.2808 6.14 1 1 7 
29 74.349 1.2748 5.24 2 0 6 
30 75.976 1.2515 14.3 1 0 9 
31 76.977 1.2377 12.3 2 1 0 
32 78.392 1.2188 43.1 0 0 10 
33 78.849 1.2129 4.27 2 1 2 
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Fig.1. X-ray diffraction for Ga0.83In0.83Fe0.34S3 
 

The process of indexing shows that the studied 
phase crystallizes in the trigonal symmetry with the lattice 
constants of a=3.7813 Å, c=12.1888 Å, V=151.04 Å3, 
ρXRD=3.84 g/cm3, in hexagonal position,  sp. gr. P3m1, Z= 
1.33. As mentioned above, one of polytypic of Ga0.5In1.5S3 
was characterized by similar crystallographic data. The 
differences between this crystal and those obtained in 
present research are because of the presence or absence of 
the inversion symmetry: the structure in the first crystal 
consists of the inversion symmetry, but the studied 
crystals of Ga0.83In0.83Fe0.34S3 have no such symmetry. 
According to the atomic positions of Ga0.5In1.5S3 crystal, 
the atomic positions of Ga0.83In0.83Fe0.34S3 were defined 
easily. In this case, the main issue was finding the 
position of the Fe atoms. It is important to know that in 
such layered structures, the octahedral voids are always 
filled with In atoms. Hence, it appears the atoms of iron 
must be statically located in the tetrahedral positions of In 
or Ga atoms. Among the three possible options for 
distribution of Fe atoms, the best result was obtained in 
the version, which is shown in figure 2. 

Thus, this structure is isostructural one with 
Ga0.5In1.5S3, and ZnIn2S3 [20]. The layered one-packet 
structure was defined in the isotropic approximation to 
R=0.072. The final atomic coordinates are given in 
table 2. 

Interatomic distances are S–S=3.70Å, In–S=2.60Å 
(in octahedron), (Ga,Fe)–S=2.30–2.34Å; (In,Ga)–S=2.34–
2.36Å. Since the package involved four layers of S atoms, 
the structural formula for one package corresponds to 
Ga1.11In1.11Fe0.44S4. Also the visual inspection of the 
crystals under the microscope showed a red color mass 
consisting of free oriented plates. 

Thus, we can conclude that by direct melting of the 
initial elements was synthesized the single crystals of 
magnetic semiconductor of Ga0.83In0.83Fe0.34S3 
composition. 

 
 
Fig. 2. The projection of Ga0.83In0.83Fe0.34S3 crystal  
             structure on the (010) plane. 

 
                                                          Table. 2. 
Atomic coordinates and isotropic temperatue 
displacement factors of Ga0.83In0.83Fe0.34S3. 

Atom x y z Bi 

In 0 0 .5000 2.533 
Ga, In 2/3 1/3 .8100 1.820 
Ga, Fe 1/3 2/3 .1900 1.679 

S1 2/3 1/3 .6126 1.721 
S2 1/3 2/3 .3874 2.653 
S3 1/3 2/3 .8757 1.574 
S4 2/3 1/3 .1243 1.721 

______________________________ 
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A Green function analysis is used to study spin-waves excitations in ferromagnetic nanowires. The expression of Green 

function for different spins of ferromagnetic nanowires is derived. The nanowire is modeled as having a cubic cross section. The 
results are illustrated numerically for a particular choice of parameters 
 
Keywords: A. Magnetic material 
PACS: 75.70. Ak 
     

Materials with magnetic properties periodically 
modulated at the nanometer scale have potential for 
applications in magneto-electronic devices, and new 
physical phenomena.  In fact, concurrent progress in these 
various branches of science and technology has made 
possible a comprehensive understanding of the properties 
of materials at the nanoscale, and in particular of small 
magnetic elements. [1–3]. 

Fundamental interest in ferromagnetic nanowire lies 
in the emergence of novel magnetic and transport 
properties as the dimension approaches the length scale of 
a few nanometers to a few tens of nanometers. 
Conductance and flux quantization have been observed 
for ferromagnetic nanowire arrays and giant 
magnetoresistance is realized in multilayer-structured 
nanowires. Current interest in research on ferromagnetic 

nanowires is stimulated by the potential application to 
future ultra-high-density magnetic recording media and 
electronic devices. In light of the increasing interest in 
using magnetic nanostructured materials for device 
applications, a complete understanding of their static and 
dynamic magnetic properties is required [2-4]. 

Spin-wave phenomena in cylindrical ferromagnetic 
nanowires have recently been studied by a number of 
authors [5,6]. For example, T.M. Nguyen and              
M.G. Cottam developed a microscopic theory for spin 
waves in ferromagnetic nanowires with approximately 
circular cross section [7,8]. A nanowire can be modeled 
as having a chosen shape and size cross section (in the x-y 
plane) with a finite number spins arranged. These layers 
are stacked vertically to form a long nanowire extending 
in the z direction from ∞−  to ∞ .  
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Js
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Fig. 1. Model of  rectangular ferromagnetic nanowires. The nanowires are infinite in the direction perpendicular to the axes z. 
 

The system will be represented by the Hamiltonian  
 

                                     
{ } ( )∑∑∑ −−+−= −+

i

2z
ii

i

z
i00i

j,i
ji

z
j

z
iij SDSHgSSSSJ

2
1H μ                                    (1) 

 
where  is the exchange coupling between sites labeled  
i and j. As indicated in fig. 1 we consider in this article a 
ferromagnetic nanowire which having a cubic cross 
section. The exchange coupling between surface and bulk 
spin, and between surface spins is assumed to be J and 

, respectively.  The second term of Eq. (1) describes 
the Zeeman interaction of the spins with an externally 

applied field , the last contribution is a single-ion 
anisotropy term.   

ijJ

sJ

0H

The Hamiltonian may be written in terms of boson 
operators using the Holstein-Primakoff transformation. 
The non-interaction (linear) spin-waves are described by 
the quadratic term ( )2H  that has the following form 
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Spectrum of magnons, the temperature dependence of magnetization of ferromagnetic nanowires under 

consideration are obtained using GF method [9,10] Employing the equation of motion for the GF 
 one obtains the following equation  ( ) ( ) ( )〉〉′〈〈=′ − tatattG jiji ;,,
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Here n and m are layer indices, while 1,…,9 and τ  label 
the position of the spins in layers n and m, respectively.  

The system is also periodic in the z direction, which 
lattice constant is a. According to Bloch’s theorem has 
been employed for plane waves in order to receive the 
system equations [11, 12] 
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Using (4) the Green function are obtained by solving 

the equations (3).   
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where  ( ) ( )kcos3JS2DSHg;kcos2SJ2DSHg 0bs0t −++=−++= μΩμΩ  

 
The poles of the Green functions occur at energies, which are the roots of the spin wave dispersion equation for 

the nanowires under consideration. Note that it was expected to receive in the considering system of the nine 
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frequencies. But the expression for seven different frequencies are obtained, because of  degenerate  in  frequencies of 

6kω  and 7kω . 
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Fig. 2. Spin wave frequency versus wave number ka for the nanowires under consideration with parameters  
           ,2.00 =JHgμ  

,1.0=JD 5.0=S .  

 

 
 
Fig. 3. Temperature dependence of the local- spin magnetization for the same parameters as in figure 2.  
 
Solving the average spin, we derive the correlation 

function  using the spectrum theorem [11,13] 〉〈 +−SS
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Here Tk1 B=β ,  is the Boltzmann constant, T is the 
temperature. Using (5) and the relation 

Bk

( ) ( ) ( )xi1ix1 x πδΡε −=+  to obtain the imaginary 
part of the Green functions, one finally obtains [11] 
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According to the theory of Callen [14] the average spin 
can be calculated using the following equation 
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2
. Now the equation (8) and (9) can be 

solved self consistently to obtain the average spin at any 

given temperature. If 21S =   〉〈−=〉〈 +−SS
2

1
S z . 

Fig. 2 shows the frequencies of the spin-wave 
branches plotted versus ka for nanowires under 
consideration. The frequencies for the lowest branches are 
zero at 0ka = . The spin wave frequencies increase with 
increasing wave vectors and exchange coupling between 
spins. 

The temperature dependence of magnetization in the 
nanowires  under consideration is demonstrated in fig. 3.  
The spontaneous magnetization of the spins at zero 
temperature is .  Magnetization of the surface 
spins labeled 

5.0S z =〉〈
7,5,3,1=τ  are smaller than that of the 

spins labeled 8,6,4,2=τ . The bulk spin magnetization is 
stronger than that of surface spins.  

___________________________ 
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The microwave rotational spectrum of trans-conformer of molecule CH3CH2OH in 26000-78000 MHz range is investigated. 72 

forbidden transitions in main vibrational state are identified. The spectrum theoretical treatment is carried out by rotational Watson 
Hamiltonian-A reduction in Ir axial representation. The rotational and centrifugal constants are specified.   
 
Keywords: vibrational-rotational spectrum, forbidden transition, centrifugal disturbance. 
PACS: 537.86.029.65/.79                               
 

The rotational spectrum of trans-conformer of 
molecule CH3CH2OH is investigated in [1,2]. The 
identification and interpretation of rotational spectrum of 
this molecule in microwave range of wave length for 
more high values of rotational quantum number J [3] are 
continued by us.  

The spectrometer sensitivity increase [4] allows us 
to observe the forbidden centrifugal transitions appearing 
because of “guided” dipole moment µС. 

The calculation on rotational and centrifugal 
constants of rotational spectrum defined in [3] shows that 

many such µа–transitions can be in the investigated range. 
The task solving of search and identification of these 
transitions is our aim. 

The identifications carried out step-by-step. Firstly, 
the rotational transition frequencies being in the 
investigated range and errors of their definition using 
Watson Hamiltonian - A reduction including quartic, 
sextic and octic centrifugal constants have been calculated 
on known spectroscopic constants: 
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Here: ~, ~, ~X Y Z  are rotational constants;  
          ΔJ, ΔJK, ΔK ,δJ,δK are quartic centrifugal constants;   
          HJ, HJK, HKJ, HK, hJ, hJK, hK are sextic centrifugal constants;  
          LJ, LJJK, LJK, LKKJ, LK, lJ, lJK, lKJ, lK are octic centrifugal constant; 
         JX, JY, JZ are principal moments of inertia. 
 

                                                                                                                           Table 1 
The frequencies (MHz) of doublet transitions of trans-conformer of molecule CH3CH2OH  

 

«c» transitions νexp νв-νс «b» transitions νexp 
12  66-    1358 58889.529 11.838 12  66-    1359 58901.367 
12  6   7- 1359 58901.347 -11.818 12  6   7- 1358 58889.529 
11  65-    1257 76662.796 0.224 11  66-    1257 76663.020 

7  4   3- 835 42052.601 -2.821 7  4   4- 835 42049.780 
6  4   3- 735 60135.900 0.678 6  4   2- 735 60136.578 
4  3   2- 524 43539.100 6.40 4  3   1- 524 43545.500 
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                                                                                                                            Table 2 
Forbidden transitions of trans-conformer of ethyl alcohol molecule  

 

transitions νexp νcalc Δν 
3 2 2 - 3 1 2 74824.900 74824.685 0,215 
4 3 2 - 5 2 4 43539.100 43539.132 -0,032 
4 4 0 - 3 3 0 252951.382 252951.206 0,176 
5 4 1 - 6 3 3 77690.866 77690.689 0,177 
6 6 0 - 6 5 2 287382.475 287382.472 0,003 
6 6 1 - 6 5 1 287382.475 287382.472 0,003 
6 4 3 - 7 3 5 60135.900 60135.732 0,168 
7 6 2 - 7 5 2 287354.965 287355.055 -0,09 
7 6 1 - 7 5 3 287354.965 287355.073 -0,108 
7 4 3 - 8 3 5 42052.601 42052.589 0,012 
8 6 3 - 8 5 3 287312.560 287312.592 -0,032 
8 6 2 - 8 5 4 287312.653 287312.670 -0,017 
8 1 7 - 7 2 5 76577.318 76577.400 -0,082 
8 5 3 - 9 4 5 77213.651 77213.819 -0,168 
9 6 4 - 9 5 4 287250.607 287250.569 0,038 
9 6 3 - 9 5 5 287250.607 287250.642 -0,035 
9 7 2 - 8 6 2 497087.701 497087.750 -0,049 
9 7 3 - 8 6 3 497087.701 497087.750 -0,049 
9 5 5 - 10 4 7 59511.436 59511.283 0,153 

10 6 5 - 10 5 5 287163.970 287163.826 0,144 
10 6 4 - 10 5 6 287164.871 287164.642 0,229 
10 10 1 - 10 9 1 495876.650 495876.401 0,249 
10 10 0 - 10 9 2 495876.650 495876.401 0,249 
11 6 6 - 11 5 6 287046.549 287046.470 0,079 
11 6 5 - 11 5 7 287048.546 287048.657 -0,111 
11 10 2 - 11 9 2 495864.736 495864.741 -0,005 
11 10 1 - 11 9 3 495864.736 495864.741 -0,005 
11 6 5 - 12 5 7 76662.796 76662.790 0,006 
11 6 6 - 12 5 8 76668.139 76668.067 0,072 
12 6 7 - 12 5 7 286891.864 286891.738 0,126 
12 6 6 - 12 5 8 286896.986 286897.044 -0,058 
12 10 3 - 12 9 3 495847.411 495847.314 0,097 
12 10 2 - 12 9 4 495847.411 495847.314 0,097 
12 6 6 - 11 5 6 497275.420 497275.439 -0,019 
12 6 7 - 11 5 7 497277.560 497277.524 0,036 
12 6 6 - 13 5 8 58889.529 58889.586 -0,057 
12 6 7 - 13 5 9 58901.347 58901.221 0,126 
13 6 8 - 13 5 8 286692.043 286691.781 0,262 
13 6 7 - 13 5 9 286703.529 286703.701 -0,172 
13 10 4 - 13 9 4 495823.016 495822.893 0,123 
13 10 3 - 13 9 5 495823.016 495822.893 0,123 
14 10 5 - 14 9 5 495790.280 495790.147 0,133 
14 10 4 - 14 9 6 495790.280 495790.147 0,133 
14 3 12 - 13 4 10 62985.368 62985.384 -0,016 
14 7 8 - 15 6 10 76072.461 76072.370 0,091 
15 10 6 - 15 9 6 495747.775 495747.645 0,13 
15 10 5 - 15 9 7 495747.775 495747.645 0,13 
15 7 8 - 16 6 10 58279.900 58279.985 -0,085 
15 7 9 - 16 6 11 58282.707 58282.605 0,102 
16 7 9 - 17 6 11 40432.150 40432.356 -0,206 
16 7 10 - 17 6 12 40437.650 40437.788 -0,138 
16 10 7 - 16 9 7 495693.899 495693.848 0,051 
16 10 6 - 16 9 8 495693.899 495693.848 0,051 
17 10 8 - 17 9 8 495627.037 495627.115 -0,078 
17 10 7 - 17 9 9 495627.037 495627.115 -0,078 
17 8 9 - 18 7 11 75455.124 75455.016 0,108 
17 8 10 - 18 7 12 75455.124 75455.281 -0,157 
18 4 14 - 19 1 18 45785.232 45785.240 -0,008 
18 10 9 - 18 9 9 495545.444 495545.696 -0,252 
18 10 8 - 18 9 10 495545.444 495545.696 -0,252 
19 4 15 - 20 1 19 38797.497 38797.702 -0,205 
19 8 12 - 20 7 14 39803.320 39803.272 0,048 
22 9 14 - 23 8 16 39167.778 39167.614 0,164 
23 5 18 - 24 0 24 492226.553 492226.387 0,166 
26 10 17 - 26 9 17 494119.119 494118.673 0,446 
26 10 16 - 26 9 18 494119.119 494118.726 0,393 
30 12 19 - 31 11 21 55062.000 55062.031 -0,031 
30 12 18 - 31 11 20 55062.000 55062.032 -0,032 
31 4 28 - 31 3 28 33910.940 33910.751 0,189 
32 4 29 - 32 3 29 27599.312 27599.253 0,059 
32 5 27 - 31 6 25 329992.513 329993.180 -0,667 
33 6 28 - 34 3 32 250796.619 250796.015 0,604 

 

Here  Δν = νexp.  -νcalc 
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                                                                                                                                                       Table 3. 

Rotational and centrifugal constants, errors and correlation matrix of these parameters of  
trans-conformer of ethyl alcohol molecule.  

 Parameters Values Correlation matrix 
A (МHz) 9 350,6771(11) 1,0             
B  (МHz) 8 135,2361(9) 0,7 1,0            
C  (МHz) 34 891,7916(31) 0,5 0,9 1,0           
ΔJ  (kHz) 8,546(4) -0,4 -0,8 -0,3 1,0          
ΔJK (kHz) - 28,566(23) 0,3 0,7 0,3 0,9 1,0         
ΔK (kHz) 253,004(71) -0,4 -0,9 -0,4 -0,9 0,9 1,0        
δJ  (kHz) 1,7367(9) 0,3 0,8 0,2 0,9 -0,9 0,9 1,0       
δK (kHz) 6,70(5) 0,4 0,8 0,3 0,9 -0,9 0,9 -0,9 1,0      
HJ  (Hz) 0,0009(65) -0,3 -0,7 -0,3 -0,9 0,9 -0,9 0,9 -0,9 1,0     
HJK (Hz) 1,31(9) 0,3 0,7 0,2 0,9 -0,9 0,9 -0,9 0,9 0,9 1,0    
HKJ (Hz) - 9,6(4) -0,3 -0,7 -0,2 -0,9 0,9 -0,9 0,9 -0,9 -0,9 0,9 1,0   
HK (Hz) 37,5(10) -0,3 -0,8 -0,3 -0,9 0,9 -0,9 0,9 -0,9 -1,0 0,9 -0,9 1,0  
hJ (Hz) -  0,005(1) 0,3 0,7 0,2 0,9 -0,9 0,9 -0,9 0,9 0,9 -1,0 1,0 -0,9 1,0 

hJK (Hz) 0,29(12) -0,3 -0,7 -0,2 -0,2 0,9 -0,9 0,9 -0,9 -0,9 0,9 -0,9 0,9 0,9 
hK (Hz) 67,3(36) -0,3 -0,2 0,1 -0,5 0,7 -0,5 0,5 -0,5 -0,9 0,9 -0,8 0,7 0,9 

LJ (mHz) -  0,004(3) 0,3 0,0 -0,2 0,1 -0,6 0,6 -0,3 0,5 0,6 -0,9 1,0 -0,9 -0,7
LJJK (mHz) -0,15(9) -0,2 0,1 0,1 -0,1 0,5 -0,5 0,2 -0,5 -0,5 0,9 -0,9 0,9 0,5 
LJK (mHz) -  51,4(59) 0,2 -0,1 -0,1 0,0 -0,4 0,4 -0,1 0,4 0,4 -0,7 0,9 0,9 -0,4
LKKJ (mHz) 64(17) -0,1 -0,2 -0,2 -0,2 0,1 -0,1 0,2 -0,2 0,2 -0,2 -0,7 0,7 0,4 
LK(mHz) -  86(11) 0,3 0,7 0,3 0,9 -0,8 0,8 -0,9 0,8 0,9 0,9 -0,8 0,9 -0,9
LLJ(mHz) 0,0002(8) -0,3 -0,7 -0,2 -0,8 0,8 -0,9 -0,8 -0,8 -0,9 0,8 -0,9 0,9 0,8 
lJK(mHz) -   0,29(8) 0,3 0,6 0,2 0,8 -0,8 0,7 -0,8 0,7 0,9 -0,9 0,8 0,8 -0,8
lLKJ(mHz) 7(2) 0,3 0,6 0,2 0,8 -0,8 0,7 -0,8 0,7 0,9 -0,9 0,8 0,8 -0,8
lK (mHz) -   722(104) 0,3 0,7 0,3 0,9 -0,8 0,8 -0,9 0,8 0,9 0,9 -0,8 0,9 -0,9
hK (Hz) 67,3(36) 1,0          

LJ (mHz) -  0,004(3) -0,8 1,0         
LJJK (mHz) -0,15(9) 0,9 -0,8 1,0        
LJK (mHz) -  51,4(59) -0,8 0,8 0,8 1,0       
LKKJ (mHz) 64(17) 0,7 -0,8 -0,7 0,9 1,0      
LK(mHz) -  86(11) -0,6 0,7 0,6 -0,8 0,5 1,0     
LLJ(mHz) 0,0002(8) 0,9 -0,8 -1,0 1,0 -0,8 0,9 1,0    
lJK(mHz) -   0,29(8) -0,9 0,8 0,9 -1,0 0,9 -0,9 0,4 1,0   
lLKJ(mHz) 7(2) 0,8 -0,8 -0,8 0,9 -0,9 0,9 -0,4 -1,0 1,0  
lK (mHz) -   722(104) 0,8 -0,8 -0,8 0,9 -0,9 0,9 -0,4 -0,9 -1,0 1,0 

 

Further, the experimentally defined frequencies of 
forbidden transitions beginning from transitions with 
small J the calculative errors of which are minimum ones 
are introduced in the solution of reversal spectroscopic 
task and it is solved. Later, the parameter clarification, 
spectrum calculation on which gives the possibility to 
identify the new group of lines of forbidden transitions 
with bigger J and etc is carried. The direct spectroscopic 
task is solved every time after introduction of new 
frequencies in the calculation and for further treatment the 
transitions the frequencies of which are calculated with 
minimum error are chosen. 

The decomposition of transitions series in 
microwave spectrum of CH3CH2OH is caused by 
vibrational-torsional-rotational interactions. The series of 
doublet transitions the identification of which would be 
evidence of the presence of “weak” transitions in the 
observed rotational spectrum are observed. According to 
calculations, the decompositions of these doublet 
transitions decrease with the increase of quantum number 

J up to zero. At definite value of quantum number J the 
decomposition isn’t bigger than 2MHz. The identification 
of these series we begin especially from these transitions.  

The presence of such doublets is the best poof of 
spectrum identification rightness and the relation of 
doublets to forbidden transitions. The frequencies of such 
doublets are given in table 1.  

The calculation carried out by such way gives the 
possibility to identify 72µС forbidden transitions 28 from 
which lie in millimeter and 44 lie into submillimeter 
range of wave lengths. 

The frequencies of these transitions with values of 
experimentally measured frequencies, their differences 
with calculated values of transition frequencies in first 
axial representation are given in the table 2.  

The values of rotational and centrifugal constants, 
errors of their calculation and also correlation matrix of 
these parameters in the second axial representation are 
given in table 3. 
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IR-SPECTROSCOPIC INVESTIGATION OF HIGH-SILICEOUS  

ZEOLITE-CLYNOPTILOLIT 
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The absorption spectra of natural zeolite-clynoptilolit from mineral resources of Azerbaijan subsoil have been investigated in 
the present work. IR spectra are measured onVarian-3600 FT-İR spectrophotometer in wide frequency range from 4000 up to        
400 cm-1. According to literature data the identification of absorption band has been carried out.  

 
Keywords: absorption spectra, clynoptilolit. 
PACS: 78.30 
 
INTRODUCTION 

The zeolites are the big group of natural hydrated 
aluminium silicates being non-stoichiometrical 
compounds the compositions of which change in wide 
intervals forming the series of solid solutions. Nowadays 
more thyan 45 structural types of natural zeolites widely 
spread of which are mordenite and klinoptilolit used by 
us, are well known. The zeolite worth is caused by usual 
for these minerals scroll alumosilicate frame forming the 
system of cavities and channels the dimension of entrance 
windows of which is big enough in order that molecules 
and ions of majority organic and inorganic compounds 
can penetrate into them. The zeolite frames are formed by 
silicon and aluminium animonites. Because of frame 
construction it has the negative charge and this charge is 
compensated by alkaline and earth metal cations and 
water molecules being in frame pores and cavities weakly 
connected with it. The water can be eliminated at heating 
or zeolite vacuumization that doesn’t influence on bracket 
frame. Its structure practically doesn’t change. The zeolite 
pores of right form connecting between each other 
by“windows” form the set of through channels inside 
crystals. That’s why the zeolites can be considered as the 
object on which one can investigate the electron pore-
emission, the electron multiplication and gas discharge in 
the pores, dielectric and electric properties at pore 
saturation by different gases and liquids besides already 
well known phenomena (adsorption, ion-exchanging 
phenomena). In Azerbaijan Republic 14 varieties of 
zeoilte mineral family which mainly are connected with 
volcanism revealing throughout Azerbaijan geological 
hystory have been established. The geological peculiarity 
of zeolitic regions gives us the reason to consider that 
Azerbaijan territory is the one of most perspective regions 
on natural zeolites [1], especially on high-siliceous ones 
the wide use of which in many regions is established. 
The belonging of natural zeolite investigated by us to 
high-siliceous ones of klinoptilolit type [2] on the base of 
X-ray and spectral analyses has been established. The 
clynoptilolit crystal structure belongs to monoclinic 
syngony with parameters: а=17.74А, в=17.9А, с=7.4А , 
space group is С2/m, β=117o.  

The structure consists of alternate negatively 
charged alumosilicateoxygen tetrahedrons AlO4 and SiO4 
which connecting between each other by tops form the 
pores-nano-channels of two types A and B with 
dimensions 0.6х0.4nm (А type) and 0.4х0.4 nm ( В type). 

The content of these channels present itself the extra-
frame subsystem which is positively charged ions-cations 
Na+, K+, Mg+, Ca+ compensating the frame negative 
charge and also the big number of coordinating water 
molecules H2O. The water plays the important role for 
supplying the clynoptilolit frame stability because the 
hydrogen bond forms between frame oxygen atoms 
positing in the positively charged ion coordination and 
H2O molecules positing in cation coordination that leads 
to increase of ion mobility in pore space as it is shown in 
[3].  

It is known that IR-spectra are sensitive ones to the 
changes both hydrogen and coordination bonds in the 
crystal, that causes our interest to the measurement of 
absorption spectra in long-distance IR-region. 

   
EXPERIMENT 

We have the monoblock of natural zeolite from 
which the lamellar samples for physical experiment are 
cut out. The fine-crystalline powder obtained at this 
operation is the investigation object of present work. The 
spectra are taken on Varian-3600 FT-IR 
spectrophotometer in the frequency interval of average 
(4000 up to 400 cm-1) IR region.  
 
THE RESULTS AND THEIR DISCUSSION 

The two wide absorption bands: from3400 up to  
3500 cm-1 and wide band from 1000 up to 1060 cm-1 are 
clearly expressed on spectrogram (fig.1) taken in 
frequency interval 3500 up to 400cm-1. The frequency 
3470cm-1 shows on the presence of coordinating water 
and its big width evidences on localization of (OН) 
groups in the channels connected with each other by 
hydrogen bonds. However, the discrete bands in this 
frequency region caused by valence oscillations of dipole 
groups (O-H) in nano-pores don’t reveal in the spectrum.  
         At investigation of IR zeolite absorption spectra it is 
necessary to note that all observable absorption bands 
relate to two oscillation types: 1 are oscillations inside 
AlO4  and SiO4 tetrahedrons being the primary structural 
units not reflecting the peculiarities of zeolite structure; 2 
are oscillations on tetrahedron external bonds. The 
oscillation second type depends on zeolite structure, 
coupling character of tetrahedrons into secondary 
structural units forming the inlets in zeolite cavity. 
Besides it the observable oscillations indicate on the 
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mixed composition of tetrahedrons and can’t be related to 
oscillations only ofAlO4orSiO4. 
  The more strong absorption bands observed in spectra of 
all zeolites at 1250-950 cm-1, frequency is 1053cm-1 
belonging to this interval is caused by oscillations (Т-Оi) 
inside tetrahedrons and is related to first type oscillation, 
i.e. isn’t sensitive to zeolite structure. The frequency 1638 
cm-1 can be related to deformation oscillations H-O-H 
relating to second type oscillations, i.e. is sensitive to 

zeolite structure; the frequency 796 cm-1 is caused by 
symmetrical valence oscillations inside tetrahedrons     
(Т-Оi), i.e. is related to first type oscillations; the 
frequency 461 cm-1 is related to deformation valence 
oscillation inside tetrahedrons and also belongs to first 
type oscillation; the frequency 605 cm-1 is responsible for 
oscillations of duplex rings and depends on connection 
character of tetrahedrons which form the nano-channel 
inlets.

   

 
 
Fig. 1. The absorption spectrum of natural zeolite in average IR-region. 

 

 
 
Fig. 2. The absorption band of natural zeolite-clynoptilolit. 

        
The spectrogram written with big resolution (fig.2) 

allows us to carry out the identification of absorption 
bands in 1600-600 cm-1 interval. The band 1558 cm-1 
relating to deformation oscillations of H-O-H group 
depending on zeolite structure and is sensitive to its 
changes is emphasized. The 875 cm-1, 778 cm-1, 713 cm-1, 

694 cm-1, 668 cm-1  bands which can be related to 
symmetrical valence oscillations inside tetrahedrons      
(Т-Оi) are identified.       

All values of absorption bands observed by us in Ir-
spectra are in well agreement with literature data on IR-
spectra of high-siliceous compounds. 
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The practical application of Weershtrass and Van-der-Varden functions at morphology evaluation of nanoobject surface on 
 ଷ௏ூ surface has been found. Taking into consideration this fact the analyses of different scales of nanostructured elementsܤଶ௏ܣ (0001)
in ܣଶ௏ܤଷ௏ூ systems taking into account Van-der-Varden function graph are carried out.  
 
Keywords: fractals, morphology, layered crystals. 
PACS: 61.43.Hv; 64.60.al; 68.65.Ac 

 
INTRODUCTION 

The investigation of the fractal geometry for 
application in different fields of solid-state electronics 
presents the special interest. The self-similarity is the 
main property of fractal structures. These structures seem 
similarly in the different spatial scales. 

By the form of the separate fragment one can make 
the conclusion on the structure of the whole object. The 
systems characterized by fractional dimension [1] are 
called fractals. At the study of fractal aggregates the 
computer modeling plays the special role so the 
possibility to consider the different modes of particle 
aggregation and their scale appears.  

The numerical simulation leads to real to real 
aggregate structural organization on small scales. The 
analysis of works dedicated to this direction is presented 
in monograph [1]. 

The fractal models are usually constructed on the 
base of different mathematical algorithms with use of 
modern computer graphics [2].  

In [1-2] the well known classic fractal functions: 
Bolzano, Weershtrass, Hankel, Kover Serpinsky, 
Bezikovich, Riman, Darbu, Kantor, Salfetka Serpinsky 
and Van-der-Varden have been considered.  

Bezikovich function is the sample of continuous 
function which hasn’t neither final nor infinite derivative 
in any point. The effective iterative process containing the 
several stages exists for the construction of the given 
function.  

The aim of the work is to search of self-similar 
regions on Van der Waals surfaces of layered crystals and 
the revealing the fractality properties in them. 

 
THE RESULTS ON FRACTAL APPLICATION  
FOR ANALYSIS OF INTERFACE NO-   NA

E)  
The nanoobjects on (0001) ܣଶ௏ܤଷ௏ூ   surface are 

necessary to consider on the base of ideas and algorithms 
with the use of fractal elements. It allows us to locate 
INSE on the crystal base surface taking under 
consideration the percolation processes between layers of 
semiconductor thermoelectric crystals. 

STRUCTURED ELEMENTS (INS

The fractal conceptions in physical and natural 
structures have been earlier studied in [3].It is shown that 
fractal systems form the series of objects which can be 

described by functions introduced by Weershtrass and 
Van-der-Varden [3].    

Let’s f0(x), absolute difference between x value and 
nearest to it integ al value r
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Varden function graph is shown on the fig.1. The 
developed iterative formula of Van-der-Varden function 
calculation has the form:
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Note than the further iterations without change of diagram 
scale made by us show the fit of function graph to ox axis 
(fig.1, c). 

The base surface in Sb2Te3 (Bi2Te3) is irregular; 
however there are locally situated regions with more or 
less regular structure. Looking the series of electronically 
microscopic images of Van der Waals surface of ܣଶ௏ܤଷ௏ூ 
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obtained on AFM one can see hierarchies of 
nanoformations on (0001) Sb2Te3 surface (fig.2).  

The analysis shows the whole regions of separate 
blocks of aggregated nanoparticles in the form of 
hierarchies of “mountain ranges”. The self-similar fractal 
structures in the different scales evidence about the fact 
that they can be described by Van-der-Varden functions. 
The nanoobjects on surface (0001) Bi2Te3 (fig.3) are 
necessary to study with the help of fractal physics. The 
obtained results are compared by the construction method 
with the help of system of iterated functions. Cutting the 
small part from the structure having the signs of fractality 
we can consider it in some increase and reveal that it 

similar to the whole structure. Such operation we can 
make continuously and then even microscopic 
nanoobjects will be similar to the structure as a whole. In 
reality we have some maximum and minimum scales of 
section heights and foundations (they are mentioned by 
pointers on the fig.2 and 3). 

Thus, the considered structures have the determined 
fractal character. The self-similarity caused by the method 
peculiarities of their generation is their distinguishing 
characteristic. The self-similarity reveals on all levels. 
The determined fractals form in iteration process. They 
can be described by Van-der-Varden function. 

 
 

 
                                                     a)                                                       b) 

 

 
c) 

 
Fig. 1. (a,b,c)  Van-der-Varden function; а) 3-rd iteration, b) 5-th iteration, c)7-th iteration 
 

 
 

Fig. 2.  AFM image in в 3D-dimension of interface nanoobjects in Sb2Te3<Te> 
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Fig. 3.  AFM image in 3D-dimension of interface nanoobjects in Вi2Те3<Te>. 
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SELENIUM OPTICAL SPECTRA OBTAINED UNDER DIFFERENT  

CONDITIONS (PART II)   
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The reflection coefficients R(E) of amorphous (massive and film) and polycrystalline (massive) selenium in beam energy 
interval 1÷6 eV normally incident on the surface are measured in the work. The spectral dependences of their optical constants and 
dielectric functions are calculated by Kramers-Kronig method. It is shown that the different conditions of selenium sample 
preparation lead to the change of short range ordering in atom configuration. This changes the electronic structure and consequently, 
the optic parameters of these materials.       

 
Keywords: reflection, Se, spectrum, annealing, condition, film.  
PACS: 535.3; 539.2/6:539./.04 

  
INTRODUCTION 

The selenium as the elementary conductor in 
polycrystalline and amorphous states [1] is widely used in 
electronography, infrared technology, electronooptical 
converters. Many fundamental works are devoted to its 
investigation. However, the supposed separate models 
used for the explanation of electron processes taking part 
in it and nowadays they are need the new data. This is 
connected with the fact that selenium has the different 
structural peculiarities. Being the inorganic superpolymer, 
the selenium has the amorphous, α and β monoclinic, 
hexagonal modifications with ring-shaped, chain 
molecules which have the different atom number. In wide 
temperature interval all its modifications can exist in the 
sample simultaneously and in different quantities. 
Moreover, many selenium properties will be depend on 
the relation of these modifications in the sample and on 
the condition of their preparation.  

The formation conditions and peculiarities of this or 
that selenium layer structure prepared by the molecular 
steam condensation in vacuum have been revealed and 
established in ref [2]. It is shown that the selenium layer 
structure prepared by the evaporation in vacuum is 
defined by the temperature of condensing molecular 
steam, structure of near-surface layer and temperature 
substrate.  Moreover, the layer structure can present itself 
the supercooled state, first, second amorphous forms or 
intermediate amorphous state. In the given work it is 
established that structure of first amorphous form consists 
of ring-shaped molecules of Se8 type polymerized in 
accumulations the dimensions of which are equal to some 
hundreds nano-meters. The structure of second 
amorphous form consists of continuous polymerized 
chain molecules of lattice structural units of selenium 
hexagonal modification type. Such amorphous state is the 
long-chain polymer of homogeneous density with initial 
softening temperature 299К about. Such structure in the 
comparison with the structure of selenium first 
amorphous form is more stable one. In the process of the 
transition from first amorphous form to the second one 
the intermediate amorphous state forms. This state is 
constructed from structural elements of first and second 
amorphous forms and is enriched by atomic selenium. 

The samples prepared at different conditions that 
gives the possibility of selenium obtaining with different 

structures in order to investigate its optical properties with 
the help of measurement of reflection coefficient R(E) and 
calculations of optical parameters on Kramers-Kronig 
relation are studied in the given work. As it is known the 
crystalline selenium has the chain structure, the bond 
between atoms has the covalent character and between 
chain atoms has Van-der-Waals character.  It has the 
complex electronic structure. Its electronic structure 
depends also on sample structural changes.   

The study of their properties with structure change 
in amorphous or glass-forming systems presents the 
interest as at this the possibility of correlation study 
between the structure and material properties (molar 
volume, viscosity, glass-transition temperature, thermal 
expansion coefficient and others) is appeared.  

The semiconductor optical spectra are connected 
with their electronic structures. The material energy level 
defining their many physicochemical parameters is the 
one of its main parameters. The knowing of material 
dispersion allows us to predict the principal possibilities 
of definite property realization and its application in 
semiconductor electronics. 

The reflection coefficients R(E)  of some materials: 
amorphous and monocrystalline Se, monocrystalline 
InSnTe2, TlIn0.9Ce0.1Se2, TlInSe2Ce0.04, TlInSe2, 
Cu3GdTe3, Cu5GdTe4, CuGdTe2, amorphous Se95As5 
(with Sm impurity), monocrystalline Bi2Te3 (with Ni, Cu, 
Zn, Tb, Cl impurities), polycrystalline (Bi2Te3-Bi2Se3) 
(with Tb, Cl impurities), YbBi2Te4, YbBi4Se7 have been 
measured by us. Also their optical parameters: θ reflected 
light phase, absorption κ and refraction κ indexes, ε1 real 
and ε2 imaginary parts of dielectric constant, α absorption 
coefficient, the function of characteristic –Imgε-1 volume 
and –Img(ε+1)-1 surface electron losses, electrooptical 
differential functions (α, β), ε2Е optical conduction, ε2Е2 
integral function of bound density of states, ε0(Е) 
effective static dielectric constant, nef(E) effective number 
of valence electrons taking part in transitions up to the 
given energy E.   The results on optical spectra of 
amorphous selenium obtained at the different conditions 
are given in the article.  

The measurement of selenium reflection coefficient 
nef(E) prepared at the different conditions and the 
definition of their optical spectra on its base is the aim of 
the given work.           
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THE INVESTIGATION TECHNIQUE 
В5 which is melted and endured at temperature 

280°С during three hours is taken for the obtaining of the 
amorphous sample and further the ampoule with selenium 
is put in cool water. The samples for the measurements 
are prepared from this amorphous selenium mass. The 
amorphous films by 2÷8 µm thickness are obtained by 
thermal evaporation in vacuum and by the hot wall 
method on the substrates from the cover glass. The 
selenium polycrystalline samples are obtained by slow 
cooling of melted selenium.  

The reflection coefficient R(E) of amorphous  
massive, film and polycrystalline selenium are measured 
by the method of double-beam spectroscopy at room 
temperature in radiation energy interval 1÷6 eV normally 
falling on the surface.   

As it is mentioned in [3] the semiconductor optical 
functions in wide region of fundamental absorption are 
effectively studied by the method of almost normal mirror 
reflection. Other optical methods have the essential 
principal methodical limits and give the information in 
limited spectral regions. They add the results of normal 
reflection at the definition of optical transition values.  

The interaction of light with the substance is 
described by refractive n and absorption k indexes which 
characterize the plane wave phase and attenuation in the 
substance. These values can be defined on R(E) from 
Kramers-Kronig formula: 
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The computer program applied in refs [4-14] is 

written by us for the calculation of the optical parameters 
of the investigated materials on the base of experimental 
data on R(E).   
  
RESULTS AND THEIR DISCUSSION 

In the present work R(E) reflection is measured and 
the optical functions of YbBi2Te4 and YbBi4Se7 are 
defined on its base. Their such parameters as: reflected 
light phase θ, absorption k and refractive n indexes, real ε1 
and imaginary ε2 parts of dielectric constants, absorption 
coefficient α, the functions of characteristic volume –  
Img ε-1 and surface –Img (ε+1)-1 electron losses, 
electrooptical differential functions (α, β), optical 
conduction ε2E, integral function of bound state density 
ε2E2, dielectric constant ε0(E), effective number of 
valence electrons nef(E) taking part in optical transitions 
up to the given energy E. From the obtained results: R(E) 
function, electrooptical differential functions (α, β), 
optical conduction ε2E, integral function of bound state 
density ε2E2, dielectric constant ε0(E), effective number of 
valence electrons nef(E) taking part in optical transitions 
up to the given energy E are presented on fig.1-8 and the 
values of band-to-band optical transitions defined on ε2(E) 
base in photon energy region 1÷6 eV are given in the 
table.    

 As it is mentioned in [15] the study of absorptive 
transitions on the materials is impossible because of big 
absorption value in the region of interband transition 
energies E>Eg (Eg is minimum energy of interband 

transitions). The reflection method is the unique effective 
method. The analytical singularities of imaginary part of 
the complex dielectric constant ε2(E) and the functions 
bound by densities of states dN/dE almost coincide. The 
gradient of interband states makes the main contribution 
into the analytical singularity of dN/dE function:     
 

                             dE
dNij ~ ∫ ∇ ijk

k

E
dS

 ,                           (2) 

 
where Eij(k) = Ej(k) - Ei(k) is the distance between 
conduction and valence bands. The values dN/dE near 
critical points in k – space defined by ijk E∇ =0 

expression and also the positions of critical points and 
transition type can be theoretically calculated from band 
structure. 

The analysis of ε2(E), dN/dE functions and R(E) 
reflection coefficient show that the position in the energy 
spectrum and peak character are similar or they are close 
enough for these parameters. That’s why one can define 
the values of corresponding interband intervals and band 
nature with the help of direct comparison of experimental 
data of crystal reflection in E > Eg region.  

It is known that the least energy Eg between 
occupied and free states is the one of the important 
parameters. The high transparency in wide energy region 
E < Eg is character for non-crystalline materials. There are 
some methods of its definition and the values on α(Е) 
absorption coefficient level of long-wave edge. The exact 
value Eg for non-crystalline semiconductors is discussion 
one and usually the discussion of spectrum character α(Е) 
in Urbakh and Tauz models is carried out without 
evaluations of Eg [16]. Eg is defined from Tauz model by 
the value of absorption coefficient α(Е) = 103cm-1.  

As it is mentioned in [16] N(E) density of states is 
the similarly suitable for crystalline and non-crystalline 
substances. According to results of experimental data the 
path of density of states in non-crystalline substance isn’t 
strongly differ from corresponding one in the crystal. In 
the first case the thin structure can be lubricated and the 
local states can appear in the forbidden band, the band 
structure saves as it is defined by atomic short ordering 
order in materials. 

The hexagonal crystalline selenium consists of 
helical chains formed parallel to each other. The chemical 
bond inside the chains has the covalent character and it is 
very strong, but the bond between the chains is the weak 
bond of Van-der-Waals type. At rapid melt cooling the 
viscosity becomes very high and the glassy state appears 
before the chains had time to reorientate. The 
decomposition of ideal structure of non-crystalline solid 
state is in the systems including the atoms with unshared 
electron couples. Very often at bond opening the electron 
couple is on the one of fragments, i.e. the heterolytic bond 
opening takes place. The one positive and one negative 
charged defect centers in the regions of the short range 
ordering appear. The energy necessary for bond opening 
is partly compensated because of unshared electron 
couple of atoms being in nearest surrounding and the 
number of chemical bonds doesn’t change in total. Thus, 
there is the structural disordering along with density 
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oscillations and existing topological disordering in 
homogenous glasses of stoichiometric composition. The 
last one reveals in the form of positive and negative 
charged defect centers as in the case of point defect in the 
crystals. As a result the reaction defect the formation of 
which is characterized by the least change of free energy, 
dominated.  

As it is mentioned in [17] it is impossible to make 
the principal boundary between monocrystalline, 
polycrystalline and amorphous states of the substances. 
The presence of the band structure: forbidden and 
conduction bands can be obtained from the fact of atom 
short range ordering existence and there is no need to 
require the periodic atom disposition for this conclusion. 
These questions for amorphous and crystalline selenium 
have been studied in [18-26], their electronic structures 

have been defined and compared. As a rule, the sharpness 
of selenium thin structure decreases at its amorphization.  

The disposition and the form of semiconductor 
bands are defined by crystal chemical composition, its 
symmetry and atom properties forming the crystal [27]. 
The atom-like wave functions are used in all band 
calculations in the capacity of initial ones and the 
character of chemical bonds between atoms forming it is 
taken under consideration along with crystal symmetry 
properties.  

The optical properties in the semiconductors are 
directly connected with their band structure [28]. The 
expression of imaginary dielectric constant ε2(ω) is 
calculated by bond structure by the following formula:
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This expression is the main one which shows the bond between bond structure and optical constants. This 

expression is often used in comparison with expressions for other optical constants as it doesn’t include the refraction 
index. The spectra for ε1(ω) one can find with the help of dispersion relation of Kramers-Kronig substituting the 
expression (3) in it:    
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One can calculate all optical constants if the bond 

structure is known by ε2(ω) and ε1(ω). The calculations of 
such type have been carried out in [28].  

The optical parameter functions represented on 
fig.1-8 are connected between each other, but the each 
from them presents the definite interest. ε2(ω) function on 
which the optical transitions of the investigated samples 
are defined, is directly connected with their electronic 
structure. 

 

 
 
Fig.1. The reflection spectra R(E): of amorphous,  
           massive, film and polycrystalline selenium. 
 

These transitions are given in the table. They can be 
divided into two groups: intra- and interband transitions, 
i.e. the transitions having the less values of forbidden 
band width (1,88; 2,21; 1,88 eV for amorphous massive, 

film and polycrystalline selenium correspondingly) that is 
seen from the table.   

Nowadays it is established that one can change the 
optical, photoelectric and electric properties of 
chalcogenide and chalcogene glassy semiconductors with 
the change of chemical composition and also with 
introduction of impurities. Moreover, the change of 
concentration of charged defect centers D+ и D-(U-1 are 
centers) of these materials takes place because of change 
of coordination number in the region of short range 
ordering. These defects form from the initial neutral 
defects Dº by the reaction:    

 

                                2Dº  → D+ + D-  ,                             (5) 
 

which can be intrinsic or impurity and mixed defects that 
gives us the possibility to control their physical 
properties. 
 

 
Fig.2. The spectra of electrooptical differential  
          functions (α, β) of amorphous massive selenium.   
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Fig.3. The spectra of electrooptical differential  
           functions (α, β) of film amorphous selenium. 

 

 
 

Fig.4. The spectra electrooptical differential functions  
           (α, β) of polycrystalline selenium.  
  

 
 

Fig.5. The spectrum of optical conduction ε2Е of 
           amorphous massive, film and polycrystalline  
           selenium.  

 

 
 

Fig.6. The spectra of integral function of bound state  
          density ε2Е2 of amorphous, film and polycrystalline  
          selenium.  

 

 
 
Fig.7. The effective statistic dielectric constant ε0(Е) of  
          amorphous massive, film and polycrystalline  
          selenium. 
 

 
 
Fig.8. The effective number of valence electrons nef(E)  
           participating in the transitions up to the given  
           energy Е of amorphous massive, film and  
           polycrystalline selenium. 

 
                                                                                                                                                             Table. 

Samples The optical transitions defined by ε2(Е) maxima in 1÷6 eV energy interval 

Amorphous massive 1,24 1,3 1,55 1,88 1,99 2,21 2,29 2,26 3,64 4,77 
Film  1,13 1,46 1,55 2,21 2,29 2,38 2,53 2,69 3,44 5,19 

Polycrystalline 1,24 1,55 1,65 1,88 2,48 2,69 4 4,13 - - 
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From fig. 1-8 and the table it is seen that spectra of 
optical parameters of amorphous (massive, film) and 
polycrystalline (massive) selenium reveal the differences 
that is connected with their structural differences. This is 
related to optical transitions in these materials that it is 
seen from the table. 
 
CONCLUSION 

Thus, the selenium reflection coefficient prepared at 
different conditions and having the different structures 

has been measured in the work in the beam energy 
interval 1-6 eV incident normally on the surface. The 
optical parameters of the investigated samples are 
calculated on its base with the help of Kramers-Kronig 
relations. It is established that these parameters are 
different for different selenium samples prepared at 
different conditions. This fact reveals in the values of 
optical transitions in these materials. The obtained results 
are explained by the change of short range ordering in 
them in the dependence on sample preparation conditions.
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The reflection spectra R(E) of film samples Bi2Te3 - Bi2Se3 of n-and p-types without and with annealing in the beam energy 
interval 1÷6 eV incident normally on the surface are measured. The spectra of their optical parameters and values of optical 
transitions are defined by Kramers-Kronig method. It is shown that the character of the spectrum change of optical parameters and 
electron transition values change with annealing.    

 
Кeywords: optical spectra, thermoelectric materials, Bi2Te3, Bi2Se3. 
PACS: 535.3; 539.2/6:539./.04 
 
1.      INTRODUCTION 

The bismuth telluride and solid solutions on its base 
are applied at the preparation of different energy 
converters [1]. The experimental investigations of optical 
properties of solid solutions Bi2Te3 - Bi2Se3 and Вi2Те3 are 
published in the series of works [2-5]. The data on 
thermoelectric materials on the base of Bi2Te3 are given 
in the ref [2]. The results on the study of Bi2Te3 band 
structures are given in [3-5].  

The bismuth telluride presents itself the 
semiconductor having the good thermoelectric properties. 
It belongs to crystal group of  type. Its crystalline 
structure is formed by the repetitions of five-level packets 
which are quintets consisting of atoms disposed in the 
following sequence … – Te(1) – Bi – Te(2) – Bi – Te(1)… . 

VIV BA 32

Bi2Te3 is well known as effective material for 
thermoelectric converters and it is easier to prepare it by 
the way of doping, obtain the both n- and p-types [1,2]. 
The both mono- and polycrystalline Вi2Те3 and its solid 
solutions with Вi2Sе3 are mainly used in converters.  The 
band structure of Вi2Те3 crystal is theoretically calculated 
in [3]. The absence of experimental data on the value of 
spin-orbital interaction ( ) is the main difficulty. Δ

Вi2Те3 crystals have the packet structure and the 
bond between neighbor packets has the mixed Van-der-
Waals-covalent character [6]. The additional bond 
because of the transition of one p-electron on d-levels and 
the overlapping of some d-levels with valence band exists 
between packets. All this causes the essential metallic 
properties and comparatively small values of forbidden 
band energies in 0,15÷0,35 eV range.  

In relation to optics Bi2Te3 and its analogues are the 
uniaxial crystals. The dielectric constant in them is the 
tensor of second order and depends on the direction of 
incident wave in respect of optical axis C. The optical 
properties of bismuth telluride in the region of higher 
frequencies are investigated in [4].  

The polycrystalline film samples Bi2Te3 - Bi2Se3 of 
n- and p-type are representatives of disordered system in 
which the change of their physical properties is explained 
by the influence of different external factors including the 
temperature on the change of short range ordering in atom 
configuration. In our case the change of optical 
parameters with annealing can be explained by the change 
of short range ordering in them. 

The study of the influence of annealing on the 
reflection coefficients of film polycrystalline samples 
Bi2Te3 - Bi2Se3 of n- and p-type and the spectrum 
definition of their optical parameters on its base is the task 
of the given work.     

   
2.      EXPERIMENT TECHNIQUE 

The Bi2Te3 - Bi2Se3 films of n-and p-type 
technology is described in [2,7,8]. The films by width 
0,3µm of Bi2Te3 - Bi2Se3 polycrystalline of n- and p-type 
are obtained. The crystals doped by Cl impurities have   
n-type conduction and crystals doped by Tb impurities 
have p-type conduction.  

The reflection spectra of normally incident radiation 
on surface of Bi2Te3 - Bi2Se3 film samples of n- and p-
type without annealing in the radiation energy range     
1÷6 eV are investigated in the this work. The reflection 
coefficient is measured by two-beam method.  

The interaction of the light with the substance is 
described by refraction index n and absorption index k 
which character the phase and damping the plane wave in 
the substance. These values can be defined by the 
measurements of reflection coefficient R(Е) and by 
Kramers-Kronig formula:   
 

                    
∫
∞

−
=

0
22

0

0
0

)(ln)( dE
ЕЕ
ЕRЕ

Е
π

θ .                (1) 

 
The definition methods of optical parameters are 

given in [9,10]. The optical parameters of the investigated 
materials are calculated by the programs constructed by 
the author of [11] ref which are applied at calculation of 
optical parameters of series of materials [12-16].  
 
3.     THE RESULTS AND THEIR DISCUSSION 

The reflection coefficient R(E) of film 
polycrystalline samples Bi2Te3 - Bi2Se3 of n- and p-type 
are measured and the spectra of their optical parameters: α 
absorption coefficient, ε2 imaginary and ε1 real parts of 
dielectric constant, n refraction and k absorption indexes, 
effective number of valence number nef(E) taking part in 
transitions up to the given energy E, effective static 
dielectric constant ε0,eff(E), the functions of characteristic -
Img ε-1  volume and  –Img(ε+1)-1  surface electron losses, 
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θ phase of reflected light, the optical conduction  ε2Е, 
integral function of bound density of states ε2Е2 and 
electrooptical differential functions (α, β).  

The spectra of R(E) reflection coefficients, the 
spectra of k and n coefficients, ε2 imaginary and ε1 real 
parts of dielectric constant, spectra of density of states J 
(ε2Е2) correspondingly are presented on fig.1-4 and in the 
table the values of interband optical transitions defined on 
ε2 maximums is given.  

The presented data gives the possibility gives us the 
possibility to compare the optical spectra in Bi2Te3 - 
Bi2Se3 film samples of n- and p-type with and without 
annealing, that is seen from fig.1-4 and table.   

       
                                                               Тable 

 
The optical transitions in Bi2Te3 - Bi2Se3 film samples 
of  n- and p-type with and without annealing, defined 

by ε2 peaks in 1÷6 eV beam energy interval 
n-type 
without 

annealing 

n-type 
with 

annealing 

p-type 
without 

annealing 

p-type 
with 

annealing 
1.15 1.49 1.49 1.19 
1.41 1.60 1.69 1.31 
1.54 2.58 1.99 1.94 
1.77 2.90 2.39 2.19 
1.87 3.20 2.49 2.39 
2.08 3.90 2.59 2.50 
3.26 4.69  4.00 
3.76   4.49 
4.77   4.80 
5.15   5.30 

 
As it is seen from fig.1 in case of p-type the 

annealing of Bi2Te3- Bi2Se3 leads to essential growth of 
reflection coefficient and incase of n-type it doesn’t 
change significantly. Probably, this is connected with 
improvement of Bi2Te3- Bi2Se3 structure of n- and p-type.  

 

 
 
Fig.1. The reflection coefficients (R) of film samples of  
           n- and p-type with and without annealing.  

 
The spectra k and n defined on R(E) and reflection 

phase where θ reflection phase is defined by formula (1) 
are presented on fig. 2. It is necessary to mention that one 

can define all other optical parameters on corresponding 
relations on these parameters.    
 

 
 

Fig.2. The spectra of k and n coefficients of  
           Bi2Te3 - Bi2Se3 film samples of n- and p-type with  
           and without annealing.  

  
The spectra of ε1 and ε2 coefficients of n- and p-type 

with and without annealing are given in fig. 3. As it is 
above mentioned, the optical transitions are usually 
defined on ε2 peaks. As it is seen from the figure the 
annealing changes the change character and its values.  
    

 
 
Fig.3. The spectra of ε1 and ε2 coefficients of  
           Bi2Te3 - Bi2Se3 film samples of n- and p-type with  
           and without annealing. 

 
The change with annealing of density of states       

J= ε2Е2 of Bi2Te3 - Bi2Se3 film polycrystalline samples of 
n- and p-type is given on fig.4. It is seen that the 
annealing strongly influences on change of density of 
states of Bi2Te3 - Bi2Se3 film polycrystalline samples of n- 
and p-type. 

According to table one can trace the changes of 
optical transition values in Bi2Te3 - Bi2Se3 of n- and p-
type with annealing.  

As it is mentioned in ref [17] the study of absorbing 
transitions in materials is impossible because of big 
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where Eij(k)=Ej(k)-Ei(k) is distance between conduction 
and valence bands. Theoretically dN/dE values near 
critical points in k-space defined by ijk E∇ =0 expression 

and also the position of critical points and transition type 
are calculated from band structure.  

absorption value in the region of interband transition 
energies E>Eg (Eg is forbidden band width). The 
reflection is unique effective method.  

 
 

The analysis of ε2(E), dN/dE functions and reflection 
coefficient R(E) show that position and peak character in 
their spectra are similar or very close to each other. That’s 
why one can define the values of corresponding energy 
gaps and band nature with the help of direct comparison 
of experimental data in E>Eg region with theoretical 
calculations of dN/dE function. As it is mentioned in [18] 
the resonance frequency Е0 presents itself the frequency at 
which the conduction 2nk⋅E achieves the maximum.     

Thus, the reflection coefficient R(E) of Bi2Te3 - 
Bi2Se3 of film samples of n- and p-type with and without 
annealing in beam energy range 1÷6 eV incident normally 
on the surface are measured in the work. The spectra of 
optical parameters of the investigated samples and the 
electron transitions in them are defined. It is shown that 
change character of optical parameter spectra and the 
values of electron transitions in these samples changes 
with annealing, i.e. change of the short range ordering in 
them.   

Fig.4. The spectra of density of states of  
           Bi2Te3 - Bi2Se3 film samples of n- and p-type with  
           and without annealing. 

 
The analytical singularities of imaginary part of 

complex dielectric constant ε2(E) and functions connected 
by density of states dN/dE almost coincide and the 
gradient of interband distances makes the main 
contribution in dN/dE functions:  

The authors are grateful to leader research scientist 
N.M. Abdullayev for submission of Bi2Te3 - Bi2Se3 
samples. 
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The possibility of covering formation on the base of composition materials utilizing the residual electromagnetic radiation has 

been investigated. The coverings can be used for the defense of living organisms from VHF ill effect of given frequency radiation.   
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INTRODUCTION 

The electromagnetic radiation absorbers carried out 
on the base of composition materials containing the thin 
metallic wires or high-dispersion metallic particles, the 
electromagnetic radiation absorption which carried out in 
filler surface layer because of skin-effect [1, 2].  

The deficiency of these fillers is in the fact that 
efficiency of electromagnetic radiation absorption 
weakens with increase of its frequency that makes 
difficult the formation of high-frequency absorbers of 
electromagnetic radiation on the base of existing 
conducting materials. The improvement of selectivity and 
sensitivity of coverings absorbing the electromagnetic 
radiation is the task of investigation.                                                                                                                                                             

For the purpose of checking of these statements the 
experimental investigations of solid state micro-wave 
radiation absorbers on the base of composition materials 
are carried out. The solid-state absorber consists of the 
covering with the liquid phase included in it with 
dispersion near the given wave range of incident 
radiation. The covering layer is made from the 
homogeneous soli-state material, the polar liquid is used 
in the capacity of absorbing filler, moreover, the 
concentration of mixture polar component and the 
covering layer thickness are chosen from the equality 
condition to zero of coefficient module of wave 
reflection. 

The carried out investigations of reflective 
characteristics of the systems consisting of quarter-wave 
layer of absorbing dielectric marked on metallic substrate, 
show the obtaining possibility of wave non-reflective 
absorption in them. The last one forms because of wave 
interference reflected from medium interface. Moreover, 
the required ratios of amplitudes and phases of reflected 
waves are achieved by the way of selection of 
corresponding values of dielectric constantε, dielectric 
losses ε″ and the covering material thickness. The 
existence reality of non-reflecting wave absorption 
phenomenon in layered systems and in particular, in two-
layered system dielectric-metal is theoretically and 
experimentally proved on the example of reflective 
characteristic investigation of polar molecule solutions in 
microwave range [3,4]. The selective absorption in such 
systems takes place at small thicknesses of covering layer 
and can be realized in wider wave range including the 
short-wave region of wave millimeter range. The 
existence of frequency spectrum and discrete thicknesses 
of substance layer in wave, at which the conditions of 
non-reflecting absorption of incident radiation are carried 
out, is the character peculiarity of wave selective 
absorption in the layer of polar dielectrics. They are 
individual ones for each substance and dependent on their 
dielectric static and dynamic characteristics. 

The accessibility of dielectric materials makes 
perspective their use at the formation the cheep 
microwave absorbing systems on their base with 
application of simple technology of their preparation. 
Moreover, for improvement of absorber mechanical 
strength, they can be prepared from solid-state non-
absorbing dielectric material with inclusion of high-

dispersion absorbing solid or capsule liquid dielectric 
materials in it.  

 
EXPERIMENT 

The measurements of reflective characteristics of the 
investigated objects are carried out with the use of 
panoramic measurer of standing wave ratio and 
measuring waveguide cell short-circuited on the edge 
connected with it. The last one is termostated and has the 
device for the smooth regulation of solution layer 
thickness. The minimum values of Rmin are defined on 
experimentally taken dependences of R wave reflection 
coefficient module and l solution layer thickness in the 
cell. Simultaneously the quantitative evaluation of 
dielectric properties of investigated objects with the 
application of measurement method described in [5] is 
carried out. This method is based on the definition of ε′  
dielectric constant and ε′′ dielectric losses of investigation 
objects on measurement data of standing wave ratio and 
solution layer thickness in the point of the first minimum 
of R on l dependence. The acetonitrile and epoxide resin 
are used in the capacity of investigation.           

 
THE MEASUREMENT RESULTS 

The polar liquids having the high values of both ε′ 
dielectric constants and ε″ dielectric losses are used in the 
capacity of microwave fillers.  For technical realization of 
similar absorbing coverings the polar liquid can be used 
in the capacity of filler of any solid-state material. At low 
volume of such capsulated inclusions, the obtained 
absorbers could have the necessary constructive liquid 
and to provide the realization of the total absorption 
condition of incident radiation in them at definite 
selection of inclusions. 
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Fig. 1. The electromagnetic radiation absorber on the base of composition materials. 
 
The inclusions themselves are carried in the form of 

liquid polar substance capsules put in defensive polymer 
film membranes.  As non-polar matrix substance of the 
absorbers has ε″ = 0 and ε′ doesn’t depend on frequency 
then at the given temperature T and wave length of 
incident electromagnetic wave, the choice of resonanse 
values  and  absorbers is achieved by variation of 
its liquid phase concentration [6,7].   

λ

0ε ′ 0ε ′′

The measurement results obtained at different 
concentrations of polar component, the dependence of 
dielectric losses on dielectric constant of marerial 
covering at the given frequency of incident 
electromagnetic radiation are shown on the fig.1.  

ε ′′
ε ′

The family of theoretically calculated  on 
dependences  corrsponding to the case of non-reflecting 
wave absorption in composition materials are presented 
here.  With the help of the given technique the occurence 
of optimal parameters of non-reflecting absorbers of SHV 
radiation containing the polar liquids in their content and  
havinf the wave dispersion in corresponding chosen 
frequency range, is possible. 

ε ′′ ε ′

The realization possibility at given T and  
electromagnetic radiation absorbers on the base of 
composition materials containing the high-dispersion 
capsulated polar liquids is illustrated by the following 
example. The smallness of liquid capsule dimensions in 
the comparison with emission wavelength is proposed in 
them for the comfort of result presentation. 

λ

According with data of works [8,9] the conditions of 
total or non-reflecting electromagnetic radiation 
absorption in two-layer system dielectric-metal is 
described by the following equations:          
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where lo is layer thickness, N is zeroth minimum number 
of the dependence of wave reflection coefficient on the 
substance layer thickness.  

The wave refaction index n and dielectric loss factor 
у of material covering including into (1) and (2) equations 
are connected with its ε', ε'' by known relations:     
 

                                      (3) ( ) yn2";y1n' 222 =−= εε
 
ε' and ε'' values including into (3) equation are connected 
with ε'1 dielectric constant and ε''1 dielectric loss of liquid 
phase and ε2 of matrix substance by the equations:    
 
                    (4) ( ) ( o2o1 1'' ϕεϕεε −+= ) o1"" ϕεε =

 
where ϕ is liquid phase concentration in substance 
covering.  

The joint solution of (1) – (4) equations allows us to 
calculate the chosen values of liquid phase concentration 
ϕ and covering layer thickness lo at the given N values, 
 incident radiation wavelength and dielectric 

coefficients of the used liquid phase ε',ε'' and matrix 
material.   

λ

The realization possibility on the base of polar 
mixtures at the given electromagnetic radiation absorbers 

and is illustrated by the following examples. The 
results of the calculation of ϕ and l by (1) – (4) equations 
of microwave absorbers at λ=1,5 cm formed on the base 
of epoxide resin introduced in it in the capacity of 
capsulated acetonitrile filler are given below.  

λ Τ

The epoxide resin has the dielectric constant ε = 2.7. 
The acetonitrile has ε′  = 36.8, ε″ = 3,64 at  = 1.5cm λ
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and T = 200С [10,11]. From the joint solution of the 
equation system (1) – (4) it is followed that the conditions 
of non-reflecting radiation absorption are carried out at 
the volume concentration of liquid phase at ϕ = 0.077 and 
absorber layer thickness l = 0.173sm close to 4/gλ       
(at N =1).   

     

The practical possibility of covering formation on 
the base of composition materials utilized the residual and 

often undesirable electromagnetic radiation which can be 
used for the defense of living organisms from SHV 
harmful influence, in location technique and also in other 
technique regions where the necessity in electromagnetic 
radiation absorption of the given frequency appears, has 
been considered in the given work. Besides, the 
possibility of covering selectivity and sensitivity 
improvement absorbing the electromagnetic radiation is 
considered.

     
CONCLUSION 

_______________________________ 
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