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                      (5) 

 

Here :  ,   ,  
 

 
 
One can find the wave functions and hole spectrum 

analogously. In further calculations we will consider and 

 parameters similar to electrons and holes for the 
simplicity and the difference between electron and hole 
occurs from different values of effective masses of particles 
and signs of their charge. 

The absorption coefficient is described by the following 
expression [13] in the case of nondegenerate gas in first order 
of perturbation theory on constant of electron-phonon 
interaction:  

                                          

 
(6)      

where :  is real part of dielectric constant, is photon 
wave vector,  is electron distribution function, 

multiplier  takes into consideration the 

stimulated photon emission. 
The operator of electron-photon interaction has the 

form:   
 

           

 
where: is vector potential of homogeneous magnetic field, 

is photon polarization vector. 
The normalizing constant of distribution function in (6) 

is found from the condition:  
 

                      

 Here  is electron number in volume unit. 
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 L=Кλ/βcosθ                              (1) 
 

where L is crystallite size, λ is X-ray radiation wave 
length (λ=1.54А), K is constant which is equal to 0,94,    
β is peak half-width in radians, θ is peak diffraction angle. 
The calculations show that average size of CdS, defined 
by this formula, is 22,2m.  

 

     
Fig. 1  Diffractogram of CdS/PVS nanocomposite 

      
 In [22, 18] the cadmium sulphide nanoparticles with 

cubic modification are obtained analogously by ultrasonic 
processor. Only in this case the power of uiltrasonic 
processor is 100W and frequency is 40kHz. The particle 
sizes are 3,3nm.  

  The investigation of [17-22] shows that there is no 
correlation between medium parameters (frequency and 
power) and structure of obtained nanoparticles. In [21]   
(ν = 23kHz, Р = 200W), [22]  (ν = 40kHz, Р = 100W), 
[18] (ν = 40kHz, Р = 100W) the structures are cubic 
ones. In [17] (ν = 20kHz, Р = 60W), [20] (ν = 23kHz, 
Р = 200W) structures are hexagonal ones. In our 
experiments the radiation frequency ν=20kHz, and 
radiation power Р = 200W. It is known that formation 
temperature of hexagonal phase is higher than 
formation temperature of cubic one. However, in 
nano-systems the nanoparticle thermodynamic state 
can influence on stability of formed phase.  The 
deposition into surface energy change can be taken 
from particle form and also the type of stabilizing 
agent. 

The optical properties of obtained samples are 
investigated on UV-V is spectrophotometer SPECORD 
250 of Analytic Jena firm. The transmission spectrums of 
CdS/PVS samples and (αh )2 dependence on (h ) photon 
energy are shown on Fig.2. As it is known, the absorption 
coefficient for straight-band semiconductors is defined as 
[23]       

                
                     (2) 

 
The forbidden bandwidth is defined on the basis of 

this dependence. The forbidden bandwidth is 3,62eV. It is 
known that the forbidden bandwidth depends on sizes in 
following way [24]:   
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where Eg is forbidden band width for nano-particles, 
Egb – for volume crystals,   is effective dynamic 
mass of electrons and holes in nano-particles of 
cadmium sulfide, d is average size of nano-particles.  

eh

eh

mm

mm


                           (4) 

where hm   is hole effective mass, em  is electron 

effective mass. As it is mentioned in [23, 24], 
effective mass of electrons and holes in the particles 
should differ from effective mass in volume  of 
crystals. The particle average size calculated on 
formula (3) is 1,39nm. Note that the values of 
effective mass of electrons and holes for cadmium 
sulfide crystals are used at calculation of particle 
sizes at the formula (4). The values of forbidden band 
width for volume crystals CdS is Eg = 2,42 eV [6]. 

          

 
Fig. 2. The transmission spectra of CdS/PVS      
            nanocomposite and the dependence (αh )2 on       
              photon energy    

 
The values of particle average size, defined by 

Debye Scherrer formula, strongly differs from these 
values and is equal to 22,2nm. Obviously, this is 
connected with the difference of effective masses in 
crystals and nano-particles.  
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  The value of effective dynamic mass of charge carriers 
in cadmium sulfide nano-particles is defined on the basis 
of particle sizes defined by X-ray diffraction and 
forbidden band width defined on the basis of optical 
spectra from formula (3). The calculated values of 
effective dynamic mass of charge carriers is   = 0,001 
that essentially differs from  = 0,1556 value for volume 
crystals. 

  Thus, the cadmium sulfide nano-particles are obtained in 
the given ref by acoustochemical method, their structure 
and optical properties are investigated.  It is shown that 
effective mass values in obtained nano-particles 
essentially differ from cadmium sulfide volume crystals. 
The crystalline structure of CdS nanoparticles depends on 
formation condition.  

___________________________ 
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AB INITIO INVESTIGATION OF INFRARED OPTIC PHONON MODES 

 SPLITTING IN TlSe CRYSTAL 
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The calculation technique of a splitting of infrared optical phonon frequencies on longitudinal and transverse modes is described. The 

analysis of splitting at the Brillouin zone center and influence of these splitting on phonon spectrum is carried out on the base of TlSe phonon 
spectrum derived from ab initio calculations, performed earlier in our papers.  

 
Keywords: TlSe, chain crystal, ab initio calculation, pseudopotential, phonon spectrum, LO-TO splitting  
PACS: 534.63  
 

The splitting of phonon frequencies on longitudinal-
optic (LO) and transverse-optic (TO) modes is investigated at 
the Brillouin zone (BZ) center on the base of phonon 
spectrum  obtained from ab initio calculations for tetragonal 
chain crystal TlSe [1]. The calculation is carried out with 
norm-conserving relativistic ionic Hartwigsen-Goedecker-
Hutter pseudopotentials 2] in local density approximation [3] 
of density functional perturbation theory [4] using ABINIT 
program package [5] within the framework of linear response 
function [6]. Firstly the equilibrium structural and lattice 
parameters of TlSe crystal are calculated in [7]. The 
optimization procedure for the definition of structural 
parameters of crystal equilibrium position is carried out up to 
force gradient becomes less than 10-7 Ha/Bohr. The solving of 
such type tasks requires the crystal total energy calculations 
and search of total energy minimum. Kohn-Sham equations 
[4] are solved and wave functions and electron energy are 
calculated with this aim by the conjugate gradient 
minimization method [8] for considered crystal structure. The 
plane waves with energy not exceeding 20 Ha are used for 
wave function expansions. The correlation effects are taken 
into account by Ceperley-Alder-Perdew-Zunger scheme [9]. 
The BZ integration is carried out using Monkhorst-Pack 
2 2 2 k-points grid [10]. Phonon spectrum of TlSe crystal 
was investigated earlier from model calculations in [11]. The 
9 adjustment parameters are introduced and adjustment 
procedures for 11 experimental optic phonon frequencies 
defined for BZ center from infrared (IR) lattice reflection (5 
frequencies) and Raman (R) spectrum (6 frequencies) in [11] 
for phonon spectrum calculation with the use of interatomic 
interaction model accepted by authors. However, some 

phonon frequencies known from the experiment cannot be 
identified. The accepted model also does not allow to 
calculate the LO- and TO splitting of IR-active phonon 
frequencies at the BZ center and the effect of splitting on the 
whole spectrum. 

The comparable analysis of phonon frequency values 
calculated from ab initio procedure with the ones obtained 
from experiments on neutron scattering [12], IR- and R-
reflection [13, 14] and from model calculations [11] is given 
in the [1]. It is revealed that phonon bands of TlSe are 
divided on two groups by forbidden gap in the frequency 
region 110 140 cm-1, and each group is divided on two 
subgroups with the assumption the picture of phonon density 
of states. The lowest optic phonon frequency at  point of BZ 
is 16.8 cm-1 (exp.: 26 cm-1

) with symmetry Г9 (A2u), IR-
active; and the biggest one is 203.5 cm-1 (exp.: 204 cm-1) 14  
with symmetry Г4 (B2g), R-active. In phonon spectrum of 
TlSe crystal along K symmetry line connecting the points P 
and R of BZ the phonon bands are doubly degenerated as a 
result of symmetry with respect to time reversal. The strong 
dispersion is observed in the direction of the chains along the 
symmetric lines D and A in separate branches of the main 
lower group. The comparably weak dispersion is observed 
perpendicular to chains for  and G symmetry lines. It is 
revealed that the weak anisotropy is observed in phonon 
spectrum and values of elastic constants of strongly 
anisotropic compound TlSe, contrary to expectations [15]. 

It is known that crystal total energy is related to the 
macroscopic electric field, riq

mac eE0E , by the 
following expression [16]: 

             

                                        
,EueZE

8
uM

2

1
)E,u(E mac

222

0mac mac                                    (1) 

 
here М - mass of considered atom, u - displacement of the 
atom from its equilibrium position, Ω - the unit cell volume, 

 - dielectric constant, Z* - Born effective charge,  e - 
elementary charge, ω0 - frequency of the considered mode in 
the absence of an electric field. The values of the Born 
effective charge and dielectric constant tensors are calculated 
in [17].  

At presence of intra-crystalline electric field the relative 
force acting on considered two crystal atoms, is defined by 
the following expression: 
 

            
.2

0 maceZuM
u

F E
E

                   (2) 
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The following conditions should be satisfied in the static 
limit and without activity of external forces: 
 

 ,0macq E  .0macDq                 (3) 
 
For transverse optic (TO) modes  u0  q, i.e. Emac = 0 

and relative force is as follows: 
 

                                       uMF 2

0
,                            (4) 

 

and transverse modes of phonon frequencies are 0= TO . 
For longitudinal optic (LO) modes u0 || q, i.e. Emac = 0, 

Dmac = 0 and relative force is: 
 

        
.

4 22
2

0 u
M

Ze
MF                  (5) 

 
The longitudinal modes of phonon frequencies are 

expressed as follows: 
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LO

22
2

0

4
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It is necessary to consider the macroscopic electric field 
accompanying by collective atomic vibrations at phonon 
wave vector q = 0. In general case, taking into consideration 
the exact corrections, the matrix of intra-atomic force 
constants can be expressed as a sum of analytic and non-
analytic contributions [16]: 
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Here, depending on the direction, the non-analytic limit is 
expressed as: 
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where Ω0 is the volume per atom. Note that matrix 
eigenvectors )0q(C

~  cannot be identified with vectors

)0q(C
~ . 

Thus, the vibration modes corresponding to phonon 
frequencies in the direction perpendicular to the wave vector 
q, split into two parts. The expression that relates LO- and 
TO-modes is as follows [16]: 
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Here, 

,mS  is the tensor of mode-oscillator strength and  
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Fig. 1.The TlSe phonon band spectrum calculated for  and  

symmetry lines  and LO-TO splitting at  point.  
 

The TlSe phonon band spectrum  calculated for  and  
symmetry lines outgoing from the BZ center,  with taking 
into account splitting at point IR-active optical phonon 
frequencies on LO and TO modes, is given in Fig.1. 
Symmetries of phonon modes in the figure are given in 
digital form.   

IR-active phonon frequencies calculated for TlSe from 
first principles [1] and defined from experiment [13, 14] are 
compared and grouped according to symmetries in Table 1. 
The relative error of the difference between splitted mode-
frequencies derived from ab initio calculations and 
experimental values are given in brackets. The frequency of 
longitudinal and transverse optical phonon modes in table are 
separated by slash.  

As can be seen, all values are in good agreement with 
each other. Only for one IR-active mode with symmetry Г9 
(A2u) the relative error in the calculated and experimental 
values (calc. 17.6 cm-1; exp. 26 cm-1 14 ) is significant  
(32%). This difference is due to the calculation difficulty of 
low-frequency optical phonon modes in the ab initio 
calculations.  
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Table 1. 
The comparison of phonon frequency values obtained from ab initio calculations for TlSe 

 at  point with values obtained from experiments on IR- and R-reflection [13,14]. 
 

Symmetry 
of optical 
phonon 
modes 

LO-TO-splitted phonon 
frequencies, (cm-1)  

 

Experiment 

[13] [14] 

Γ9 (A2u) 
 

17.6 (32%)/35.3 (3.8%) 26/33IR 26/34IR 

135.8 (0.1%)/177.2 (1%) 136/173IR 134/179IR 

Γ10 (Eu) 
 

42.1 (6.4%)/48.8 (2.4%) 46 /50IR 45/50IR 

96.1 (9%)/112.6 (4%) 88/103IR 88 /108IR 

166.3 (5%)/183.0 (4.6%) 158/175IR 158/175IR 

_________________________________ 
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