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ABSTRACT  
 

INVESTIGATION OF STRUCTURAL AND ELECTRONIC PROPERTIES 

OF ZNCDTE TERNARY ALLOY NANOSTRUCTURES 

 

 

 

Kurban, Mustafa 

Ph.D., Department of Physics 

Supervisor: Prof. Dr. Şakir Erkoç 

 

 

 April 2016, 145 pages 

 

 

Nanostructures, including II-VI compound semiconductors, have attracted 

enormous attention in a wide range of applications of nanotechnology due to the 

unusual mechanical, electrical and thermal properties under varying size, geometry, 

temperature and pressure when compared to corresponding bulk materials. However, 

these properties are not directly measurable by experiments because of the methods or 

the availability of the experimental tools, so theoretical models and computations play 

an important role in the study of the nanostructures to obtain detailed information on 

atomic and molecular structures. This is the reason why other techniques are being 

developed as simulation and modeling methods. This thesis aims to deepen into the 

structural and electronic properties of ZnCdTe ternary alloy nanostructures, such as 

nanoparticles and nanowires, by performing classical molecular dynamics computer 

simulations and density functional theory calculations. 

Key Words: CdZnTe nanostructures, Molecular Dynamics Simulations, Density 

Functional Theory, Heat Capacity, Stretching, Compression. 
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ÖZ 
 

 

ZNCDTE ÜÇLÜ ALAŞIM NANOYAPILARININ YAPILARI VE 

ELEKTRONİK ÖZELLİKLERİNİN İNCELENMESİ  

 

 

 

Kurban, Mustafa 

Doktora, Fizik Bölümü 

Tez Yöneticisi : Prof. Dr. Şakir Erkoç 

 

 

Nisan 2016, 145 sayfa 

 

 

Yarıiletken nanoyapılar, değişen boyut, geometri, sıcaklık ve basınç gibi 

faktörler altında eşsiz mekanik, elektrik ve termal özelliklere sahip olduğundan 

nanoteknoloji uygulamalarında önemli bir yere sahiptir. Ancak nanoyapıların bu 

özellikleri, deneysel araçların kullanılabilirliği ve metodların yetersizliğinden dolayı 

doğrudan deneysel araştırmalar ile ölçülemez. Bu nedenle teorik modellemeler ve 

hesaplamalar, atomik ve moleküler yapılar hakkında detaylı bilgi elde etmek için 

önemlidir. Bu tezde, üçlü CdZnTe nanoyapılarının yapıları ve elektronik özellikleri 

klasik molekül-dinamiği benzetişimi ve yoğunluk fonksiyonu teorisi ile incelenecektir. 

Anahtar Kelimeler: CdZnTe Nanoyapıları, Molekül-dinamiği Benzetişimleri, 

Yoğunluk Fonksiyoneli Kuramı, Isı sığası, Gerdirme, Sündürme.   
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CHAPTER 1 
 

 

                                    INTRODUCTION 
 

 

 

Nanostructures have attracted enormous attention in a great deal of applications 

in biomedical, optical and electronic fields because of the unusual mechanical, 

electrical and thermal properties under varying size and geometry when compared to 

corresponding bulk materials. Especially, many nanostructures including II-VI 

compound semiconductors have been studied both experimentally and theoretically 

due to their numerous important applications [1]–[3]. Among the semiconductors, 

cadmium-zinc-telluride (CdZnTe, CZT or Cd1-xZnxTe) has been the subject of 

intensive research for its implementation into many commercial systems and variety 

of applications that are used in solar cells, optoelectronic devices, nano-field-effect 

transistors, x-ray and γ-ray detectors for medical, industrial imaging systems and 

security fields [4]–[8] as well as space applications at room temperature. This 

increasing interest is due to the special detection performance of CdZnTe due to its 

high average atomic number ensuring high stopping power, suitable wide band-gap 

giving high resistivity which allows low leakage-current, good electron transport 

properties, flexibility in configuring contacts and applying a homogeneous electrical 

field across the device [9], [10]. These features provide high energy resolution and 

efficient radiation detection at room temperature. However, CdZnTe devices still face 

many challenges and drawbacks. One of the drawbacks is the understanding of the 

surfaces of CdZnTe detectors and surface effects on detector quality and performance. 

Another major drawback is the quality of bulk crystals that are commercially available 

because commercial crystals have large concentrations of extended defects such as 

twins, grain boundaries, tellurium inclusions, precipitates and dislocations. Therefore, 

the focus of much of the research into CdZnTe at present is to eliminate the effect of 

these defects by improving the yield of the continuum of growth and limiting the 

quantity of crystal failures and impurities formed to produce material with high purity, 

large single crystal volumes. 
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Extensive literature survey revealed that little attention has been paid to 

cadmium-zinc-tellurium nanostructures in spite of their chemical and technological 

important. Therefore, in this thesis, the structural, electronic, mechanical and thermal 

properties of CdZnTe nanostructures such as nanorods (nanowires), small clusters and 

nanoparticles have been investigated. Using atomistic molecular dynamics method 

(MD) and density functional theory (DFT) one can get information to synthesize and 

develop a new functional nanostructured materials. By controlling the nanostructure 

size and by increasing the number of nanostructures such as nanoparticles and 

nanorods one can get information to guide the experimentalists. It should be noted that 

CdZnTe crystals have a variety of applications but the discussion is mostly about its 

nanostructures and a brief literature survey. 

1.2. Physical Properties of CdZnTe  

1.2.1 Crystal Structure  

 

The CdZnTe compound crystallizes into the zinc-blende (ZB) (or Zinc Sulfide) 

structure as shown in Figure 1. In the alloy Cd1-xZnxTe the Zn atoms randomly 

substitute the Cd atoms of the crystal with a fraction of x. The structure of CdZnTe 

alloy is generally described as a face centered cubic lattice with a cubic crystal system 

given by 

 𝜎1 = (0,0,0) 

 𝜎2 = (1
4⁄ 𝑎, 1

4⁄ 𝑎, 1
4⁄ 𝑎) 

The Zn and Cd concentration profiles determine the homogeneity of these mixed 

crystals, so x is crucial for obtaining a CdZnTe alloy with the required lattice 

parameter.  
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Figure 1: Zinc Blende Structure  

 

The experimental lattice parameter of CdTe and ZnTe is 6.482 Å and 6.104 Å, 

respectively [11]. The CdZnTe lattice constant can therefore be expressed using 

Vegard’s Law [12] given by  

𝑎(𝑥) = 𝑎1(1 − 𝑥) + 𝑎2𝑥. (1.1) 

 

In Eq. (1.1), 𝑎1 is lattice parameter of CdTe and 𝑎2 is lattice parameter of ZnTe, 

respectively. The diffference in the lattice parameters shows that Zn substitution of Cd 

atoms result in a small variation in the average of the unit cell dimensions. Some lattice 

constants of CdZnTe alloy with different Zn concentrations are tabulated in Table 1. 

Table 1: Lattice Constants [13], [14].   

Compound Lattice Parameter (Å) 

Cd0.95Zn0.05Te 6.495 

Cd0.9Zn0.1Te 6.441 

Cd0.7Zn0.3Te 6.364 

Cd0.5Zn0.5Te 6.287 
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The average lattice constant of the alloy Cd1-xZnxTe can also be found by 

Bragg’s law:  

𝑛𝜆 = 2𝑑𝑠𝑖𝑛(𝜃) (1.2) 

 

In Eq. (1.2), 𝜆 and 𝑑 are the wavelength of the incident radiation and the distance 

between crystal planes, respectively as well as 𝜃 and 𝑛 are the angle of incidence and 

a positive integer, respectively. Lattice constant is proportional the distance 

𝑑. Therefore, using the position of the diffraction peak, composition of Cd1-xZnxTe 

ternary alloy can be determined. 

Figure 2 shows the X-ray diffraction curve for Cd0.9Zn0.1Te. The amount of Zn 

in Cd0.9Zn0.1Te sample can be found from the position of the (220) peak which 

accurately determines the value of the lattice constant using Equation (1.2).  

 

Figure 2: The X-ray diffraction curve for Cd0.9Zn0.1Te. [15]. 

 

The knowledge of the lattice constant in especially important in the infrared detector 

industry. Commercial infrared Hg0.8Cd0.2Te detectors are mostly grown on 
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Cd0.96Zn0.04Te substrates due to matching of lattice constants, which suppresses the 

formation of an interface stress.    

1.2.2 Band Structure 

 

Band theory, in the solid materials, is dependent on the spatial periodicity of a 

lattice. This property does not exist in an alloy material due to local fluctuations in the 

composition. Thus, it is difficult to obtain the band structure of ternary semiconductor 

CdZnTe. The band structure of CdZnTe is, in general, related with the structure of 

binary CdTe and ZnTe as a linear interpolation between those of two compounds. 

CdTe and ZnTe are binary alloy semiconductors with the forbidden gap and a direct 

band gap of  1.5 eV and 2.2 eV, respectively [16]. A direct band-gap materials are 

capable of emission of photon, thus these materials are useful for optical devices like 

light-emitting and laser diodes. Figure 3 shows the band structure for CdTe binary 

alloy. 

 

 

Figure 3.  Band structure of CdTe [17]. 
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The forbidden band-gap width can be modulated by a substitution of Cd atoms 

by atoms of Zn or Hg in the cadmium sublattice at room temperature. Figure 4 shows 

the modulation of band-gap with respect to the lattice constant for CdTe. The 

properties of CdTe may be improved by the addition of Zn to prepare the ternary alloy 

CdxZn1-xTe. Additional Zn atoms are randomly substituted throughout the crystal 

lattice for Cd atoms. The addition of the Zn reduces to the dislocation density in the 

crystal and to raise the band-gap energy. The increased band-gap decreases the number 

of thermal by generated carriers at room temperature resulting in a reduction in the 

detector noise due to leakage current in CdTe and allows for use at either lower photon 

energies or higher temperatures. CdZnTe crystals can also be grown to larger sizes at 

a reduced cost compared to CdTe crystals.   

 

 

Figure 4. Modulation of band-gap and lattice constant of CdTe by incorporation of Zn or Hg 

instead of Cd atoms [18]. 
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1.2.3. Phase Diagram  

 

A pseudo phase diagram of binary CdTe-ZnTe is depicted in Figure 5 [19]. The 

phase temperature-composition diagram has a liquidus curve and a solidus curve. The 

end points correspond to the melting point of pure CdTe and ZnTe respectively. The 

area between the two lines corresponds to two phases which are liquid and solid 

solution. The concentration of Zn in CdZnTe determines the melting point of Cd-Zn-

Te. The diagram indicates that the growth of CdZnTe occurs at high temperatures. 

From the phase diagram it can be seen that the CdZnTe forms a solid phase at all 

relative range of concentrations. It can also be seen from the phase diagram that there 

are no separate phases formed in the CdZnTe. Solidification problems, such as 

segregation, are encountered during the growth process at high temperature which 

results in non-uniformity in the stoichiometry. Moreover, the first solid to be 

completely melted includes more Zn atom than the value initially obtained from the 

average melting rate. 

 

 

Figure 5. Temperature-mole fraction phase diagram for CdTe-ZnTe pseudo-binary [19].  
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1.3. Potential Applications of CdZnTe 
 

The alloy CdZnTe which is a solid state semiconductor material that has been 

used in photo detectors, solar cells and light emitting diodes for a long time. In spite 

of that the materials has recently been used many potential scientific applications such 

as medical imaging, security and space science due to the desirable properties of 

ternary CdZnTe. Currently, there is a great demand for medical images technologies 

improved for cancer detection; a good example is the use of solid-state CdZnTe 

detectors (see Figure 6) in the detection of breast cancers by new medicine technique 

[20] that uses CdZnTe detectors in a mammographic configuration to ensure images 

with high-resolution for the breast. Another big application area, which is interest in 

CdZnTe technology, is security applications which are related mainly with monitoring, 

locating and radioactive materials such as nuclear plant monitoring and nuclear 

weapons surveillance to ensure environmental remediation and safety. Finally the third 

area where CdZnTe has been applied, is space sciences applications. By utilizing 

CdZnTe technology astronomers are able to study a diverse range of phenomena 

ranging from the study of γ-ray bursts to studying the composition of planets and 

asteroids. 

 

Figure 6. The LumaGem molecular breast imaging (MBI) camera is a dedicated breast 

imaging system with cadmium zinc telluride (CZT) digital detectors [20]. 
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1.4. Nanostructured Materials  
 

At the nanoscale, the physical and chemical properties of materials are different 

from their bulk counterparts. In the recent decades, nanostructured materials, such as 

nanoparticles, quantum dots, nanowires and nanotubes, have received a great deal of 

caution from the commercial and scientific area because of their unique properties and 

potential applications [21]. There are various kinds of nanostructures with a range of 

dimensionality. The nanostructures are classified using dimensionality as zero-, one-, 

two- and three-dimensional. Figure 7 schematically shows some examples of this 

classification of nanostructures [22]. This section focuses on zero-, one- and two- 

dimesional nanostructures.  

 

 

Figure 7. Types of nanocrystalline materials by the size of their structural elements: 0D 

clusters; 1D nanotubes, fibers and rods; 2D films and coats; 3D polycrystals [22]. 

 

1.4.1 Zero-Dimensional (0D) Nanostructure 

 

Zero-dimensional nanostructures or quantum dots are the smallest building 

blocks of nanoscience and nanomaterials design [23]. Quantization occurs in all three 

directions at the nanoscale. This means that the conducting electrons are localized. It 

is an important issue to segregation phenomena which means how atoms gather 

together to create a nanoparticle and how the physical and chemical properties of a 

http://eng.thesaurus.rusnano.com/wiki/article947
http://eng.thesaurus.rusnano.com/wiki/article1391
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nanoparticle change when its structural properties changes in terms of temperature or 

composition of atoms in the nanoparticle. Nanoparticles, nanocrystals, nanopores, 

atomic clusters and fullerenes are examples of 0D nanostructures. Nanoparticles are 

exist on a nanometer scale which are several hundreds of nanometers in diameter. They 

can possess physical and chemical properties that vary dramatically with the size [24] 

which makes them desirable in materials science and understanding the biological 

processes [25]. They are also used in many commercial products ranging from 

catalysts [26]–[28] to cosmetics [29]. 

 Moreover, recent developments show that the size and charge of the 

nanoparticles influence their biodistribution in mice [30]. Figure 8 shows some 

examples of nanoparticles used in chemistry and medicine.  

 

 

Figure 8. TEM image of Silica nanoparticles (A) [31] and Gold–dendrimer nanoparticles 

and their biodistibution in vivo (B) [30]. 

 

Nanoparticles including II-VI compound semiconductors, such as binary 

CdTe, ZnO, ZnSe, ZnS and ternary CdZnTe, HgCdTe and HgZnTe are used in many 

scientific applications including biological labelling [32], light-emitting devices [33], 

and solar cells [4]. For example, the ZnO nanoparticles are used as a sunscreen 

ingredient because of their transparency, which increases the usage of the sunscreen 

[34] for a given concentration and its effectiveness of blocking against harmful 
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ultraviolet-A (UVA) [35] to be harnessed to fight cancer or to help deliver drugs in a 

controlled manner. In addition, binary CdTe nanoparticles give rise to a better signal-

to-noise ratio in confocal laser scanning microscopy (CLSM) measurements as shown 

in Figure 9 [36]. However, accurate physical and chemical properties of binary 

nanocrystals are not possible due to changes in particle size which causes problems in 

many applications [37], [38]. But ZnxCd1-xTe nanocrystals, which are ternary 

composition-tunable semiconductor nanocrystals, have been found to be synthesized 

successfully and their shape can be controlled by changing the stabilizer system and 

synthesis temperature [32]. It has also been observed that ternary ZnCdTe 

nanoparticles can be shape-controllable when synthesized in aqueous media by a 

simple route [39]. 

 

 

Figure 9. CLSM images of CdTe NPs using covalent coupling (a) and (b) the layer-by-layer 

approach [36]. 
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1.4.2 One-Dimensional (1D) Nanostructure 

 

1D nanostructures arise as a result of confinement of the other two dimensions 

perpendicular to the longitudinal direction. The width of 1D nanostructures are 

generally less than a hundred nanometers and their length to diameter ratio can reach 

up to one thousand. In the reduced dimensions and bulk properties in the other 

dimension the nanostructures are also called quantum wires at this nano-level. 1D 

nanostructures such as nanowires, nanorods, nanotubes, nanoribbons and nanobelts 

have been fabricated and studied in the last decade due to their importance in a large 

number of potential applications. They have extensively been used in nanoelectronics, 

nanodevices, alternative energy sources and security [40]. Figure 10 shows some 

examples of nanorods used in recent applications.  

 

 

 

 

Figure 10. (a) The ZnO nanorods [41] and (b) SEM image from nanorods dispersed on a Si 

(001) substrate with a native oxide [42]. 

 

Numerous methods have been developed for preparing 1D nanostructures. For 

example, it  has been shown that solar efficiency can be boosted by up to 50% by 

harnessing acoustic vibrations in the environment by incorporating ZnO nanorods, 

which can convert rock music into electrical energy, substantially improving the 

(a) (b) 
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efficiency of the solar cell [41]. Moreover, a new technique has been developed to 

create “branched” nanorods and control their shape using biomolecules which enable 

more powerful heat pumps and devices at the nanoscale that harvest electricity from 

heat in nanoelectronics devices [42]. Besides these important developments and 

applications, achieving 1D growth of semiconductor nanostructures is also one of the 

focuses of intensive research. However, 1D nanostructures based on the ternary 

CdZnTe are difficult to synthesize due to their higher vapour pressure [43], [44], so it 

remains a large challenge. The p-type Zn0.3Cd0.7Te nanoribbons were synthesized to 

analyze the properties of crystal nanorod structures [6] and the X-ray detectors 

depending on the single-crystalline Zn0.75Cd0.25Te nanoribbon are analyzed at the 

nanoscale [45]. The experiment shows that the nanoribbon offers a considerable role 

in accordance with lower energy consumption at the nanoscale and high efficiency for 

improving its applications in the X-ray detection. Recently, ZnCdTe nanorods have 

been produced experimentally by adding certain stabilizers thioglycolic acid (TGA) 

and L-cysteine (L-Cys) in the lower growth temperature with increasing the refluxing 

time from 30 min to 60 min. It is found that the nucleation occurs at lower growth 

temperature [39]. In addition, a uniform stoichiometry of Cd1-xZnxTe nanowires have 

been grown using an electrodeposition technique including a template process used as 

a gamma ray detector by stacking the nanowire array templates [46]. Figure 11 shows 

the CdZnTe nanowires after 45 minutes of pulse deposition. The diameter of the wires 

was 70 to 100 nm and the length was approximately 2μm. As may be observed from 

the figure, the wire growth was initially straight from the nanoporous template and as 

the deposition time increased they started to get tangled. The tangling of nanowires 

can be attributed to overgrowth and to the insufficient length of the nanowires. 
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,  

Figure 11. SEM micrograph of the CdZnTe Nanowires after 45 minutes of pulsed 

electrodeposition. (inset shows magnified image of the nanowires) [46] 

 

The preparation of ternary CdZnTe nanowires could be great potential for 

making large area detectors. For instance, CdxZn1-xTe nanowires have recently been 

synthesized via a vapor-liquid method [47] to enhancement the detection sensitivity 

and potential and obtained highly crystalline nanowires without any crystal defects 

[47].  

1.4.3 Two-Dimensional (2D) Nanostructures 

 

2D nanostructures, such as nanoplates, nanosheets, nanowalls, have two 

dimensions outside of the nanometric size range. The nanostructures are especially 

curious both for a better insight on the mechanism of nanostructure growth and for 

investigating and improving new applications such as sensors, photocatalysts, 

nanocontainers, etc. for the structures of other materials [48].  

Recently, CdZnTe thin films have been taken attention at the nanoscale 

applications like solar cell and photovoltaic applications [49]–[51]. The reason is 

because the materials have appealing optical properties including optical absorption, 

refractive index and band-gap. 
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CdZnTe have been used in thin film synthesis via some techniques. For 

example, air-stable thin films of Cd0.23Zn0.77Te have been used to investigate the effect 

of particle size on controlling the physical and optical properties [52] by the inert gas 

condensation (IGC) technique which provides superior thin films at the nanoscale. 

Moreover, the nano-crystalline CdZnTe films were grown on glass and silicon 

substrates at room temperature by vacuum evaporation [53].  

In this thesis Chapters are organized as follows: Chapter 2 will give information 

on the theoretical methods which were used to simulate nanostructures. Results and 

discussion will be presented in Chapter 3. Chapter 4 lists the conclusions of the present 

work.
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CHAPTER 2 

 

 

                     METHODS OF CALCULATION 
 

 

 

Structural, electronic, mechanical and thermal properties of nanomaterials are 

theoretically investigated by performing classical methods such as molecular 

dynamics (MD), Monte-Carlo, and quantum mechanical methods such as density 

functional theory (DFT). In this thesis, both MD simulations and DFT calculations 

have been performed.  

 

2.1 Molecular Dynamics 

 

Molecular dynamics (MD) is a computer simulation method that permits one to 

explore the macroscopic properties of a system through microscopic trajectories and 

thus predict the time evolution of a system of interacting particles such as atoms and 

molecules. The MD simulations is consist of the numerical solution of Newton's 

equations of motion to determine the new positions of atoms or molecules in the 

system and to obtain forces, energies and trajectories. The equation of motion 

governing the behavior of the N-particle system 

𝑚𝑖
𝑑2𝑟𝑖

𝑑𝑡2
= 𝐹⃗𝑖(𝑟1, 𝑟2, . . . , 𝑟𝑁 ) = −∇⃗⃗⃗𝑖𝑉(𝑟1, 𝑟2, . . . , 𝑟𝑁 ).                       (2.1) 

In Eq. (2.1), 𝑉 represents the potential energy. 𝑟 and 𝐹⃗𝑖 are the position and force acting 

on the 𝑖’th particle, respectively. The first one is to describe the interaction potential 

and initial conditions and then this equation can be solved numerically for all particles 

in the system until the system is equilibrated and thus determined the evolution of the 

system in time.  
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In many cases, MD is concerned with macroscopic properties of the material which is 

composed of configuration sets distributed in terms of statistical distribution functions, 

but it is not related to trajectories of individual atoms. In statistical mechanics, the 

physical properties of a system are calculated by an ensemble which means a collection 

of systems [54]. There are various thermodynamical ensembles. These ensembles are 

the microcanonical (NVE), canonical (NVT), grand canonical (NPT) and isobaric-

isothermal (µVT). 

In this study, MD has been considered in a canonical ensemble to investigate 

some properties of CdZnTe ternary nanostructures. The number of atoms N, the system 

volume V, and the temperature T of the system and the total energy remain constant 

throughout this ensemble. Maxwell-Boltzmann velocity distribution is used to 

generate particle velocities at the corresponding temperature. The temperature of the 

system was kept constant by a thermostat during MD simulation. There are some ways 

to control the temperature such as simple velocity scaling and the Berendsen 

thermostat, the Langevin, Andersen and Dissipative Particle Dynamics thermostats 

and the Nosé-Hoover thermostat in a MD simulation. Among them, the Nosé -Hoover 

is used as the most common thermostat [55], [56]. However, it is difficult to implement 

Nosé-Hoover equations of motion into MD program directly. It is necessary to 

integrate the Newton’s equation indicated in Eq. (2.1) in small incremental times. 

There are some numerical techniques such as Verlet algorithm, Velocity Verlet, Leap-

frog algorithm, Beeman’s algorithm, Predictor-Corrector Algorithms, Nordsieck-Gear 

Predictor-Corrector Algorithm and Lanczos recursion algorithm to integrate the 

equation of motion indicated in Eq. (2.1) in MD simulation.  
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2.1.1 Algorithms to Integrate the Equations of Motion 

2.1.1.1 Verlet Algorithm 
 

Verlet algorithm [57], [58] is an integrator which expands the positions and 

velocities using Taylor series expansion to compute the new positions at the next time 

step using previous time step. Taylor expansion for the position 

𝑟(𝑡 + 𝛿𝑡) = 𝑟(𝑡) + 𝛿𝑡𝑣(𝑡) +
1

2
𝛿𝑡2𝑎(𝑡) +

1

3!
𝛿𝑡3𝑎̇(𝑡) + ⋯ 

 

 (2.2) 

 

 

𝑟(𝑡 − 𝛿𝑡) = 𝑟(𝑡) − 𝛿𝑡𝑣(𝑡) +
1

2
𝛿𝑡2𝑎(𝑡) −

1

3!
𝛿𝑡3𝑎̇(𝑡) + ⋯ 

  

 

 (2.3) 

 

It is obvious that the linear and third order terms are cancelled when these two 

equations are added, so the following result yields: 

𝑟(𝑡 + 𝛿𝑡) = 2𝑟(𝑡) − 𝑟(𝑡 − 𝛿𝑡) + 𝛿𝑡2𝑎(𝑡) + 𝑂(𝛿𝑡4)                   (2.4) 

In Eq. (2.4), the error in this algorithm is in the order of the 4th power. A 

drawback of the simple Verlet algorithm is that there is no velocity information in the 

evolution of position, but accelerations at time 𝑡 is required. However, the kinetic 

energy term is known for adjusting the temperature of the heat path. The velocities can 

be calculated by 

𝑣(𝑡) =
𝑟(𝑡 + 𝛿𝑡) − 𝑟(𝑡 − 𝛿𝑡)

2𝛿𝑡
  

  

(2.5) 

 

 

It is apparent that this algorithm estimates 𝑟(𝑡 + 𝛿𝑡) from the current position 

𝑟(𝑡) and the previous position 𝑟(𝑡 − 𝛿𝑡). This means that the Verlet algorithm is 

carried out in a two steps and thus the initial positions 𝑟(0).  
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2.1.1.2 Predictor-Corrector Algorithms 

 

Predictor-corrector algorithm [59] uses a neighborhood of a central path and 

estimates positions and velocities for next steps. It is composed of three numerical 

steps. In the first step, the position 𝑟(𝑡 + 𝛿𝑡) and velocity 𝑣(𝑡 + 𝛿𝑡) are estimated. In 

the second one is the forces at 𝑡 + 𝛿𝑡 using are evaluated the predicted position. This 

process is predicted by means of Taylor expansion 

 

𝑟(𝑡 + 𝛿𝑡) = 𝑟(𝑡) + 𝛿𝑡𝑣(𝑡) +
1

2
𝛿𝑡2𝑎(𝑡) +

1

3!
𝛿𝑡3𝑏(𝑡) + ⋯ 

 

             𝑣(𝑡 + 𝛿𝑡) = 𝑣(𝑡) + 𝛿𝑡𝑎(𝑡) +
1

2
𝛿𝑡2𝑏(𝑡) + ⋯ 

 

             𝑎(𝑡 + 𝛿𝑡) = 𝑎(𝑡) + 𝛿𝑡𝑏(𝑡) + ⋯ 
 

             𝑏(𝑡 + 𝛿𝑡) = 𝑏(𝑡) + ⋯                                                                      
                                             

 

  

 

 

 

 

 

(2.6) 

 

where 𝑏 is the time derivative of the acceleration 𝑎 at time 𝑡. Performing some 

modifications and eliminations in the Taylor expansion, the values 𝑟𝑝, 𝑣𝑝, 𝑎𝑝 and 𝑏𝑝 

are obtained. The gradient of the potential at the predicted positions gives the force 

and the new predicted acceleration. The difference between the force and acceleration 

gives an error signal. Final step is related to correction of the positions and their 

derivatives. 

2.1.1.3 Nordsieck-Gear Predictor-Corrector Algorithm 

 

Nordsieck-Gear predictor corrector algorithm [60], [61] is a numerical 

integration technique on the basis of the Taylor expansions of the positions, velocities 

and some derivatives as shown in Eq. (2.7) 

𝑟(𝑡 + 𝛿𝑡) = 𝑟(𝑡) + 𝛿𝑡𝑣(𝑡) +
1

2
𝛿𝑡2𝑎(𝑡) +

1

3!
𝛿𝑡3𝑞3(𝑡) + ⋯ +

1

𝑘!
∆𝑡𝑘𝑞𝑘(𝑡) + ⋯ 

 

𝑣(𝑡 + 𝛿𝑡) = 𝑣(𝑡) + 𝛿𝑡𝑎(𝑡) +
1

2
𝛿𝑡2𝑞3(𝑡) +

1

3!
𝛿𝑡3𝑞4(𝑡) + ⋯ +

1

(𝑘 − 1)!
∆𝑡𝑘−1𝑞𝑘(𝑡) + ⋯ 
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𝑎(𝑡 + 𝛿𝑡) = 𝑎(𝑡) + 𝛿𝑡𝑞3(𝑡) +
1

2
𝛿𝑡2𝑞4(𝑡) +

1

3!
𝛿𝑡3𝑞5(𝑡) + ⋯ +

1

(𝑘 − 2)!
∆𝑡𝑘−2𝑞𝑘(𝑡) + ⋯ 

 

𝑞𝑖(𝑡 + 𝛿𝑡) = 𝑞𝑖(𝑡) + 𝛿𝑡𝑞𝑖+1(𝑡) +
1

2
𝛿𝑡2𝑞𝑖+2(𝑡) +

1

3!
𝛿𝑡3𝑞5(𝑡) + ⋯ +

1

(𝑘 − 𝑖)!
∆𝑡𝑘−𝑖𝑞𝑘(𝑡) + ⋯ 

                                                                                                                            (2.7)  

 

where 𝑟(0) is the position at time 𝑡 + 𝛿𝑡, 𝑟(𝑘) is its derivatives with 𝑟(0) = 𝑟, 𝑟(1) =

∆𝑡𝑣(𝑡), 𝑟(2) = ∆𝑡2𝑎(𝑡), … … … … … 𝑟(𝑘) =
𝑞

𝑘!
∆𝑡𝑘(𝑡) at time t, 𝑞𝑘(𝑡) =  

𝜕𝑘

𝜕𝑡𝑘 𝑟(𝑡) and 

𝑖 = 3,4, ….The derivatives 𝑟(0), 𝑟(1), 𝑟(2) , … are predicted at time 𝑡 + 𝛿𝑡 using Taylor 

expansion at time t. Then, the predicted positions and their derivatives are corrected to 

calculate correct accelerations. The difference between the predicted and evaluated 

accelerations yields a measurement for the predictor step error utilized to develop the 

predicted values in the corrector step. 

In this study, the seventh order predictor–corrector method is used to solve the 

equations of motion for many-body potential energy function (PEF).  

2.1.1.4 Lanczos Recursion Algorithm 

 

The Lanczos algorithm technique is related to transformation of a large full matrix 𝐻𝑖𝑗 

into a tridiagonal complex symmetric matrix of smaller dimension [62], [63].  Firstly, 

the algorithm specifies a beginning vector 𝑣𝑖
(0)

and defines  𝑣𝑖
(−1)

 as zero. It is taken 

into consideration the recursion relation 

𝑏𝑛+1𝑣𝑖
(𝑛+1)

= ∑ 𝐻𝑖𝑗𝑣𝑗
(𝑛)

𝑗

− 𝑎𝑛𝑣𝑖
(𝑛)

− 𝑏𝑛𝑣𝑖
(𝑛−1)

. (2.8) 

 

 

Using the orthonormality of the Lanczos vectors,  

 

∑ 𝑣𝑖
(𝑛)∗

𝑣𝑖
(𝑚)

= 𝛿𝑛𝑚

𝑖

, (2.9) 
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and getting the inner product of Eq. (2.8) with 𝑣𝑖
(𝑛+1)

, 𝑣𝑖
(𝑛)

 and 𝑣𝑖
(𝑚)

, separately, leads 

to 

𝑏𝑛 = ∑ 𝑣𝑖
(𝑛−1)∗

𝐻𝑖𝑗𝑣𝑗
(𝑛)

𝑖𝑗

 
(2.10) 

 

 

𝑎𝑛 = ∑ 𝑣𝑖
(𝑛)∗

𝐻𝑖𝑗𝑣𝑗
(𝑛)

𝑖𝑗

 
(2.11) 

 

 

0 = ∑ 𝑣𝑖
(𝑚)∗

𝐻𝑖𝑗𝑣𝑗
(𝑛)

𝑖𝑗

 for |𝑚 − 𝑛| > 1 
(2.12) 

 

If matrix 𝐻𝑖𝑗 is taken a real and symmetric, then the Lanczos basis is to be real and 

also   

𝑏𝑛 = ∑ 𝑣𝑖
(𝑛)

𝐻𝑖𝑗𝑣𝑗
(𝑛−1)

𝑖𝑗

 
(2.13) 

 

Thus the matrix in the Eq. (2.13) has two inputs including diagonal (𝑎𝑛) and first sub- 

and super- diagonal (𝑏𝑛). The other inputs are zero. This tridiagonal complex 

symmetric matrix representation  𝐻̃𝑖𝑗 is used for many useful purposes. 

In addition, Lanczos recursion algorithm has been basic of the mathematical 

fragments of the Bond Order Potentials (BOPs). It is used to calculate Green functions 

which give the electronic structures for a tight-binding model [64], [65]. Therefore, it 

presents an important step toward quantum-based interatomic potentials in molecular 

dynamics to get the eigenvalues of very large matrices and to calculate other molecular 

properties. 

In this study, Lanczos recursion algorithm is used to solve the equations of 

motion for Bond Order Potential (BOP).  
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2.1.2 Potential Energy Functions 
 

The interactions among the particles, atoms or molecules are described by 

potential energy function (PEF) which is a parametric function. There are many 

potential functions which describe interparticle interactions. Empirical potentials 

(Bond Order Potential [66], Brenner potential [67]), pair and many-body potentials 

(Lennard-Jones potential [68], Tersoff potential [69]), semi-empirical potentials are 

among the examples. 

In this thesis, many-body PEF which is defined by Lennard-Jones and Axilrod-

Teller and bond order potential (BOP) have been used in the MD simulations. 

 

2.1.2.1 Lennard-Jones and Axilrod-Teller PEF 

 

In MD calculations, the total energy of a system is expressed by means of a many-

body PEF which is a linear combination of two- and three-body interactions. The 

explicit form of the total interaction energy function for N particles is given by  

Φ = 𝜙1 +  𝜙2 (2.14) 

 

where  

𝜙1 = ∑ 𝑈2

𝑁

𝑖<𝑗

(𝑟𝑖𝑗) 

 

(2.15) 

 

and 

𝜙2 = ∑ 𝑈3

𝑁

𝑖<𝑗<𝑘

(𝑟𝑖𝑗 , 𝑟𝑖𝑘, 𝑟𝑗𝑘) 

 

(2.16) 

 

In Eq. (2.15) 𝑈2 expresses the two-body pair interaction 
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𝑈2(𝑟𝑖𝑗) = 𝑈𝑖𝑗 = 𝜀0 [(
𝑟0

𝑟𝑖𝑗
)

12

− 2 (
𝑟0

𝑟𝑖𝑗
)

6

] 
 

(2.17) 

 

and the energies 𝑈3 express three-body interaction 

 

𝑈3(𝑟𝑖𝑗, 𝑟𝑖𝑘, 𝑟𝑗𝑘) = 𝑊𝑖𝑗𝑘 = 𝑍
(1 + 3 cos 𝜃𝑖 cos 𝜃𝑗 cos 𝜃𝑘)

(𝑟𝑖𝑗, 𝑟𝑖𝑘, 𝑟𝑗𝑘)
3  

 

(2.18) 

 

In Eq. (2.18) 𝑈2 and 𝑈3 represent the two-body interactions defined by the Lennard–

Jones function [70] and the three-body interactions defined by the Axilrod-Teller 

triple-dipole function [71], respectively. These parameters required for the calculations 

of two-body interactions, 𝜀0 and 𝑟0, are binding energy (dissociation energy) and the 

equilibrium interatomic distance for dimer molecules, respectively. Z in 𝑈3 is three-

body (intensity) parameter. 𝜃𝑖 , 𝜃𝑗 , 𝜃𝑘  and 𝑟𝑖𝑗 , 𝑟𝑖𝑘, 𝑟𝑗𝑘  are the angles and interatomic 

distance, respectively (see Figure 12). In the literature, a analogue PEF with different 

parameters has been utilized to study the properties of AlTiNi clusters [72], [73] and 

the structural properties of silicene nanoribbons  and Si nanorods [74], [75].  

 

Figure 12. Triplet configuration of atoms i, j and k in Eq. (2.18) [76]. 
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Making use of the available quantum mechanical calculation results and experimental 

data involving bulk cohesive energies, dimer dissociation energy, atomic distances for 

dimers and trimers of Zn, Cd, and Te (see Table 2), we have obtained highly accurate 

values for the needed parameters, (𝜀0, 𝑟0, 𝑍) of the PEF for Cd-Zn-Te system. The 

parametrization procedure is only a numerical search to obtain the predetermined 

geometry and energy of the system considered. First one is to fix two- and three-body 

parameters by utilizing the experimental and theoretical results and then acquire a 

structure having a good geometry and energy representing predetermined ones. This 

processing returned for the parameters up to obtaining the possible ideal outcome. The 

parametrization procedure of the PEF is presented in Ref. [77] for Zn, Cd and Zn-Cd 

which took into account only the two-body term. In addition to this, we have 

determined the potential parameters for Te, Zn-Te, Cd-Te and ZnxCd1-xTe systems to 

research some properties including structural and energetics of ZnCdTe ternary 

system. Thus, the new ZnCdTe atomistic potential effectively captures property of 

multiple Cd, Zn, Te, CdZn, CdTe, ZnTe, and ZnxCd1-xTe.  

Table 2. Potential parameters used in the calculations. 

Interaction 𝜀0(𝑒𝑉) 𝑟0(Å) Interaction 𝑍(𝑒𝑉 Å9)  Interaction 𝑍(𝑒𝑉 Å9) 

Zn-Zn 

Zn-Cd 

Zn-Te 

Cd-Cd 

Cd-Te 

Te-Te 

0.070a 

0.015a 

0.900c 

0.050a 

1.150 

1.200 

3.000a 

3.350a 

2.366c 

3.500a 

2.570b 

2.557d 

ZnZnZn 

ZnZnCd 

ZnCdCd 

ZnCdTe 

ZnZnTe 

ZnZnTe 

-490.0a 

-400.0a 

-500.0a 

2850.0 

2970.0 

2950.0 

CdCdCd 

CdCdTe 

CdTeTe 

TeTeTe 

-1750.0a 

2870.0 

2925.0 

3275.0 

 
    a[77],   b[78], c[79], d[80].  
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2.1.2.1 Analytical Bond Order Potential (BOP) 

 

Bond order potential (BOP) is analytically derived from quantum mechanical theories 

including the tight-binding model to describe atomic bonding [81]–[84]. For this 

purpose, a general analytic expression has been reproduced using tight-binding theory 

for the BOP by Pettifor and his collaborators [82], [83], [85], [86]. In the construction 

of the BOP [66], the total energy of a system including N atoms 𝑖 = (1,2, … , 𝑁) is 

defined as 

𝐸 =
1

2
∑ ∑ 𝜙𝑖𝑗(𝑟𝑖𝑗) − ∑ ∑ 𝛽𝜎,𝑖𝑗(𝑟𝑖𝑗). Θ𝜎,𝑖𝑗 − ∑ ∑ 𝛽𝜋,𝑖𝑗(𝑟𝑖𝑗). Θπ,𝑖𝑗,

𝑖𝑁

𝑗=𝑖1

𝑁

𝑖=1

𝑖𝑁

𝑗=𝑖1

𝑁

𝑖=1

𝑖𝑁

𝑗=𝑖1

𝑁

𝑖=1

 

 

(2.19) 

 

where 𝜙𝑖𝑗(𝑟𝑖𝑗) (repulsive energy) , 𝛽𝜎,𝑖𝑗(𝑟𝑖𝑗), and 𝛽𝜋,𝑖𝑗(𝑟𝑖𝑗) (bond integrals) are pair 

functions, and Θ𝜎,𝑖𝑗 and Θπ,𝑖𝑗 are many- body functions which represent 𝜎 and 𝜋 bond 

orders which are functions of the local environment of atoms 𝑖 and 𝑗, respectively. 

Neighbors of atom 𝑖 is represented as the list 𝑗 = 𝑖1, 𝑖2, … , 𝑖𝑁. The details of the BOP 

are given in Ref. [87]. 

In this study, MD simulations of spherical and cubic nanoparticles and 

nanowires have also been studied via LAMMPS (large-scale atomic/molecular 

massively parallel simulator) [88] using a recently developed CdZnTe analytical BOP 

[87]. The CdZnTe BOP represents the cluster and bulk properties of multiple Zn, 

CdZn, ZnTe, CdTe and Cd-Zn-Te structures compared with experiments and DFT data 

so far. The BOP with present parameters generate results consistent with experimental 

data for such properties as atomic energies and volumes, elastic constants, and melting 

temperature containing clusters, bulk lattices, point defects, and surfaces. Total of 82 

parameters such as one point-dependent, two and three body are determined for BOP 

of the CdZnTe by D. K. Ward and his collaboration [87]. The parameterization and 

physics of the BOP is given in detail in Refs. [66], [87]. 
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2.1.3 Periodic Boundary Conditions 
 

Periodic boundary conditions (PBC) are used in MD simulations to approximate a 

large system by using a small part. The system with PBC is constructed by copy a 

particle and its position from one cell to next as indicated in Figure 13. This copy 

creates a lattice in 1D, or 2D or 3D of space. When applying PBC, the number of 

particles is also conserved in the system. Consequently, the particles leave the cell 

from one side and then an identical copy reenters the cell through the opposite side. 

Particles lying within a 𝑟𝑐𝑢𝑡 radius (the radius is usually implemented when the force 

between two atoms is calculated.) distance (see Figure 13) of a boundary interact with 

particles in a neighboring cell.  The neighboring cell represents a copy of one of the 

particles in the simulation cell inasmuch as it is within the radius which is always 

chosen so that an atom can interact with only one image of any given particle in the 

simulation cell.  

 

Figure 13. Periodic boundary conditions in two dimensions [89]. 
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2.2 Density Functional Theory  

 

The density functional theory (DFT) is presently the most successful approach to solve 

exactly the electronic Schrödinger equation for the electronic wave function of a many-

body system. Feasibility of DFT is varied from atoms, molecules and solids to nuclei. 

DFT estimates a variety of electronic, optical and magnetic properties such as the 

vibrational frequencies, lowest total energies, density of state, UV-spectra etc. of 

atoms, molecules or larger systems. The main aim is to solve time independent 

Schrödinger equation for the electron density and obtain the molecular properties of 

any molecular system. For this purpose, several approximations are used to make DFT 

practically possible. 

2.2.1 Born-Oppenheimer Approximation 

 

The time-independent Schrödinger equation (non-relativistic) is defined as 

 

𝐻̂Ψ𝑖(𝑥⃗1, 𝑥⃗2, … , 𝑥⃗𝑁 , 𝑅⃗⃗1, 𝑅⃗⃗2, … , 𝑅⃗⃗𝑀 , ) = 𝐸𝑖Ψ𝑖(𝑥⃗1, 𝑥⃗2, … , 𝑥⃗𝑁 , 𝑅⃗⃗1, 𝑅⃗⃗2, … , 𝑅⃗⃗𝑀 , ),              (2.20) 

 

In Eq. (2.20), 𝐻̂ represents the Hamiltonian related to a system with M nuclei and N 

electrons: 

 

𝐻̂ = −
1

2
∑ ∇𝑖

2

𝑁

𝑖=1

−
1

2
∑

1

𝑀𝐴

𝑀

𝐴=1

∇𝐴
2 − ∑ ∑

𝑍𝐴

𝑟𝑖𝐴

𝑀

𝐴=1

𝑁

𝑖=1

+ ∑ ∑
1

𝑟𝑖𝑗

𝑁

𝑗>1

𝑁

𝑖=1

+ ∑ ∑
𝑍𝐴𝑍𝐵

𝑅𝐴𝐵

𝑀

𝐵>𝐴

𝑀

𝐴=1

 

 

(2.21) 

 

 

In Eq. (2.21), 𝑟𝑖𝐴 refers to the distance between electron and the nucleus. 𝑅𝐴𝐵 and 

𝑟𝑖𝑗 the distance between nuclei and between electrons, respectively. The terms 

appearing in Eq. (2.21) represent the kinetic energy of the electron and nucleus, 

attractive potential energy of the electron-nucleus and repulsive potential energy of 

electron-electron and nucleus-nucleus interactions [90], [91]. Furthermore, atomic 

units have been used. 
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Due to their masses, the nuclei move much more slowly than the electrons. Born and 

Oppenheimer [92] considered the electrons as moving in the field of the fixed nuclei, 

in which a molecule has zero kinetic energy and constant potential energy. The nuclei 

upon each electron can be written as an external potential: 

𝑉𝑒𝑥𝑡(𝑟) = − ∑
𝑍𝐴

𝑟𝑖𝐴
.

𝑀

𝐴=1

 

 

(2.22) 

 

 

Therefore, the Hamiltonian diminishes to  

 

𝐻̂𝑒 = −
1

2
∑ ∇𝑖

2

𝑁

𝐴=1

− ∑ 𝑉𝑒𝑥𝑡(𝑟)

𝑁

𝑖=1

+ ∑ ∑
1

𝑟𝑖𝑗

𝑁

𝑗>1

𝑁

𝑖=1

 

 

(2.23) 

 

 

electronic time-independent Schrödinger equation reads 

 

𝐻̂𝑒Ψ𝑒(𝑟1, 𝑟2, … , 𝑟𝑁) = 𝐸𝑒Ψ𝑒(𝑟1, 𝑟2, … , 𝑟𝑁) 

 

(2.24) 

 

 

While significantly simplified, this is still a very complicated equation due to the 

electron-electron interaction. This problem becomes intractable even for small systems 

with a few atoms. 

2.2.2 Hartree -Fock Approximation 

 

This method employs N electrons as occupying N different orbitals each of which can 

accommodate one electron. The Hartree product of the individual orbitals which is the 

simplest application to a many-body wave function of an N-electron system can be 

defined as, 

 

Φ(𝑟⃗1, 𝑟⃗2, … , 𝑟⃗𝑁) = 𝜙1(𝑟⃗1)𝜙2(𝑟⃗2) … 𝜙𝑁(𝑟⃗𝑁) 

 

(2.25)    
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However, the Hartree product does not satisfy the Pauli-exclusion principle on the 

antisymmetry property. The antisymmetry conditions are satisfied by using the 

Hartree-Fock method approximation [93], [94]. This approximation says that the best 

set of an atom with only one-electron wave functions in the form of Slater determinant 

represent the ground state. 

 

Φ(𝑟⃗1, 𝑟⃗2, … , 𝑟⃗𝑁) =
1

√𝑁!
|

𝜙1(𝑟⃗1)

𝜙1(𝑟⃗2)
⋮

𝜙2(𝑟⃗1) ⋯ 𝜙𝑁(𝑟⃗1)

𝜙2(𝑟⃗2)
⋮

⋯
⋱

𝜙𝑁(𝑟⃗2)
⋮

𝜙1(𝑟⃗𝑁) 𝜙2(𝑟⃗𝑁) … 𝜙𝑁(𝑟⃗𝑁)

|. 

 

 

(2.26) 

 

 

It is the Slater determinant which satisfies antisymmetry condition. It disappears if the 

set {𝜙𝑖} is linearly dependent. Especially, this condition occurs when it is concerned 

with two (or more) spin orbitals which are the same. Namely, two electrons cannot 

occupy the same quantum state. On the other hand, the Slater determinant which is an 

antisymmetric tensor is appraised by means of the Laplace expansion. 

The Slater determinant includes exchange term, however, Hartree-Fock 

method neglects correlations in the motion between two electrons with anti-parallel 

spins. Therefore, an exact solution of the Schrödinger equation is impossible using 

Hartree-Fock equations, but the solution is possible by resorting to a self-consistent 

method.  

2.2.3 The Electron Density 

 

The electron density is used that the ground-state total energy is the functional of the 

ground-state electron density in DFT calculations. It is described as the integral over 

the spin coordinates of all electrons and whole but one of the spatial variables 

(𝑥⃑ = 𝑟, 𝑠) 

                                𝜌(𝑟) = 𝑁 ∫ … ∫|𝜓(𝑥⃗1, 𝑥⃗2, … , 𝑥⃗𝑁)|2𝑑𝑠1𝑑𝑥⃗2 … 𝑑𝑥⃗𝑁                  (2.27) 

https://en.wikibooks.org/w/index.php?title=Linearly_dependent&action=edit&redlink=1
https://en.wikibooks.org/w/index.php?title=Laplace_expansion&action=edit&redlink=1
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𝜌(𝑟) determines the probability of existing any of the N electrons inside of a 

differential volume element 𝑑𝑟. The advantages of the density are obvious. The many-

body wave function is dependent on 3 spatial variables, but 𝜌(𝑟) is a positive function 

integrating to the total number of electrons, in which it is just the three spatial variables, 

which disappears at infinity for localized systems. 

 

                                  𝜌(𝑟 → ∞) → 0,        ∫ 𝜌(𝑟)𝑑𝑟 = 𝑁.                                  (2.28)  

 

 

 

     2.2.4 The Hohenberg–Kohn Theorem 

 

In 1960s, a method for obtaining the properties of any-electron systems was 

formulated by Hohenberg and Kohn [95]. In this method the electron density is directly 

used the basic quantity. In 1964, Hohenberg and Kohn indicated that the external 

potential could be written as an explicit functional of the density. The first Hohenberg-

Kohn theorem indicates that the density distinctively define all the properties of any 

system by the Hamiltonian operator. As a result, the ground-state total energy as a 

functional of the electron density is defined as  

                      𝐸[𝜌] = 𝑇[𝜌] + 𝑉𝑛𝑒[𝜌] + 𝑉𝑒𝑒[𝜌] = ∫ 𝜌(𝑟)𝑣(𝑟)𝑑𝑟 + 𝐹𝐻𝐾[𝜌],         (2.29) 

with the Hohenberg-Kohn functional,  

                                                                  𝐹𝐻𝐾[𝜌] = 𝑇[𝜌] + 𝑉𝑒𝑒[𝜌],                                (2.30) 

 

which includes the of the kinetic energy 𝑇[𝜌] and the potential energy 𝑉𝑒𝑒[𝜌] of the 

electron-electron interaction. The functional for the interaction is written as 

                              𝑉𝑒𝑒[𝜌] =
1

2
∬

𝜌(𝑟)𝜌(𝑟′)

|𝑟 − 𝑟′|
𝑑𝑟𝑑𝑟′ + 𝐸𝑛𝑐𝑙 = 𝐽[𝜌] + 𝐸𝑛𝑐𝑙 .              (2.31) 
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                       𝑉𝑒𝑒[𝜌] =
1

2
∬

𝜌(𝑟)𝜌(𝑟′)

|𝑟 − 𝑟′|
𝑑𝑟𝑑𝑟′ + 𝐸𝑛𝑐𝑙 = 𝐽[𝜌] + 𝐸𝑛𝑐𝑙 .                     (2.32) 

 

In Eq. (2.32), 𝐸𝑛𝑐𝑙 presents the non-classical contribution to the electron-electron 

interaction which includes self-interaction, exchange and Coulomb corrections. The 

obvious formalism of the functional 𝑇[𝜌] and 𝐸𝑛𝑐𝑙 is the main difficulty in DFT due 

to the unknown the functional.   

The second theorem of Hohenberg–Kohn states that the functional 𝐹𝐻𝐾[𝜌] provides an 

electron density which can be obtained from the total energy 𝐸[𝜌] of the ground state. 

This theorem is based on the variational principle, 

                                                  𝐸0 ≤ 𝐸[𝜌̃] = 𝑇[𝜌̃] + 𝑉𝑛𝑒[𝜌̃] + 𝑉𝑒𝑒[𝜌̃]                         (2.33) 

which supplies the necessary boundary conditions for any trial density 𝜌̃(𝑟) such as 

𝜌̃(𝑟) ≥ 0 and ∫ 𝜌(𝑟)𝑑𝑟 = 𝑁. 

 

     2.2.5 The Kohn-Sham Theorem 

 

In 1965, Kohn and Sham [96] introduced a method based on a functional of the 

electron density  in terms of the Hohenberg-Kohn theorem. In this method, the density 

of a system of interacting particles can be defined as the density under the impact of 

the effective external potential in which the non-interacting particles move, which is 

called the Kohn-Sham potential. This potential is composed of the external potential 

and the Hartree potential and the exchange-correlation (XC) potential is given as: 

                                          𝐸𝑋𝐶[𝜌] ≡ (𝑇[𝜌] − 𝑇𝑆[𝜌]) + (𝐸𝑒𝑒[𝜌] − 𝐽[𝜌])                    (2.34) 

which contains all the remaining contributions. The XC energy 𝐸𝑋𝐶 is the functional 

including everything that is unknown. 
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In practice approximations for the XC energy and its potential must be developed so 

that the electron-electron term is defined in accordance with the single-particle density. 

The correction to this term is named the correlation energy because the electron-

electron term is expressed as the two-particle density and not according to the single-

particle density. Exchange energy arises from the Pauli Exclusion Principle and the 

correlation energy comes from the repulsion between electrons. The explicit form of 

the ground- state total energy in terms of functional of density is: 

𝐸[𝜌] = 𝑇𝑆[𝜌] +
1

2
∬

𝜌(𝑟1)𝜌(𝑟2)

𝑟12
𝑑𝑟1𝑑𝑟2 + 𝐸𝑋𝐶[𝜌] + ∫ 𝑉𝑁𝑒𝜌(𝑟)𝑑𝑟 

=  −
1

2
∑〈𝜓𝑖|∇2|𝜓𝑖〉

𝑁

𝑖

+
1

2
∑ ∑ ∬|𝜓𝑖(𝑟1)|2

1

𝑟12

|𝜓𝑖(𝑟1)|2𝑑𝑟1𝑑𝑟2

𝑁

𝑗

𝑁

𝑖

+ 𝐸𝑋𝐶[𝜌] 

                                                    − ∑ ∫ ∑
𝑍𝐴

𝑟1𝐴

𝑀

𝐴

𝑁

𝑖

|𝜓𝑖(𝑟1)|2 𝑑𝑟1.                                     (2.35) 

   

     2.2.6 Exchange-Correlation Functionals 

 

It is important to know the exchange-correlation (XC) energy functional for a 

practical way to actually use the Kohn-Sham equations. On the other hand, the exact 

expression of the XC is not known in a closed mathematical form so that there are 

many approximating functionals which is developed and used with varying levels of 

complexity. The functionals  have been categorized by “Jacob’s ladder” (see Figure 

14) [97] and assigned to different rungs of ladder in terms of  the complexity of their 

ingredients The accuracy and cost of computation increase as one goes up the ladder.  

In addition, functionals including non-empirical or semi-empirical can be classified 

from density functional approximations to the XC energy in this ladder. 
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Figure 14: Schematic diagram of exchange-correlation functionals [97]. 

 

It is important to know the appropriate correlation functional for system studied to 

obtain good performance from DFT calculations. In this section, the XC functionals 

of this ladder shown in the diagram are given as a brief introduction to the most 

common types the functionals in extensive use. 

In the ladder, each rung represents a different level from lower to higher rungs. The 

lowest rung is local density approximation (LDA) [98], in which the XC energy is only 

dependent on the density at a point and that of the uniform electron gas of that density. 

Some of selected popular XC functionals of LDA are the Perdew-Zunger (PZ) [99], 

Perdew-Wang (PW) [100] and Vosko-Wilk-Nusair (VWN) [101]. In generalized 

gradient approximations (GGAs), on the next rung, the XC energy is taken to be both 

the density and its gradient at each point. GGAs are more accurate than LDA, but LDA 

is better for van der Walls (vdW) interaction. Moreover, GGAs decrease the bond 

dissociation energy error and improve transition-state barriers in general.  

The most popular GGAs include Perdew-Burke-Emzerhof (PBE) [102], Perdew-Wang 

91 (PW91) [103] Lee-Yang-Parr (LYP) [104], and Perdew86 (P86) [105]. GGAs are 

necessary to reasonably describe hydrogen bonds (HBs) [106]–[108] at all times. 
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In meta-GGAs, the XC energy depends on the density, its gradient and the KS kinetic 

energy density. Meta-GGAs are especially used for calculations on surfaces since they 

give better properties like surface energies than GGAs. Besides, the TPSS [109] 

functional belonging to meta- GGAs has been found to be more reasonable than LDAs 

and GGAs [110]–[112] in gas phase. 

The Hybrid-GGA functional is a mixture some XC functional with a GGA. It also 

gives better results for band gaps and reaction barrier heights then LDA and GGAs. 

Description of metals with LDA are worse than that of GGAs. The aim of meta-GGAs 

is to produce a highly accurate functional, without cost. Some of the hybrid methods 

are the B3LYP, [113], B3P86 [105], [113], B3PW91 [103], [114], B1LYP [115], etc. 

In this thesis, the B3LYP has been used as the functional. The exchange term of the 

functional uses components of the first- and second-order density matrices [116]. The 

correlation term is denoted by the Vosko, Wilk, and Nusair (VWN3) local correlation 

functional [101] together with the correlation term of Lee, Yang, and Parr [104]. 

The fourth functional is the hybrid meta-GGA. This functional is composed of meta-

GGA and hybrid functionals with appropriate parameters fitted to some molecular 

databases such as PW6B95 [117] which includes 6-parameter functional based on 

PerdewWang’91 exchange and Becke’95 correlation and MPWB1K [118]. 

 

     2.2.7 Basis Sets 

 

Basis functions are employed in all DFT implementations as a means of converting 

the integro-differential Kohn-Sham (KS) equations to a linear algebra formalism. This 

is achieved by means of expanding the KS orbitals in a suitable set of basis functions 

like exponential, polynomial Gaussian, Slater type orbitals, and so on. Among these 

functions, Slater and Gaussian functions are commonly used as the basis functions in 

molecular calculations. A Slater type orbital (STO) for an s-type atomic orbital (AO) 

has the form 
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𝑅(𝑟)𝑆𝑇𝑂 = 𝑁𝑒−𝛼𝑟 ,                                         (2.36) 

where 𝑟 is the radial distance from the nucleus, 𝑁 is the normalization constant, and 

𝛼 is the orbital exponent. A Gaussian type orbital (GTO) for an s-type AO with the 

same orbital exponent has the form   

𝑅(𝑟)𝐺𝑇𝑂 = 𝑁𝑒−𝛼𝑟2
.                                      (2.37) 

STOs are very suitable for expanding molecular orbitals because they have the correct 

shape, however, GTOs are preferred in practice because they allow for efficient 

computation of molecular integrals. Therefore, in practice STOs are used as a linear 

combination of enough GTOs. 

In this thesis, CEP-121G is used as atomic orbitals to calculate the electron orbitals. In 

this basis set the dependence of spin-orbit effects was averaged out and reproduced 

from an optimizing procedure based on an energy-overlap functional and from a 

numerical Dirac-Fock atomic wave functions using shape-consistent valence pseudo-

orbitals. CEP basis sets have been used especially in quantum chemistry to investigate 

the structure with heavy elements [119], [120] and also the equilibrium geometry and 

the spectroscopic properties of some small molecules [119]–[121]. 
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CHAPTER 3 

 

 

                         RESULTS AND DISCUSSION 

 

 

 

3.1 Structural Properties of ZnxCd1-xTe (x=0.25, 0.50 and 0.75) Ternary 

Nanorods: Molecular Dynamics Simulations 

 

3.1.1 Introduction 

 

The structural properties of ZnxCd1-xTe ternary nanorods for (x= 0.25, 0.50 and 0.75) 

have been investigated by carrying out MD simulations at various temperatures. An 

atomistic many-body PEF has been used to represent the interparticle interactions. It 

has been found that the structural properties of ZnxCd1-xTe ternary nanorods show a 

dependence on stoichiometry and temperature. 

3.1.2 Modelling and Calculation Procedure 

 

In this study, a Lennard-Jones and Axilrod-Teller PEF is used. Maxwell-Boltzmann 

velocity distribution is used to generate particle velocities. Nordsieck-Gear algorithm 

was utilized to solve the equation of motion. The cut-off radius of 7.0 Å was used for 

maximum interaction range. Thermal equilibrium was controlled by choosing a simple 

velocity scaling thermostat and the canonical ensemble (NVT, constant number of 

particles, volume, and temperature). Periodic boundary conditions were imposed along 

the rod axis (z-axis in our case). The temperature ranges are as the follows: 1 K and 

1500 K for Zn0.25Cd0.75Te, 1 K and 1800 K for Zn0.50Cd0.50Te, and 1 K and 2100 K for 

Zn0.75Cd0.25Te. The reason for the different temperature ranges for each model is due 

to different composition (stoichiometry) of each model. The systems were relaxed until 

they reach equilibrium energetically. A sample graph showing the energetic relaxation 
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for the model Zn0.50Cd0.50Te at 600 K is given in Figure 15. Depending on the 

composition and temperature the range of relaxation time varies as follows: Initially, 

Zn0.25Cd0.75Te, Zn0.50Cd0.50Te and   Zn0.75Cd0.25Te nanorods were equilibrated in 

45000, 30000 and 40000 time steps at 1K respectively. After that, time steps for 

Zn0.25Cd0.75Te, Zn0.50Cd0.50Te and Zn0.75Cd0.25Te are obtained by time averaging 

300.000, 160.000 and 250.000 between 300K and 2100K separately. ZnxCd1-xTe 

ternary nanorods with a lattice constant of 5.708 Å have a cubic crystal structure.  The 

initial cell sizes (x, y, z) of three ZnCdTe nanorod models considered in the present 

study are 10.6, 10.6 and 33.5 Å respectively. Cross section and side views of the initial 

structures of the three ZnCdTe nanorod models are shown in Figure 16. 

 

Figure 15. The energetic relaxation plot for Zn0.50Cd0.50Te nanorod at 600 K. 
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Figure 16.  Side and cross section views of the generated structures of (a) Zn0.25Cd0.75Te (b) 

Zn0.50Cd0.50Te (c) Zn0.75Cd0.25Te nanorod models. 

 

3.1.3 Results and Discussions 

 

The method of calculation described above has been applied to compute structural 

properties of ZnxCd1-xTe ternary alloys nanorods with Zn concentrations for x= 0.25, 

0.50 and 0.75. 

Figure 17 shows the number of Zn atoms variation with temperature for ZnCdTe 

nanorod models. As it can be seen from Figure 17, Zn atoms start to break up after 

about 300 K and disappear completely all the Zn atoms from the nanorods after certain 

temperature depending on the Zn concentration in the nanorod. In addition, the number 

of Zn, Cd and Te atoms remaining in terms of different temperatures for the three 
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ZnCdTe nanorod models is given in Table 3. It is apparent that there is no missing 

atom in all the models at 1K. 

  

 

Figure 17. The number of Zn atoms variation with temperature for ZnxCd1-xTe nanorod 

models. 
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Table 3. Number of atoms in the ZnCdTe nanorod models at different temperatures.  

T(K) Zn0.25Cd0.75Te Zn0.50Cd0.50Te Zn0.75Cd0.25Te 

 Zn Cd Te Zn Cd Te Zn Cd Te 

1 24 72 96 48 48 96 72 24 96 

300 24 72 96 47 48 96 65 24 96 

600 17 72 96 43 48 96 62 24 96 

900 5 72 96 24 48 96 52 24 96 

1200 2 72 96 12 48 96 29 24 96 

1500  71 96 3 48 96 13 24 96 

1800     48 96 5 24 96 

2100        24 96 

 

Figure 18 shows (a) the total interaction energies with respect to temperature and (b) 

the snapshots of Zn0.25Cd0.75Te nanorod at different temperatures. As can be seen from 

Figure 18, the structure of the Zn0.25Cd0.75Te nanorod changes depending on 

temperature. When the temperature reaches 900 K, the energy of the system begins to 

rise and after reaching 300 K, Zn atoms start to separate from the composition up until 

1500 K, where they then disappear completely. As temperature increases, a uniformly 

distributed Zn0.25Cd0.75Te nanorod becomes a more random distribution. The cross 

sections as well as the top view of the nanorods simulated are displayed in Figure 18 

(b). As seen in the Figure 18 (b) the change from the nanorod structure to the tubular 

structure takes place as a result of increasing temperature. 

Figure 19 shows (a) the total interaction energies with respect to temperature and (b) 

the snapshots of Zn0.50Cd0.50Te nanorod at different temperatures. As can be seen from 

the figure the structure of the Zn0.50Cd0.50Te nanorod shows a dependence on 

temperature increase and stoichiometry. When the temperature reaches 900 K, the 

energy of the system begins to rise. Zn atoms evaporate completely at a temperature 

of 1800 K and CdTe atoms remain and display a uniform structure. After reaching a 

temperature of 300 K, the nanorod starts to form a tubular structure as clearly seen 
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from the cross section of the side view. In addition to this, Zn atoms show a tendency 

to separate from the nanorod with temperature increase like the other composition 

(Zn0.25Cd0.75Te). However, Zn0.25Cd0.75Te and Zn0.50Cd0.50Te nanorods have different 

structural characteristics from each other. 

The total interaction energies with respect to temperature (a) and the snapshots of 

Zn0.75Cd0.25Te nanorod at different temperatures (b) are displayed in Figure 20 for 

x=0.75. Zn atoms in this model decrease significantly from 72 atoms to 0 atoms when 

the temperature increases from 1 to 2100 K. After reaching a temperature of 1800 K, 

only Cd and Te atoms remain in the nanorod. Unlike the other compounds, a three-

dimensional Zn0.75Cd0.25Te nanorod becomes a two-dimensional structure between 

1200 K and 1800 K. Figure 20 clearly shows both sides and cross section views. It is 

interesting to note that after reaching 1800 K a 2D structure changes to become 3D in 

some sort of capsule like structure connected with an atom chain.  
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Figure 18. (a) The total interaction energies with respect to temperature and (b) the 

snapshots of Zn0.25Cd0.75Te nanorod at different temperatures. 

 

 

 

(a) 

(b) 
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Figure 19. (a) The total interaction energies with respect to temperature and (b) the 

snapshots of Zn0.50Cd0.50Te nanorod at different temperatures. 

 

 

(a) 

(b) 



 

45 

 

 

     

Figure 20. (a) The total interaction energies with respect to temperature and (b) the 

snapshots of Zn0.75Cd0.25Te nanorod at different temperatures. 

(a) 

(b) 
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3.2 Investigation of the Structural Properties of CdTe and ZnTe Nanorods 

Under Heat Treatment: Molecular Dynamics Simulations 

 

3.2.1 Introduction 

 

A classical MD simulation using a recently developed CdZnTe atomistic many-body 

PEF is carried out to study the structural properties of CdTe and ZnTe binary nanorods 

at various temperatures. It has been explored that the structural properties of CdTe and 

ZnTe binary nanorods show a considerable a dependence on temperature. In the case 

of the ZnTe binary alloy, Zn atoms separate first and pure Te system remains, however, 

in the case of CdTe binary, both atoms remain even at high temperatures. 

 

3.2.2 Modelling and Calculation Procedure 

 

In this study, a many-body PEF is used depending Lennard-Jones and Axilrod-Teller 

functions. Thermal equilibrium was controlled by choosing a simple velocity scaling 

thermostat. The statistical averages were controlled in every 500 steps. The 

simulations are carried out by starting at 1 K, and then temperature is increased up to 

2400 K and 3300 K for ZnTe and CdTe binary nanorods, respectively. Initially, ZnTe 

and CdTe nanorods were equilibrated in 55000 time steps at 1 K. After relaxing the 

nanorods at 1 K, temperature increments with 300 K steps were applied. At each 

temperature increment, the systems are relaxed for about 0.21 ns [210000 time steps 

(each time step is 1.0 fs)] depending on the temperature of the nanorod studied. The 

systems are relaxed until they reach equilibrium energetically. Maxwell-Boltzmann 

velocity distribution is utilized to generate particle velocities at the corresponding 

temperature. The cut-off radius of 7.0 Å was used for maximum interaction range. 

Canonical ensemble (NVT) was utilized for thermal equilibrium. In order to build 

nanorod from the CdTe and ZnTe unit cells, a periodic boundary condition was 
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imposed along the rod axis (z-axis in our case). The initial cell size (x, y, and z) of 

both ZnTe and CdTe nanorod models considered in the present study are 10.6, 10.6 

and 33.5 Å, respectively. In these nanorod structures, there are 96 Te atoms and 96 Zn 

or Cd atoms in each model. The models presented and investigated in this study by 

MD simulations are the first in the literature. ZnTe and CdTe binary nanorods 

considered in this study are in cubic ZB structure with lattice constants 6.089 [122] 

and 6.481 [123] Å, respectively. Cross section and side views of the initial structures 

of the ZnTe and CdTe nanorod models are shown in Figure 21. 

 

 

Figure 21. Side and cross section views of the generated structures of (a) ZnTe and (b) CdTe 

nanorod models. 
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3.2.3 Results and Discussions 

 

Having fixed the atomistic potential parameters, we have used the ZnCdTe PEF in the 

simulations of nanorods of CdTe and ZnTe, by MD technique. The structures and 

energetics of the simulation results are displayed in the Figures 22-25.  

Figure 22 shows total energy variation with temperature for ZnTe and CdTe nanorods. 

As seen in figure, the total energy of the system begins to rise when the temperature 

reaches 900 K and after reaching 600 K. 

 

 

Figure 22.  Total energy variation in terms of temperature for ZnTe and CdTe nanorods. 
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Figure 23 shows side and cross-section views of the ZnTe at different temperatures. 

From Figure 23, we can see that the structure of the ZnTe nanorod changes 

significantly depending on temperature. As temperature increases, a uniformly 

distributed ZnTe nanorod becomes a more random distribution. The change from the 

nanorod structure to a 2D structure takes place until 1500K. After that, the 2D structure 

changes to become 3D in some sort of capsule between 1800 and 2100K. The 3D 

capsule structure starts to form a tubular structure at 2400 K as clearly seen from Figure 

23. 

Figure 24 displays side and cross-section views of CdTe nanorod at different 

temperatures. As can be seen from the figure the structure of CdTe nanorod shows a 

dependence on temperature increase. When the temperature reaches 900 K, the energy 

of the system begins to rise (see Figure 24). After reaching a temperature of 2100 K, 

the nanorod starts to form a capsule like structure as clearly seen in Figure 24. The 

structure forms a tubular structure at 3000K. Interestingly increasing temperature more 

causes the tubular structure to form a capsule like structure again. 

Figure 25 shows the number of atoms remaining in terms of different temperatures for 

ZnTe and CdTe nanorod models. Zn atoms in this model decrease significantly from 

96 atoms to 0 atoms when the temperature increases from 1 to 2400 K and pure Te 

system remains in the ZnTe nanorod model. Cd atoms separate at a temperature of 

3300 K; however, in this case; both atoms remain even at high temperatures in the 

CdTe nanorod model. It is interesting to note that the structures at low temperatures 

(even at 1 K) show a slight distortion, which is not expected at normal conditions. This 

is due to the weak pair interaction (𝜀0) between the atoms (in the order of 0.015 – 1.20 

eV) of the materials studied. Cd atom release from CdTe nanowires was also observed 

experimentally [47]. The present results showing atom release consistent with 

experimental findings. Figure 26 shows the experimental result of Cd atom release 

with respect to temperature. 
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Figure 23. The structures of ZnTe nanorod at different temperatures. Pictures show side and 

cross-section views. 
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Figure 24. The structures of CdTe nanorod at different temperatures. Pictures show side and 

cross-section views. 
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Figure 25. The number of atoms variation with temperature for ZnTe and CdTe nanorods. 

 

 

Figure 26. Cd atom release with respect to temperature in CdTe nanorod [47]. 

 

Zn-0% 

  Te-48% 

  Zn-15% 

  Te-48% 

  Cd-39% 

  Te-50% 

  Cd-18% 

  Te-46% 



 

53 

 

3.3 Mechanical Properties of CdZnTe Nanowires Under Uniaxial 

Stretching and Compression: A Molecular Dynamics Simulation Study 

 

3.3.1 Introduction 

 

Structural and mechanical properties of ternary CdZnTe nanowires have been studied 

via MD simulations using BOP. The simulation procedures are carried out as uniaxial 

stretching and compression at 1 K and 300 K. The results demonstrate that the 

mechanical properties of CdZnTe ternary nanowires show significant dependence on 

size and temperature under uniaxial stretching and compression. 

3.3.2 Modelling and Calculation Procedure 

 

CdZnTe compound crystallizes in the zinc-blende structure as shown Figure 1. The 

CdZnTe NWs considered have 263 and 641 atoms with the wire length of 70 Å in the 

y direction and a square cross section with lengths of 10 Å and 17 Å in the x- and z- 

directions, respectively. The generated view of the modeled NWs is shown in Figure 

27.  

 

Figure 27. The generated view of the modeled nanowires with (a) 263 atoms (model-1, M1) 

and (b) 641 atoms (model-2, M2). 
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Simulations were carried out with strain rate of 5% and at two different temperatures; 

the temperatures selected are 1 and 300 K. Nosé-Hoover thermostat and the canonical 

ensemble (NVT) are used to control thermal equilibrium during the whole simulations. 

In the computations, the heating procedure is applied, where the temperature of the 

system was equilibrated at 1 and 300 K for the CdZnTe NWs with different sizes and 

then applied uniaxial stretching and compression at the equilibrated temperatures. For 

both NW models in each stretching and/or compression step 50000 MD time steps (50 

ps) were found to be sufficient to achieve thermal stability at 1 K. Similarly at 300 K 

about 120000 MD steps (120 ps) were found to be sufficient to achieve the stability. 

Boltzmann velocity distribution was used to generate initial particle velocities at the 

corresponding temperature. The cut-off radius of 14.70 Å was used for maximum 

interaction range.  

The CdZnTe NWs were subjected to uniaxial stretching and compression by moving 

all the atoms in the y-direction (Figure 28).  

 

 

Figure 28. (a) Stretching model: The NW is stretched a length ΔL along its length. (b)   

Compression model: The same NW is compressed a length ΔL along its length. 
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A periodic boundary condition was adopted along the wire axis. In the stretching 

process the y-coordinate of all the atoms are changed as 𝑦𝑖 = 𝑦𝑖 ∗ 1.05, whereas in the 

compression process the y-coordinate of all the atoms are changed as 𝑦𝑖 = 𝑦𝑖 ∗ 0.95. 

The percentage of change in the length of the NW is calculated as: 

                                                                    𝛥𝐿𝑖 =
𝐿𝑖 − 𝐿0

𝐿0
∗ 100                                       (3.1) 

In Eq. (3.1), 𝐿𝑖  is the length at stretching step 𝑖 and 𝐿0 is the initial length of the NW. 

Strain energy is defined as 𝛥𝐸𝑖 = 𝐸𝑖 − 𝐸0 where 𝐸0 and 𝐸𝑖 are the total energy of the 

initial and stretching step 𝑖.   

3.3.3 Results and Discussions 

 

The mechanical properties of the simulated CdZnTe ternary nanowires are presented 

under the constant strain rate and at different temperatures. Strain energy with respect 

to strain and the snapshots of the corresponding stretched structures are shown for the 

NW M1 at 1K and 300 K in Figure 29. From Figure 29 (a), at 1 K the NW appears to 

preserve its overall structure under stretching and seems still undeformed until step 5 

(about 17.0% overall stretching with respect to the initial length). After stretching step 

5, the NW structure starts to be deformed, particularly from the end regions. The 

snapshot in step 6 (20.43%) indicates that the nanowire is broken. The simulation of 

the same structure at 300 K exhibits somewhat different consequences as seen from 

Figure 29 (b). In contrary with the low temperature (1 K) case, in which the break-up 

occurs at higher strain step, as the temperature goes up, the required strain for this 

phenomenon decreases, namely the NW is broken earlier at 300K. In addition, we can 

also see from the total energy changes and strain, the energy of the nanowire suddenly 

drops due to the break-up. 

In the second part of the simulation, the effect of the size (the cross-section area), 

which is an important parameter in the ductility of NWs, is investigated on the CdZnTe 

NWs at different temperatures, 1 and 300 K, and constant strain rate. The strain energy 

with respect to strain and the snapshots of the corresponding stretched structures for 
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CdZnTe NW M2 at 1 and 300 K are shown in Figure 30. From (a), the NW M2 has 

the most tendency to stretch at 1 K without completely the break-up until step 11 

(60.12%), which fragments into two pieces. Similar to M1 case, M2 also deforms 

earlier at 300 K and breaks at stretching step 6 (Figure 30 (b)). This characteristic of 

the strain energy-strain curve is shown in Figure 30 (a) and (b). 
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Figure 29. Strain energy (ΔE) with respect to strain (ΔL (%)) and the snapshots of stretching 

process for CdZnTe NW M1 at (a) 1 K and (b) 300 K. 
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Figure 30. Strain energy (ΔE) with respect to strain (ΔL (%)) and the snapshots of the 

corresponding stretched structures for CdZnTe NW M2 at (a) 1 K and (b) 300 K. 
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In the last part of this study, the effect of the compression application is investigated 

on the CdZnTe NW M2 at 1 and 300 K. From Figure 31, further compression causes 

the atoms in the NW to undergo significant rearrangement. In the last compression 

step 19, the NW looks like a nanoparticle with amorphous structure. It is interesting to 

note that at 300 K in the second compression step Cd atoms start to eject from the NW. 

We stopped the compression procedure at this point. Therefore, we can infer that 

temperature has a significant effect on the Cd atoms. This result is consistent with 

recent experimental findings [47] and our theoretical calculations (see section 3.1 and 

3.2). According to the experimental high resolution transmission electron microscope 

findings, the Cd content of the NW decreases with increasing temperature. Similar 

trend has also been obtained in MD simulations of CdTe and ZnCdTe nanorods with 

a different PEF. Comparing the binding energy of three atoms (Cd, Zn and Te), Cd 

atom has the smallest value, which explains why Cd leaves the system first (see Table 

2). 
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Figure 31. The snapshots of the CdZnTe NW M2 at 1 K until 19 compression steps. All the 

pictures show side views, except #19a is for side view, #19b is for cross view. 
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Figure 29. (Continued). 
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3.4 Structural and Electronic Properties of ZnmCdnTek (m+n+k = 2-4) 

Clusters: DFT Calculations 

 

3.4.1 Introduction 

 

The structural and electronic properties of isolated neutral ZnmCdnTek clusters for 

)42(  knm  have been studied by DFT calculations at B3LYP/CEP-121G 

level. The electronic ground state has been found to be spin triplet for the clusters Te2, 

CdTe, ZnTe2, and CdTe2, the rest have been found to have a spin singlet state. The 

optimum geometries, charge density, spin density, electrostatic potential, excess 

charge on atoms, dipole moments, vibration frequencies, HOMO, LUMO, HOMO-

LUMO gaps (𝐸𝑔), the possible dissociation channels and energies of the cluster 

models considered have been obtained. The energy gap (𝐸𝑔) decreases when number 

of atoms in the clusters increases. 

 

3.4.2 Modelling and Calculation Procedure 

 

The structural and electronic properties of small isolated neutral ZnmCdnTek clusters 

for 42 knm  have been studied via DFT at the B3LYP/CEP-121G level. 

Various spin multiplicities were investigated and it has been found that the majority of 

the models have spin singlet as the most stable (minimum total energy), and a few 

models have spin triplet as the most stable. All cluster geometries were optimized 

without imposing any symmetrical constraints and the lowest total energy 

configuration was assumed as the global minimum case. The structures are taken as 

the local minima on potential energy surface having positive vibration frequencies. 

GAUSSIAN09 program [124] package have been used in the calculations. Molecular 

structures have been visualized using GaussView [125]. 
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3.4.3 Results and Discussions 

 

Extensive literature survey shows that Zn2, Cd2, Te2, ZnCd, ZnTe, CdTe dimers of Cd, 

Zn and Te triple have greatly been investigated as discussed in the introduction section. 

However, the ternary ZnCdTe clusters have not been investigated extensively. 

However, there is currently only one work about ternary clusters of  𝑍𝑛𝑚𝐶𝑑𝑛𝑇𝑒𝑦 for 

y=6 and 8 with TDDFT calculations considering only spin singlet cases [126]. In the 

present study all possible combinations of 42 knm  have been taken into 

account considering different spin multiplicities. 

ZnmCdnTek Clusters for m+n+k=2: 

We begin the study of 𝑍𝑛𝑚𝐶𝑑𝑛𝑇𝑒𝑘 clusters by investigating Zn2, Cd2, Te2, ZnCd, 

ZnTe, and CdTe dimer structures with lowest energy by optimizing the system. The 

dimers were optimized and minimum total energies were calculated. The spectroscopic 

constants for the dimers are listed inTable 4. Total energies are given in a.u. (Hartree). 

The binding energy has been defined and calculated using the relation: 𝐸𝑏 = 𝐸𝐴 +

𝐸𝐵 + 𝐸𝐶 − 𝐸𝐴𝐵𝐶. This relation always gives a positive value for binding energy. The 

calculated spectroscopic constants of the ground state of Zn2 dimer is compared in 

Table 4 together with the theoretical and experimental results from other studies. There 

are some studies on dimers Zn2, Cd2, Te2, ZnCd, ZnTe, and CdTe. The studies 

conducted on the dimers have so far not been addressed for the various possible spin 

multiplicities. The results of the present calculations indicated that for Te2 and CdTe, 

spin multiplicity at 3 (spin triplet) is the lowest state in linear geometry. The total 

magnetic moment for Te2 and CdTe clusters are found to be 6 and 13 𝜇𝐵 respectively. 

Figure 32 shows the optimized geometries, bond distances, excess charges, spin 

density (SD), charge density (CD) and electrostatic potential (ESP) of all the diatoms.  
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Table 4. Spectroscopic constants of the possible dimer combinations. Dissociation energy 

(De), equilibrium distance (re) the vibrational frequency (ωe), total energy (ET in Hartree), the 

multiplicities of the spin system (2S+1), the dipole moments (µ in Debye). ET (Zn) = -226.126, 

ET (Cd) = -166.937 and ET (Te) = -7.974.The corresponding total energies for the triplet states 

are given in the parenthesis. 

Dimers 𝐷𝑒(𝑒𝑉) 𝑟𝑒(Å) 𝜔𝑒(𝑐𝑚−1) 𝐸𝑇 12 S      𝜇 

         

Zn2 

 

 

 

Cd2 

 

 

 

Te2 

 

 

ZnCd 

 

ZnTe 

 

CdTe 

 

 

0.012 

0.022a 

0.272g 

 

0.007 

0.029a  

1.415h 

 

4.902  

4.108 

1.415g 

0.010 

 

1.834 

0.721g 

1.738 

1.632 

1.57f 

 

3.559 

4.11a, 2.51g 

4.19b, 4.51k 

 

4.013 

4.013a, 2.74h 

 

 

2.700 

2.700 

2.557d, 2.74g 

3.703 

 

2.417 

2.540g,2.641c 

2.619 

2.619 

2.80c, 2.92h 

 

32.97 

21.0a 

25.9b 

 

18.17 

18.0a 

 

 

222.37 

220.63 

246.0d 

24.79 

 

241.90 

186.0c 

110.90 

188.72 

188.75f, 

152c 

  

-452.253 

 

 

-452.152 

-333.875 

 

 

-333.769 

-16.128 

-16.099 

 

-393.064 

-392.962 

-234.168 

 

-234.166 

-174.975 

-174.971 

 

1 

 

 

3 

1 

       

 

3 

3 

1 

 

1 

3 

1 

 

3 

3 

1 

 

0.00 

 

 

 

0.00 

 

 

 

0.00 

0.00 

 

0.02 

 

4.19 

 

 

1.91 

4.88 

 
a[127] PP, CPP; CCSD(T), b[128] Exp., c[129] Exp., d[130] Exp., f[131] FPMD, g[66] BOP, 

h[87] BOP, k[132] Ab-initio 
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Figure 32. Dimer geometries (Zn is purple, Cd is grey and Te is orange), spin density (SD), 

charge density (CD) and electrostatic potential (ESP) pictures of dimers. Green (alpha spin) 

and blue (beta spin) colors represent the positive and negative spin density, respectively. 

Electrostatic potential picture: yellow represents positive potential and orange negative 

potential. The corresponding charge densities for dimer geometries are given in the 

parenthesis. The color is the same in the following figures. 
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Figure 32 displays that the spin density distribution is not symmetric over CdTe dimer 

and both positive and negative parts apparent, whereas it is symmetric on Te2 and only 

the negative part is apparent. Charge density is uniformly distributed for homonuclear 

dimers and heteronuclear ZnCd clusters, however, in dimers containing Te atom 

charge density is not symmetrically distributed over the atoms; charge on Te looks 

broader. This is due to the electronegativity property of the Te atom. ESP is a measure 

of electronegativity and partial charges of a molecule. As it can be seen from Figure 

32, negative ESP is mainly localized over the Te atom and it looks like a yellowish 

blob while the positive regions are mainly localized around Zn and Cd atoms. 

ZnmCdnTek Clusters for m+n+k=3: 

For 𝑍𝑛𝑚𝐶𝑑𝑛𝑇𝑒𝑘 clusters 𝑚 + 𝑛 + 𝑘 = 3, in order to obtain geometry with the lowest 

energy, several atomic arrangements were considered; for instance, it was studied 

ZnCdTe cluster having the linear structures with ZnCdTe, ZnTeCd, and TeZnCd. This 

procedure was done for all the clusters in this study. The initial geometries of the 

clusters for 𝑚 + 𝑛 + 𝑘 = 3 were chosen with all possible geometries, linear and 

triangular structures. The optimum structures and corresponding bond distances are 

shown in Figure 33. The spin density (SD), charge density (CD) and electrostatic 

potential (ESP) pictures of trimer clusters considered are displayed in Figure 34. From 

Figure 34, the spin density distribution is symmetric over the linear cluster (TeZnTe) 

and the negative spin density is localized on Te atoms, whereas the positive spin 

density localization is on Zn atom in the center. Charge density has a uniform 

distribution for homonuclear trimers and Zn and Cd containing trimers. On the other 

hand, charge density of trimers with Te atom is not equally distributed between the 

atoms. Positive region of the ESP is mainly localized around Zn and Cd atoms and 

negative region has localization around the Te atoms.  
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Figure 33. Trimer geometries. The corresponding charge values for trimer geometries are 

given in the parenthesis. 
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Figure 34. Spin density (SD), charge density (CD) and electrostatic potential (ESP) pictures 

of trimers. 

 

The binding energies, total energy, spin multiplicity, and the dipole moments of the 

lowest energy structures of 𝑍𝑛𝑚𝐶𝑑𝑛𝑇𝑒𝑘 clusters for 𝑚 + 𝑛 + 𝑘 = 3 are given in 

Table 5 and the vibrational harmonic frequencies are tabulated in Table 6. Triatomic 

clusters for the homonuclear Zn3, Cd3 and Te3 are in equilateral triangle shape with 

D3h symmetry. In the case of mixed (heteronuclear) clusters, the lowest-energy 

structures of Zn2Cd and ZnCd2 clusters are in isosceles triangle with  𝐷2𝑣 symmetry. 

The isomers of these triatoms with linear geometry have local minima. The lowest 

total energy values of the triangular structures are slightly smaller than that of the linear 

shape. ZnTe2 and Cd2Te clusters are in linear geometry with 𝐷∞ℎ symmetry. Zn2Te 

and CdTe2 are in linear geometry with 𝐷∞𝑣 and the angular 𝐶𝑠 configuration with the 

Te–Te bond (see Figure 33) respectively. Zn-Te-Cd configuration among the linear 

ternaries has the lowest energy. The spin multiplicities considered for trimers indicate 
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that spin multiplicity at 3 gives the ground state for ZnTe2 and CdTe2 trimers (see 

Table 5). The total magnetic moment for ZnTe2 and CdTe2 clusters are found to be 

10.6
B .   

 

Table 5. The binding energies (Eb, in eV), total energy (ET, in Hartree), the multiplicities of 

the spin system (2S+1), and the dipole moments (µ, in Debyes) of trimer structures with lowest 

energy. The corresponding total energies for the triplet states are given in the parenthesis. 

Dimers Geometry 𝐸𝑏 𝐸𝑇 2𝑆 + 1 𝜇 

         

Zn3 

Cd3 

Te3 

ZnCd2 

ZnTe2 

 

Zn2Cd 

Zn2Te 

CdTe2 

 

Cd2Te 

ZnCdTe 

 

Equilateral 

Equilateral 

Equilateral 

Isosceles 

Linear 

Linear 

Isosceles 

Linear 

Angular 

Angular 

Linear 

Linear 

 

0.085 

0.047 

7.181 

0.057 

0.383 

0.462 

0.057 

2.379 

0.016 

0.027 

2.196 

2.296 

 

-678.382(-678.279) 

-500.813(-500.726) 

-24.186(-24.180) 

-560.003(-559.905) 

-242.270 

-242.242 

-619.193(-619.102) 

-460.314(-460.301) 

-183.066 

-183.037 

-341.929(-341.914) 

-401.122(-401.120) 

 

1(3) 

1(3) 

1(3) 

1(3) 

3 

1 

1(3) 

1(3) 

3 

1 

1(3) 

1(3) 

 

0.00 

0.00 

0.00 

0.01 

0.00 

0.00 

0.00 

7.90 

0.53 

0.60 

0.00 

0.15 
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Table 6. The vibrational frequencies (ω, in cm-1) of all the trimer structures with the lowest 

energy. 

 

Trimers 

 

Vibration frequencies 

 

ω1 ω2 ω3 ω4 

         

Zn3 

Cd3 

Te3 

ZnCd2 

ZnTe2 

Zn2Cd 

Zn2Te 

CdTe2 

Cd2Te 

ZnCdTe 

 

49.2 

26.7 

145.9 

26.3                   

48.9     

32.7                  

29.1                   

8.8 

27.5             

30.2                                   

 

50.8 

28.5 

  145.9 

30.0 

48.9 

35.6 

  110.3 

20.0 

27.5 

  111.5 

 

53.2 

32.2 

  198.5 

30.9  

  137.9 

48.9 

  283.8 

  215.7 

108.3   

  166.2 

 

 

 

 

 

300.6 

 

 

 

 

132.5 

 

ZnmCdnTek Clusters for m+n+k=4: 

The initial trial geometries for the tetramers with all positive vibration frequencies to 

obtain a global minimum energy structure are linear, rhombus, tetrahedral and Y-

shaped structures, in addition to square structure for homonuclear structures. The 

optimum structures, the bond distances, charge density (CD) and electrostatic potential 

(ESP) pictures of all tetramer clusters are shown in Figure 35 and Figure 36. From 

Figure 36, although the number of Zn, Cd and Te increases, CD and ESP distributions 

show the same trend like structures with two and three atoms. The binding energy, 

total energy, spin multiplicity, and the dipole moment of 𝑍𝑛𝑚𝐶𝑑𝑛𝑇𝑒𝑘 for tetramer 

clusters with the lowest energy are given in Table 7 and the corresponding vibration 

harmonic frequencies are given in Table 8. The ground state configurations of 
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homonuclear Zn4, Cd4 and Te4 are nearly in tetrahedral structure.  A tetrahedral 

structure for Zn3Cd and ZnCd3 and Zn2Cd2 clusters is the most stable structure (see 

Figure 35). According to MD simulations [77] the structures of Zn3Cd, ZnCd3 and 

Zn2Cd2 clusters were in tetrahedron geometry and Zn-Cd bond distances were 

determined in the range 3.107-3.185 Å. In the present study the calculated values are 

in agreement with those bond distances in the range of 3.166-3.207 Å. A rhombus 

structure with 𝐷2ℎ symmetry has the lowest energy for Zn2Te2 tetramer while a planar 

(nearly rhombus) and linear structure has the lowest energy for ZnTe3 and Zn3Te 

clusters, respectively. The most stable structure of Cd2Te2 cluster is a tetrahedral with 

𝐷2ℎ symmetry and the bond distance is 2.708 Å. Cd-Cd bond distance in Cd2Te2 

cluster is 3.343 Å. For Cd3Te and CdTe3 clusters, the geometries with the lowest 

energy are linear and planar nearly rhombus structure, respectively.  

The lowest energy geometry for Zn2CdTe and ZnCdTe2 is a 2D distorted rhombus and 

for ZnCd2Te cluster is a linear structure. The bond distance of Zn-Te in Zn2CdTe and 

ZnCd2Te were 2.659 Å and 2.826 Å respectively. The bond distance of Zn-Te in 

ZnCdTe2 was 2.403 Å. The bond distances between Zn-Te atoms in the ternary 

structures Zn2CdTe and ZnCd2Te were longer than ZnTe dimer bond length, but the 

bond distance between Zn-Te atoms in ternary structure ZnCdTe2 were shorter than 

ZnTe dimer. On the contrary, the bond distance of CdTe dimer was shorter than Cd-

Te bond lengths in the Zn2CdTe and ZnCd2Te clusters, however it was longer in the 

ZnCdTe2 cluster (see Figure 35). 
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Figure 35. Tetramer geometries. The corresponding charge densities for tetramer geometries 

are given in the parenthesis. 
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Figure 36. Charge density (CD) and electrostatic potential (ESP) pictures of trimers. 
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Table 7. The binding (Eb, in eV) and total (ET, in Hartree) energies, the multiplicities of the 

spin system (2S+1), and the dipole moments (µ, in Debyes) for tetramer structures with the 

lowest energy. The corresponding total energies for the triplet states are given in the 

parenthesis. 

Tetramers Geometry 𝐸𝑏 𝐸𝑇 2𝑆 + 1 𝜇 

         

Zn4 

Cd4 

Te4 

Zn3Cd 

Zn3Te  

Zn2Cd2 

Zn2Te2 

ZnCd3 

ZnTe3 

Cd3Te 

Cd2Te2 

CdTe3 

Zn2CdTe 

ZnCd2Te 

ZnCdTe2 

 

Tetrahedral 

Tetrahedral  

Tetrahedral 

Tetrahedral  

Linear 

Tetrahedral  

Rhombus 

Tetrahedral  

Rhombus  

Linear 

Rhombus 

Rhombus 

Rhombus 

Linear 

Rhombus 

 

0.067 

0.069 

9.592 

0.231 

2.585 

0.057 

1.999 

0.012 

1.379 

2.391 

1.252 

0.919 

2.649 

2.548 

1.635 

  

-904.519(-904.438) 

-667.756(-667.671) 

-32.258(-32.184) 

-845.328(-845.257) 

-686.451(-686.445) 

-786.137(-786.132) 

-468.455(-468.404) 

-726.946(-726.942) 

-250.363(-250.341) 

-508.875(-508.856) 

-350.049(-350.009) 

-191.157(-191.156) 

-627.261(-627.255) 

-568.069(-568.050) 

-409.252 (-409.220) 

 

1(3) 

1(3) 

1(3) 

1(3) 

1(3) 

1(3) 

1(3) 

1(3) 

1(3) 

1(3) 

1(3) 

1(3) 

1(3) 

1(3) 

1(3) 

 

0.00 

0.00 

0.93 

0.12 

4.25 

0.00 

0.00 

0.20 

2.09 

4.16 

0.00 

2.96 

3.53 

11.7 

1.14 

 

 

 

 



 

75 

 

Table 8. Calculated vibration harmonic frequencies (in cm-1) of all the tetramer structures with 

the lowest energy of ZnmCdnTek clusters for m+n+k=4. Zn3Te, Cd3Te and ZnCdTe2 have one 

more frequency value 223.0, 163.5 and 285.5, respectively. 

 

 

 

 

 

 

Tetramers 

 

Vibration frequencies 

ω1 ω2 ω3 ω4 ω5 ω6 

         

Zn4 

Cd4 

Te4 

Zn3Cd 

Zn3Te  

Zn2Cd2 

Zn2Te2 

ZnCd3 

ZnTe3 

Cd3Te 

Cd2Te2 

CdTe3 

Zn2CdTe 

ZnCd2Te 

ZnCdTe2 

 

5.3 

0.3 

43.6  

56.3                   

10.5     

0.1                  

70.9                   

0.8 

23.8             

9.3 

52.5 

29.9 

53.0 

10.0 

63.9                            

 

7.7 

8.7 

52.6 

57.3 

10.5 

6.7 

131.4 

6.6 

88.8 

9.3 

102.9 

73.2 

80.2 

10.0 

113.7 

 

7.8 

9.0 

94.0 

58.5 

36.7 

9.6 

136.4 

6.9 

141.0 

28.3 

108.4 

131.2 

86.0 

35.9 

124.0 

 

20.0 

13.6 

122.6 

73.5 

36.7 

18.6 

182.8 

10.1 

142.1 

28.3 

131.8 

141.0 

146.9 

35.9 

143.5 

 

43.7 

15.4 

178.2 

74.2 

84.4 

26.6 

213.0 

13.9 

186.8 

59.9 

165.8 

165.2 

150.7 

46.6 

188.8 

 

47.7 

28.0 

209.1 

80.8 

110.0 

29.4 

255.3 

15.9 

265.1 

98.5 

192.1 

181.5 

196.4 

110.2 

238.9 
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3.2 HOMO-LUMO gap energies (Eg) 

The highest occupied molecular orbital (HOMO), the lowest unoccupied molecular 

orbital (LUMO) and the frontier molecular orbital energy gap (HOMO–LUMO 

difference in energy 𝐸𝑔) for all the clusters considered are given in Table 9. The energy 

gap 𝐸𝑔 decreases with increasing size the cluster. The 𝐸𝑔 of the clusters with Zn and 

Cd atoms are relatively larger than that of clusters with Te atom. The 𝐸𝑔 of 

heteronuclear ZnCd dimer (4.76 eV) is larger than that of the heteronuclear ZnTe 

dimer (1.46 eV) and CdTe (1.52 eV). Interestingly, the element Te shows quite 

different features than that of Zn and Cd elements. HOMO and LUMO pictures of the 

dimer clusters are shown in Figure 37. In the case of ZnmCdnTek (m+n+k=3) three 

atom clusters, 𝐸𝑔  of homonuclear Zn3 and Cd3 trimers are larger than that of 

homonuclear Te3 trimers, same as the dimers. Similarly, 𝐸𝑔 of the Te containing 

clusters are relatively smaller than that of trimers without Te. We have found  𝐸𝑔  of 

heteronuclear ZnCdTe cluster to be 1.76 eV. This value changes from 1.5 eV to 2.3 

eV in terms of stoichiometry [52]. HOMO and LUMO pictures of the trimer clusters 

are shown in Figure 37. For tetramers, 𝐸𝑔 has the same properties as other clusters, 

dimers and trimers, but 𝐸𝑔 decreases with increasing number of atoms. HOMO and 

LUMO pictures of the tetramer clusters are shown in Figure 38. From Figure 37 and 

Figure 38, HOMO and LUMO localizations in models with Te are mainly on and near 

the Te, whereas localization in the other models is almost symmetric over the 

structures. In addition, the clusters with spin multiplicity 3 have both α and β Molecular 

Orbital (MO) eigenvalues. It has been found that 𝐸𝑔 of β states are comparatively 

smaller than that of α states on the outside of Te2 dimer. 
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Table 9. HOMO, LUMO energies (in Hartree) and HOMO–LUMO gap energies (Eg, in eV) 

of ZnmCdnTek clusters for m+n+k=4. Entries with α and β correspond to 2S+1=3, the rest 

correspond to 2S+1=1. 

Cluster   HOMO LUMO 𝐸𝑔 Cluster   HOMO LUMO 𝐸𝑔 

 

Zn2 

Cd2 

Te2 (α) 

Te2 (β) 

ZnCd 

ZnTe 

CdTe(α) 

CdTe(β) 

Zn3 

Cd3 

Te3 

ZnCd2 

ZnTe2(α) 

ZnTe2(β)       

Zn2Cd 

Zn2Te 

CdTe2(α) 

CdTe2(β) 

 

-0.223                      

-0.216 

-0.231  

-0.668                              

-0.218 

-0.210  

-0.207   

-0.208   

-0.221  

-0.214 

-0.218      

-0.173    

-0.253   

-0.220  

-0.169    

-0.206               

-0.216 

-0.227                                     

 

-0.041   

-0.045 

-0.094   

-0.151    

-0.043     

-0.156 

-0.042    

-0.152  

-0.058  

-0.056  

-0.138 

-0.081  

-0.057   

-0.181 

-0.084 

-0.137 

-0.094 

0.149                                                                                                               

 

4.952 

4.652 

3.727 

14.07 

4.761 

1.469 

4.489 

1.523 

4.435 

4.299 

2.176 

2.503 

5.333 

1.061 

2.312 

1.877 

3.319 

2.122 

 

Cd2Te  

ZnCdTe 

Zn4   

Cd4 

Te4  

Zn3Cd 

Zn3Te   

Zn2Cd2  

Zn2Te2 

ZnCd3     

ZnTe3 

Cd3Te  

Cd2Te2 

CdTe3  

Zn2CdTe  

ZnCd2Te 

ZnCdTe2           

 

-0.199  

-0.203   

-0.224  

-0.216    

-0.209 

-0.207    

-0.196 

-0.218   

-0.212 

-0.216 

-0.205 

-0.189 

-0.208 

-0.203 

-0.181 

-0.175  

-0.210                                                                                                                                   

 

-0.138 

-0.138   

-0.070 

-0.068 

-0.145 

-0.066 

-0.128  

-0.069  

-0.120 

-0.068 

-0.134  

-0.129  

-0.129 

-0.135 

-0.125 

-0.132  

-0.131                                

                       

 

1.165   

1.768 

3.972 

3.999   

1.687 

3.754  

1.850 

4.054  

2.503  

4.027 

1.931 

1.632 

2.149 

1.850 

1.523  

1.170 

2.149 
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Figure 37. HOMO (H) and LUMO (L) pictures of dimers and trimers. Green and red colors 

represent the positive and negative isosurfaces for HOMO and LUMO, respectively. 
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Figure 38. HOMO (H) and LUMO (L) pictures of tetramers. Green and red colors represent 

the positive and negative isosurfaces for HOMO and LUMO, respectively. 
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3.3. The dissociation channels and the corresponding dissociation energies  

The results of possible dissociation channels (DCs) and the corresponding energies of 

the clusters considered are tabulated in Table 10. One of the dissociation channels of 

a trimer cluster may be defined by 𝐴𝐵𝐶 → 𝐴 + 𝐵 + 𝐶 and the corresponding 

dissociation channel energy ∆𝐸𝑑 for this particular case may be expressed as ∆𝐸𝑑 =

𝐸(𝐴𝐵𝐶) − 𝐸(𝐴) − 𝐸(𝐵) − 𝐸(𝐶). Similarly, it may be defined for the dissociation 

𝐴𝐵𝐶 → 𝐴𝐵 + 𝐶 as   ∆𝐸𝑑 = 𝐸(𝐴𝐵𝐶) − 𝐸(𝐴𝐵) − 𝐸(𝐶) or for the dissociation 𝐴𝐵𝐶 →

𝐴 + 𝐵𝐶 it is ∆𝐸𝑑 = 𝐸(𝐴𝐵𝐶) − 𝐸(𝐴) − 𝐸(𝐵𝐶). ∆𝐸𝑑  is known as the binding energy 

and it is always negative. The most probable DC represents maximum energy value, 

but minimum in magnitude. Homonuclear Zn, Cd and Te trimers choose the 

channel 𝐴3 → 𝐴2 + 𝐴. Otherwise, Zn2Cd, ZnTe2, CdTe2 and ZnCd2, Cd2Te, Zn2Te 

type binary trimers prefer the dissociation channel  𝐴2𝐵 → 𝐴2 + 𝐵 and  𝐴2𝐵 → 𝐴𝐵 +

𝐴. Moreover, homonuclear Zn4, Cd4 and Te4 tetramers dissociate as  𝐴4 → 𝐴3 + 𝐴 and 

 𝐴4 → 2𝐴2, respectively. The binary tetramers 𝐴3𝐵 dissociate as either 𝐴3𝐵 → 𝐴2𝐵 +

𝐴 or 𝐴3𝐵 → 𝐴3 + 𝐵. On the other hand, for the binary tetramer 𝐴2𝐵2 the most 

probable dissociation is 𝐴2𝐵2 → 𝐴2𝐵 + 𝐵. It is interesting to note that in Cd 

containing models a single Cd atom dissociation looks more probable. 
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Table 10. Possible dissociation channels and energies (ΔEd, in eV) of the stable ZnmCdnTek 

clusters. 

 

Cluster 

  

DCs 

 

 ∆𝐸𝑑  

 

Cluster 

 

 

 

DCs 

 

 ∆𝐸𝑑 

Zn2  

Cd2  

Te2      

ZnCd 

ZnTe 

CdTe  

Zn3     

 

Cd3    

 

Te3  

 

ZnCd2 

 

 

ZnTe2 

 

 

Zn2Cd 

 

 

Zn2Te 

 

 

CdTe2 

 

 

Cd2Te 

 

 

ZnCdTe 

 

 

 

Zn4 

 

 

 

Cd4 

 

 

 

→ 

→ 

→ 

→ 

→ 

→ 

→ 

 

→ 

 

→ 

 

→ 

 

 

→ 

 

 

→ 

 

 

→ 

 

 

→ 

 

 

→ 

 

 

→ 

 

 

 

→ 

 

 

 

→ 

 

 

 

2Zn 

2Cd 

2Te 

Zn + Cd 

Zn + Te 

Cd + Te 

Zn2 + Zn 

3Zn 

Cd2 + Cd 

3Cd 

Te2 + Te 

3Te 

ZnCd + Cd 

Zn + Cd2 

Zn + 2Cd 

Zn + Te2 

ZnTe + Te 

Zn + 2Te 

Zn2 + Cd 

2Zn + Cd 

ZnCd + Zn 

ZnTe + Zn 

Zn2 + Te 

2Zn + Te 

Cd + Te2 

CdTe + Te 

Cd + 2Te 

CdTe + Cd 

Cd2 + Te 

2Cd + Te 

ZnTe + Cd 

Zn + CdTe 

ZnCd + Te 

Zn + Cd + Te 

Zn3 + Zn 

2Zn2 

Zn2 + 2Zn 

4Zn 

Cd3 + Cd 

2Cd2 

Cd2 + 2Cd 

4Cd 

-0.012 

-0.007 

-4.902 

-0.010 

-1.834 

-1.738 

-0.072 

-0.086 

-0.038 

-0.047 

-2.279 

-7.182 

-0.047 

-0.050 

-0.058 

-0.383 

-3.451 

-5.285 

-0.058 

-0.074 

-0.876 

-0.558 

-2.379 

-2.392 

-0.016 

-3.180 

-4.918 

-0.465 

-2.196 

-2.204 

-0.462 

-0.558 

-2.286 

-2.296 

-0.296 

-0.356 

-0.369 

-0.381 

-0.142 

-0.173 

-0.181 

-0.189 

Te4 

 

 

 

Zn3Cd 

 

 

 

 

 

Zn3Te 

 

 

 

 

 

Zn2Cd2 

 

 

 

 

 

 

 

Zn2Te2 

 

 

 

 

 

 

 

ZnCd3 

 

 

 

 

 

 

 

 

 

→ 

 

 

 

→ 

 

 

 

 

 

→ 

 

 

 

 

 

→ 

 

 

 

 

 

 

 

→ 

 

 

 

 

 

 

 

→ 

 

 

 

 

 

 

 

 

 

 

2Te2 

Te3 + Te 

Te2 + 2Te 

4Te 

Zn3 + Cd 

Zn2Cd + Zn 

Zn2 + ZnCd 

Zn2 + Zn + Cd 

ZnCd + 2Zn 

3Zn + Cd 

Zn2Te + Zn 

Zn2 + ZnTe 

ZnTe + 2Zn 

Zn3 + Te 

Zn2 + Zn + Cd 

3Zn + Te 

Zn2Cd + Cd 

ZnCd2 + Zn 

Zn2 + Cd2 

2ZnCd 

Zn2 + 2Cd 

ZnCd + Zn + Cd 

2Zn + Cd2 

2Zn + 2Cd  

ZnTe2 + Zn 

Zn2 + Te2 

2Zn + Te2 

2ZnTe 

Zn2Te + Te 

ZnTe + Zn + Te 

Zn2 + 2Te 

2Zn + 2Te 

ZnCd2 + Cd 

Cd3 + Zn 

Cd2 + ZnCd 

ZnCd + 2Cd 

Cd2 + Zn + Cd 

3Cd + Zn 

 

 

 

 

-0.056 

-2.679 

-4.958 

-9.861 

-0.231 

-0.246 

-0.294 

-0.304 

-0.306 

-0.317 

-0.279 

-0.824 

-0.837 

-2.585 

-2.658 

-2.671 

-0.194 

-0.207 

-0.244 

-0.244 

-0.252 

-0.254 

-0.254 

-0.264 

-1.629 

-1.999 

-2.012 

-3.246 

-4.522 

-5.080 

-6.901 

-6.914 

-0.165 

-0.175 

-0.205 

-0.212 

-0.215 

-0.223 
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Table 10. (Continued). 
 

 

Cluster 

  

DCs 

 

 ΔΕd 

 

Cluster 

 

 

 

DCs 

 

 ΔΕd 

 

ZnTe3 

 

 

 

 

 
Cd3Te 

 

 

 

 

 

Cd2Te2 

 

 

 

 

 

 

 

CdTe3 

 

 

 

 

 

 

 

→ 

 

 

 

 

 

→ 

 

 

 

 

 

→ 

 

 

 

 

 

 

 

→ 

 

 

 

 

 

 

 

 

Te3 + Zn 

Te2 + ZnTe 

ZnTe2 + Te 

Te2 + Zn + Te 

ZnTe + 2Te 

3Te + Zn 

Cd2Te + Cd 

Cd2 + CdTe 

CdTe + 2Cd 

Cd3 + Te 

Cd2 + Cd + Te 

3Cd + Te 

CdTe2 + Cd 

Cd2 + Te2 

2Cd + Te2 

2CdTe 

Cd2Te + Te 

CdTe + Cd + Te 

Cd2 + 2Te 

2Cd + 2Te 

Te3 + Cd 

Te2 + CdTe 

CdTe2 + Te 

Te2 + Cd + Te 

CdTe + 2Te 

3Te + Cd 

 

-1.379 

-1.824 

-3.275 

-3.659 

-6.727 

-8.561 

-0.234 

-0.697 

-0.700 

-2.391 

-2.431 

-2.439 

-1.243 

-1.252 

-1.260 

-2.685 

-3.958 

-4.423 

-6.154 

-6.162 

-0.919 

-1.460 

-3.182 

-3.199 

-6.362 

-8.101 
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Zn2 + CdTe 
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Zn2Cd + Te 

Zn2 + Cd + Te 

ZnCd + Cd + Te 

2Zn + Cd + Te 

ZnCdTe + Cd 

Cd2Te + Zn 

ZnTe + Cd2 

ZnTe + 2Cd 

ZnCd + CdTe 

CdTe + Zn + Cd 

ZnCd2 + Te 

ZnCd + Cd + Te 

Cd2 + Zn + Te 

Zn + 2Cd + Te 

ZnTe2 + Cd 

CdTe2 + Zn 

ZnCd + Te2 

Te2 + Zn + Cd 

ZnTe + CdTe 

ZnCdTe + Te 

ZnTe + Cd + Te 

CdTe + Zn + Te 

ZnCd + 2Te 

Zn + Cd + 2Te 

 

 

-0.269 

-0.365 

-0.817 

-0.828 

-0.902 

-0.923 

-2.591 

-2.649 

-2.651 

-2.662 

-0.259 

-0.351 

-0.714 

-0.721 

-0.807 

-0.817 

-2.498 

-2.527 

-2.548 

-2.556 

-1.251 

-1.619 

-1.625 

-1.635 

-2.965 

-4.241 

-4.703 

-4.798 

-6.527 

-6.538 
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3.5 Structural, Electronic and Thermal Properties of AB6C8 Ternary 

CdZnTe Cubic Nanoparticles: MD Simulations and DFT Calculations 

 

3.5.1 Introduction 

 

The geometrical and electronic properties of isolated CdZnTe ternary alloy 

nanoparticles have been studied by MD simulations and DFT calculations. The general 

composition of a 15-atom ternary nanoparticle is formed as AB6C8. The initial 

structure was modeled as a perfect cube with A at the center, B’s at the surface centers, 

and C’s at the corners of the cube. The heat capacity calculation is performed in the 

range of 100-600 K using the non-equilibrated molecular dynamics method. In 

addition, a parameter δ is calculated with respect to the coordinate center of the system 

to categorize the considered structures in point of their morphology. Besides, the 

segregation phenomena of Cd, Zn, and Te atoms in nanoparticles are searched by the 

order parameter R. Using optimized geometries obtained from molecular dynamics 

simulations, excess charge on atoms, dipole moments, HOMO, LUMO, HOMO-

LUMO gaps (𝐸𝑔), total energies, charge density, spin density, electrostatic potential 

have been investigated by means of DFT. The densities of states have also been 

calculated for all CdZnTe compounds. 

 

3.5.2 Modelling and Calculation Procedure 

 

In this section, we present atomistic molecular-dynamics (MD) simulations and 

density functional theory calculations of various CdZnTe nanoparticles. Firstly, the 

MD application the optimized models were obtained at 1 K, 300 K and 600 K. We 

then investigate the variation of the potential energy and the composition dependence 

of heat capacity, and the influence of the concentration of Cd, Zn and Te atoms on the 

heat capacity 𝐶𝑣 with a fixed total number of atoms. Considering the optimized 
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structures the variation of the order parameter R during heating process is calculated 

to understand the character of the stable structures and analyze segregation phenomena 

of Zn, Cd, and Te in the CdZnTe nanostructures, and finally δ which reflect the 

deflection from spherical shape is calculated to categorize the considered models in 

terms of their morphology. In the final stage of the investigation density functional 

theory (DFT) has been applied to the MD-optimized structures at 1 K. In the DFT 

applications with B3LYP/CEP-121G, the electronic properties have been calculated 

for the considered models. Moreover, the details of the basis set used are given in Table 

11. GAUSSIAN09 program package has been used in the calculations. 

 

Table 11.  Basis set data used in DFT calculations. 

Model  # of basis 

function 

# of primitive 

gaussians 

# of cartesian 

basis functions 

# of α 

electrons 

# of β 

electrons 

Cd6Zn1Te8 302 600 302 96 92 

Cd8Zn1Te6 354 684 354 109 107 

Cd1Zn6Te8 302 630 302 94 94 

Cd8Zn6Te1 484 924 484 143 143 

Cd1Zn8Te6 354 726 354 109 107 

Cd6Zn8Te1 484 936 384 143 143 
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All MD simulations of the cubic nanoparticles have been studied via LAMMPS using 

Cd-Zn-Te ternary analytical BOP. The initial and different views of the optimized 

structures of the CdZnTe models are shown in Figure 39. 

Nosé-Hoover thermostat and the canonical ensemble (NVT) are used to control 

thermal equilibrium during the whole simulations. In the computations, the heating 

procedure is applied, where the temperature was raised by 50K. The simulations were 

implemented by starting at 1K, and then temperature is increased up to 600 K for 

CdZnTe cubic nanoparticles. In all the simulations, each run is composed of 50000 

MD steps (50 ps). During the heating process the non-equilibrated MD method was 

used. In this method, the system’s temperature was gradually increased by 50K without 

waiting for the system to reach the equilibrium state. Boltzmann velocity distribution 

was utilized to generate particle velocities at the corresponding temperature. The cut-

off radius of 14.70 Å was used for maximum interaction range.  
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Figure 39. (a) Initial structures and (b) optimized geometries with two different views of the 

various CdZnTe nanostructures with 15 atoms (Zn is purple, Cd is grey and Te is orange). 
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Figure 39. (Continued). 

 

3.5.3 Results and Discussions 

 

In the first part of this section we will discuss the MD simulation results to figure out 

some physical properties of the different compositions of the CdZnTe cubic 

nanoparticles. For this purpose, we have presented some results such as the deviation 

of morphology of the nanoparticles from a perfectly cubic structure, order parameter 

and heat capacity. Firstly, we have increased the temperature from 1 K to 600 K to see 

the structural variation of the CdZnTe nanoparticles from cube structure. As a sample 

model, Figure 40 represents the structure of the Zn1Cd6Te8 nanoparticle at various 

temperatures. It is apparent from the figure that it shows the increment of the 

deformations in the nanoparticle structure when the temperature increases. As shown 

in Figure 40, the deformation in the structure of the nanoparticle increases as the 

temperature increases, as expected.  
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Figure 40. The change in the structures of the Zn1Cd6Te8 nanoparticle at various 

temperatures. 

 

 

Considering the optimized structures the variation of a parameter δ is calculated to 

classify the studied models in terms of their morphology. The parameter δ by definition 

from a perfect spherical structure, is described as follows [133]: 

                                                                      𝛿 = √
1

𝑁
∑ 𝑟𝑖

2

𝑁

𝑖=1

                                               (3.2) 

where 𝑟𝑖 are the distances of the atoms to the coordinate center of the nanoparticle. The 

δ values for all the structures at 1 K, 300 K and 600 K are tabulated in Table 12. The 

average distance of Cd, Zn and Te atoms are given in Table 13. The average distances 

are related with deviation δ. 
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Table 12. δ values (the deviation of  morphology of the nanoparticles from a perfectly cubic 

structure) 

Model 
i  K1  K300  K600  

Cd6Zn1Te8 3.19704 3.19790 4.18468 3.90431 

Cd8Zn1Te6 3.21979 3.21908 3.71630 4.31204 

Cd1Zn6Te8 3.00296 3.49957 4.16485 5.10851 

Cd8Zn6Te1 2.94517 3.96405 3.91181 4.72308 

Cd1Zn8Te6 2.97998 2.98136 5.15818 5.36536 

Cd6Zn8Te1 2.89743 3.01371 3.08984 4.14786 

 

 

 

 

 
Table 13. Average distances of Cd, Zn and Te atoms. 

Model 𝑑̅𝑍𝑛−𝐶𝑑 𝑑̅𝑍𝑛−𝑇𝑒 𝑑̅𝐶𝑑−𝑇𝑒 

Cd6Zn1Te8 3.076 3.474 3.032 

Cd8Zn1Te6 3.002 3.559 3.055 

Cd1Zn6Te8 3.630 3.312 3.534 

Cd8Zn6Te1 2.846 3.056 3.075 

Cd1Zn8Te6 3.120 2.832 3.039 

Cd6Zn8Te1 2.786 3.124 3.103 

 

 

 

The distribution of atoms in crystalline systems are usually uniform and homogeneous. 

However, in nanoparticles this pattern may not be conserved, particularly at high 

temperatures. Solidification problems such as segregation are encountered during the 

growth of CdZnTe at high temperature which results in non-uniformity in the 

stoichiometry [19]. Thus, the behavior of the optimized structures in various CdZnTe 
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ternary nanoparticles is researched by means of the order parameter (𝑅𝐴), which is 

analyzed by the mean distance of a type A atoms with respect to the nanoparticle center 

[134], 

                                                                         𝑅𝐴 =
1

𝑛𝐴
∑ 𝑟𝑖

𝑛𝐴

𝑖=1

                                             (3.3) 

 

where 𝑛𝐴 displays the count of type A atoms in the ternary ABC nanoparticles, and 𝑟𝑖 

are the distances of the atoms to the coordinate center of the nanoparticle. The 

calculated RA values represent the atomic mixing degree in ternary nanoparticles. If 

the (𝑅𝐴) has a large value, this means A atoms are located at the central part or at the 

surface region of the nanoparticle. On the other hand, if the RA has a small value, this 

means the atoms are located at the center of the nanoparticle.  

Figure 41 demonstrates the order parameter-the nanoparticle models at (a) 1 K and (b) 

300 K. From Figure 41 (a), it is seen that the central atom of all the models, except 

Cd8Zn6Te1, keep their position almost at the center, the central atom of the Cd8Zn6Te1 

deviates a little bit from the central position. Almost in all models the non-central 

atoms locate near the central atom forming a shell structure, a sort of cage structure. 

Nevertheless, at 300 K, as seen in Figure 41 (b), the central atoms cannot keep their 

position at the center of coordinate, they slightly move away from the center, the other 

atoms locate about the central atom forming a shell structure, but in this case the shell 

form is not as regular as at 1 K. Interestingly, in the Cd1Zn8Te6 model the central atom 

Cd moves to the shell region, no atom appears at the center. The tendency of the atoms 

in the nanoparticle models to the surface due to lower surface and cohesive energy of 

Cd, Zn and Te atoms. Considering all the models, we conclude that the alteration of 

the 𝑅𝐴 shows a characteristic for certain models, for instance, in the Cd8Zn1Te6 model, 

Cd atoms locate with largest R value at both 1 K and 300 K. 
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Figure 41. Variation of the order parameter RCd, RZn, and RTe with various CdZnTe 

compounds at (a) 1 K and (b) 300 K. 
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Variation of potential energy as a function of temperature for various CdZnTe 

compounds is depicted in Figure 42. According to the data given in Figure 42 the 

variation of average energy per atom values show almost a smooth increase with 

temperature in the range 100-600 K. The least-square linear fit of the data points are 

also displayed in Figure 42.  

The heat capacity is used for the calculation of many thermodynamic quantities, such 

as changes in enthalpy, internal energy and entropy. In this study, the heat capacity is 

related to that part of the internal energy, namely the interaction potential energy. One 

of the aim of this study is to research the effect of composition on behavior of the heat 

capacity using a molecular dynamics simulation. The specific heat capacity is formally 

expressed as the rate of internal energy in terms of temperature: 

 

                                                                           𝐶𝑣 = (
𝜕𝐸

𝜕𝑇
)

𝑣
                                               (3.4) 

 

 

The heat capacity values for bulk materials of almost all types are available in the 

literature. However, for nanoparticles it is very limited and the available data for 

certain nanomaterials were obtained by simulations [135]. For the CdZnTe ternary 

cubic nanoparticles heat capacity values have been calculated for the first time by 

performing MD simulations. The heat capacity values are calculated from the slope of 

the best fitted lines.  
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Figure 42. Energy variation with temperature in terms of the composition of nanoparticles 

(a)-(f) with corresponding calculated heat capacity values Cv. 
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Figure 42. (Continued). 
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Figure 42. (Continued). 
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The variation of the heat capacity 𝐶𝑣 for various cubic CdZnTe nanoparticles up to 600 

K is shown in Figure 43.  As it can be seen, the concentration of cadmium, zinc and 

tellurium has significant influence on the heat capacity behavior. Cd1-xZnxTe alloys 

show different values with increasing the Zn and Cd concentration for heat capacity 

[136]. Although there is no thermal data in the literature for the CdZnTe nanoparticles, 

we may compare the trend of the present results for nanoparticles with that of bulk 

values. In this sense the present results show similar behavior as seen in the bulk [136]. 

The variation of the heat capacity indicates an increase in terms of the composition. It 

is interesting to note that Cd1Zn6Te8 has minimum heat capacity value, whereas 

Cd1Zn8Te6 has maximum heat capacity value. Zn and Te concentrations play a 

significant role in the heat capacity value; more Zn increases heat capacity, more Te 

decreases heat capacity. These values in the nanoparticles are consistent with the 

behavior of energy as a function of temperature as shown in Figure 42. From these 

results one can infer that the details of the evolution of heat capacity are strongly 

correlated with composition. 
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Figure 43. Composition dependence of the heat capacity values for various CdZnTe 

nanoparticles. 

In the second part, we have used the optimized geometries obtained at 1 K from MD 

simulations and applied single point energy calculation by performing DFT method to 

understand the electronic properties such as total excess charge of each atom, dipole 

moments, HOMO and LUMO energies, HOMO–LUMO difference in energy, 𝐸𝑔, total 

energies, charge densities (CD), spin densities (SD), electrostatic potential (ESP) and 

density of states (DOS) of the different stoichiometry of the CdZnTe cubic 

nanoparticles.  

HOMO and LUMO energies, HOMO–LUMO gap energies, total energy and the 

lowest energy multiplicities (2S+1) of the spin system for various CdZnTe compounds 

are given in Table 14. The electronic ground state has been found to be spin 

multiplicity 5 for Cd6Zn1Te6 nanoparticle and spin multiplicity 3 for the Cd8Zn1Te6 

and Cd1Zn8Te6 nanoparticles, and the rest have been found to have a spin singlet state 

with multiplicity 1. The nanoparticles with spin multiplicity 3 and 5 have both alpha 
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and beta Molecular Orbital (MO) eigenvalues. The energy gap between HOMO and 

LUMO, known as HOMO-LUMO gap, is an important parameter to determine the 

electrical transport properties of the nanoparticles, as well as the optical properties. It 

has been found that 𝐸𝑔 β of states are comparatively larger than that of α states for spin 

multiplicity 3 and 𝐸𝑔 of β states are comparatively smaller than that of α states for spin 

multiplicity 5. The gap energy of the Cd1Zn8Te6 (β) ternary nanoparticle (2.340eV) is 

larger than that of the other CdZnTe ternary nanoparticles. We can also see that its 

value has a minimum for the Cd8Zn1Te6 (α) nanoparticle (0.598 eV). The smaller gap 

corresponds to high chemical reactivity and kinetic stability. As it may be seen from 

Table 14, the energy gap (𝐸𝑔) increases as the number of Cd and Zn atoms in the 

nanoparticles (with spin multiplicity 1) increases when the number of Te atoms is to 

be constant. This increment is compatible with the conclusions of 𝐸𝑔 of elemental Zn 

and Cd clusters which are relatively larger than that of the elemental Te clusters. 

Table 14. HOMO, LUMO energies (in a.u.), HOMO–LUMO gap energies (Eg), total energy 

(ET in Hartree) and the lowest energy multiplicities (2S+1) of the spin system for various 

CdZnTe compounds. 

        Model HOMO LUMO 𝐸𝑔(𝑒𝑉) 𝐸𝑇 2S+1 

Cd6Zn1Te8 (α) -0.202 -0.134 1.850 -1292.421 5 

Cd6Zn1Te8 (β) -0.195 -0.169 0.789   

Cd8Zn1Te6 (α) -0.155 -0.133 0.598 -1610.189 3 

Cd8Zn1Te6 (β) -0.201 -0.126 2.040   

Cd1Zn6Te8 -0.191 -0.155 0.979 -1588.421 1 

Cd8Zn6Te1 -0.180 -0.140 1.088 -2700.275 1 

Cd1Zn8Te6 (α) -0.150 -0.125 0.680 -2024.567 3 

Cd1Zn8Te6 (β) -0.207 -0.121 2.340   

Cd6Zn8Te1 -0.166 -0.134 0.870 -2818.675 1 
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The Mulliken atomic charges show a significant role applications in quantum 

chemistry. The calculated excess charges of atoms in each model are shown in Figure 

44. The total Mulliken charges of the CdZnTe nanoparticles were gathered in Table 

15. The charges of the atoms in different models indicate dissimilar charge with each 

other. For instance, the total excess charge of Zn atom is negative in the Cd6Zn1Te6 

nanoparticle, on the other hand, the total excess charge of Zn atom is positive in the 

Cd8Zn6Te1 nanoparticle. We can infer that the composition of the nanoparticle strongly 

effects the value of the Mulliken charge on the atoms. The dipole moments are other 

important electronic properties. The bigger the dipole moment represents the stronger 

intermolecular interaction. Dipole moment along the x-axis (𝜇𝑥=0.235, Debye) was 

found to be the highest value which corresponds to large opposite charge separation in 

the Cd8Zn1Te6 nanoparticle. The corresponding total dipole moment was found to be 

0.290 Debye. Calculated dipole moment values are given in Table 15. 
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Figure 44. The calculated excess charges of atoms in each model. 
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Table 15. The total excess charges (q, in |e|) and the dipole moments (µ, in Debyes) for various 

CdZnTe nanoparticles. 

 

Model 𝑞𝐶𝑑 𝑞𝑍𝑛 𝑞𝑇𝑒 𝜇𝑥 𝜇𝑦 𝜇𝑧 𝜇𝑇 

Cd6Zn1Te8 -0.474 -0.842 1.316 -0.012 -0.034 0.043 0.056 

Cd8Zn1Te6 -0.230 -0.658 0.888 0.064 0.017 -0.018 0.069 

Cd1Zn6Te8 -0.975 -0.906 1.881 0.031 -0.034 -0.082 0.035 

Cd8Zn6Te1 -0.658  0.513 0.145 0.022 0.038 -0.031 0.054 

Cd1Zn8Te6 -1.022 -0.860 1.882 0.048 0.012 0.015 0.052 

Cd6Zn8Te1 -0.404 0.272 0.132 0.235 -0.051 -0.166 0.290 

 

 

Figure 45 shows HOMO and LUMO pictures of ternary cubic nanoparticles. HOMO 

and LUMO localizations are almost symmetric over the structures. Negative HOMO 

and LUMO localizations are mainly on and near the Te, whereas localizations on the 

Cd and Zn atoms are mainly in the positive regions.  

Charge density (CD) and electrostatic potential (ESP) pictures of all the nanoparticles 

are shown in Figure 46. Charge density has a uniform distribution for all the 

nanoparticles considered. ESP is usually used as a measure of electronegativity and 

partial charges of a molecule. Negative ESP is mainly localized over the Te atom and 

it looks like a yellowish blob while the positive regions are mainly localized around 

Zn and Cd atoms. 
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Figure 45. HOMO and LUMO pictures of the CdZnTe ternary nanoparticles. Green and red 

colors represent the positive and negative isosurfaces for HOMO and LUMO, respectively. 
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Figure 45. (Continued). 
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Figure 46. Charge density (CD) and electrostatic potential (ESP) pictures of CdZnTe ternary 

nanoparticles. ESP picture: yellow and orange colors represent positive and negative 

potential, respectively. 
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Figure 46. (Continued). 
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Spin density (SD) figures are given in Figure 47. As it may be seen from the figure 

that the spin density distribution is symmetric over the Cd6Zn1Te8, Cd6Zn1Te8 and 

Cd1Zn8Te6 and the negative spin density is localized on Te atoms, whereas the positive 

spin density localization is on Zn atom in the center. 

 

 

 
 

Figure 47. Spin density (SD) pictures of CdZnTe ternary nanoparticles with nonzero spin. 

Green (alpha spin) and blue (beta spin) colors represent the positive and negative spin 

density, respectively. 

 

Density of states (DOS) is important, because the occupied and unoccupied molecular 

orbitals can be seen on DOS spectrum. Using Mulliken population analysis, we have 

plotted the density of states (DOS) spectra (see Figure 48) for all CdZnTe 

nanoparticles using GaussSum 2.2 software [137]. The analysis of the density of states 

shows that the electronic structure is strongly influenced by the nanoparticle 

stoichiometry. Furthermore, the density of localized states has a sharply increasing 

tendency in the region of -15 eV. It is also seen that the electron levels are spin 

polarized for the Cd6Zn1Te8, Cd8Zn1Te6 and Cd1Zn8Te6 nanoparticles. Predictions 

based on the different compositions lead to similar distribution of orbital energies. 

Moreover, the results of DOS for the Cd6Zn1Te8 and Cd8Zn1Te6 nanoparticles between 

-2 and -4 eV show similar DOS profile as seen in the Cd0.825Zn0.175Te bulk of this 

material [138]. 
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Figure 48. Density of states (DOS) spectra for CdZnTe ternary nanoparticles using Mulliken 

population analysis. 
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Figure 48. (Continued). 
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Figure 48. (Continued). 
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3.6 Structural and Thermal Properties of Cd-Zn-Te Ternary 

Nanoparticles: Molecular-Dynamics Simulations 

 

3.6.1 Introduction 

 

A molecular dynamics simulations using a recently developed CdZnTe bond order 

potential is carried out to study structural and thermodynamical properties of the 

CdZnTe spherical-like ternary nanoparticles with 167-357 atoms in the temperature 

range 100 K-600 K. The heat capacity calculation is performed as depending on the 

size and the stoichiometry at various temperatures using a non-equilibrated molecular 

dynamics simulation strategy. Moreover, the segregation phenomena of Cd, Zn, and 

Te atoms in Cd-Zn-Te nanoparticles are researched by the order parameter R 

depending on nanoparticle size and temperature. The radial distribution function has 

also been calculated for the Cd0.50Zn0.50Te nanoparticle with 357 atoms at 100 K and 

600 K. 

 

3.6.2 Modelling and Calculation Procedure 

 

In this study, we present atomistic molecular-dynamics (MD) simulations of Cd-Zn-

Te ternary spherical NPs with 167-357 atoms with diameters 1.2 to 1.5 nm under heat 

treatment by applying non-equilibrated process. The size and composition dependence 

of heat capacity 𝐶𝑣 have been investigated for CdZnTe ternary nanoparticles. After 

that, the variation of the order parameter under heat treatment is studied to understand 

the character of the stable structures and analyze segregation phenomena of Zn, Cd, 

and Te in Cd-Zn-Te spherical nanoparticles depending on the number of particle and 

temperature, and finally the behavior of the radial distribution function is investigated 

for Cd0.50Zn0.50Te spherical nanoparticles at temperatures 100 and 600 K. 
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The simulations of spherical nanoparticles were made via LAMMPS using BOP. 

Thermal equilibrium is controlled by choosing a Nosé-Hoover thermostat and the 

canonical ensemble during the whole simulations. In the computations, the heating 

procedure is applied, where the temperature was raised by 25 K. The simulations are 

implemented with starting at 1 K, and then temperature is raised till 600 K for Cd-Zn-

Te spherical nanoparticles with different size and stoichiometry. In all the simulations, 

each run is performed for 100000 MD steps (0.1 ps) with a time step of 0.1 fs. During 

the simulations the non-equilibrated MD procedure is followed. In this method, the 

system’s temperature is gradually increased by 25 K without waiting for the system to 

reach the equilibrium state. Boltzmann velocity distribution is used to generate particle 

velocities at the corresponding temperature. The cut-off radius of 14.70 Å was used 

for maximum interaction range. The initial structures of the Cd0.50Zn0.50Te, as an 

example, spherical nanoparticle models generated from zinc-blend crystal structure are 

shown in Figure 49. 

 

 
 

Figure 49. The initial structures of the Cd0.50Zn0.50Te spherical nanoparticle models 

generated from zinc-blend crystal structure for MD simulations. 
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3.6.3 Results and Discussions 

 

We have calculated the variation of the potential energy and the composition 

dependence of heat capacity, the variation of heat capacity with size and Zn and Cd 

content, the variation of order parameter with temperature and size for the Cd1-xZnxTe 

ternary alloys spherical nanoparticles with Zn concentrations for x= 0.25, 0.50 and 

0.75 and finally radial distribution function (RDF) of the Cd0.50Zn0.50Te nanoparticle 

at temperatures 100 K and 600 K. 

Potential energy as a function of temperature for various CdZnTe compounds is 

depicted in Figure 50. Note that the slope of the curve does not change sharply over a 

wide temperature range and the value of the energy does not abruptly change. 

 

 

 
 

Figure 50.Variation of the potential energy as a function of temperature according to the size 

and stoichiometry of the nanoparticles.  (a) Cd0.25Zn0.75Te, (b) Cd0.50Zn0.50Te, and (c) 

Cd0.75Zn0.25Te. 
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Figure 50. (Continued). 

 

 

 

 



 

114 

 

One of the aim of this study is to research the effect of size and composition on the 

behavior of the heat capacity using a molecular dynamics simulation. The heat 

capacity is formally described as the rate of internal energy in accordance with 

temperature (see Eqn. 3.4).  

The variation of the heat capacity 𝐶𝑣 versus number of atoms in the temperature range 

100-600 K for the concentrations x = 0.25, 0.50 and 0.75 is shown in Figure 51. For 

all concentrations, the heat capacity values show an increasing trend with increasing 

size up to nanoparticle with 293 atoms, then starts to decrease.  

 

 
 

Figure 51. Size dependence of the calculated heat capacity 𝐶𝑣 for the Cd1−xZnxTe 

nanoparticles in the temperature range 100 K-600 K. 
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Figure 52 (Heat capacity vs Zn and Cd concentration, respectively) displays the 

calculated heat capacity 𝐶𝑣 values as a function of (a) Zn and (b) Cd concentration (x) 

for the sizes N=167, 239, 293 and 357. As it can be seen from figures, the concentration 

of zinc and cadmium have significant influence on the heat capacity behavior in terms 

of nanoparticle size. Cd1-xZnxTe alloys show different values with increasing the Zn 

and Cd concentration for heat capacity 𝐶𝑣 [136]. Although there is no thermal data in 

the literature for CdZnTe nanoparticles, we may compare the trend of the present 

results for nanoparticles with that of bulk values. Experimental measurements for heat 

capacity on CdZnTe ternary alloy bulk material shows fluctuations  with respect to Zn 

concentration [136]. See Figure 53 for this anomaly. In this sense the present results 

show similar behavior as seen in the bulk [136]. From these results one can infer that 

the details of the evolution of 𝐶𝑣 are strongly correlated with the size and the 

stoichiometry. The size dependence characteristic of heat capacity of nanoparticles has 

been also obtained in recent studies for metals [135] and binary alloys [19].  

 

 

 
 

Figure 52. Variation of the calculated heat capacity Cv as a function of (a) Zn and (b) Cd 

concentrations (x) for the sizes N=167, 239, 293 and 357. 
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Figure 52. (Continued). 

 

 
 

Figure 53. Experimental heat capacity profile for CdZnTe bulk material. [136]. 
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Figure 54 (a), (b) and (c) show the order parameter-particle size graphs of considered 

Cd0.25Zn0.75Te, Cd0.50Zn0.50Te and Cd0.75Zn0.25Te (N=167, 239, 293 and 357) spherical 

nanoparticles. From Figure 54 (a), it can be found that for ternary nanoparticle, RTe is 

larger than RCd and RZn for N=239 and RCd is larger than RZn and RTe for N= 167, 293 

and 357. This indicates that Te atoms for N=239 and Cd atoms for N= 167, 293 and 

357 tend to occupy reside on the surface. The tendency of Te and Cd is because of the 

lower surface and cohesive energy of Te and Cd. Low RZn values for N=167 and 239, 

and RTe values for N=293 and 357 indicate that Zn and Te atoms tend to locate at the 

center, separately. According to the order parameter plot in Cd0.25Zn0.75Te, 

Cd0.50Zn0.50Te and Cd0.75Zn0.25Te spherical nanoparticles, the composition Zn and Te 

atom compositions have almost similar effect on the formation of the nanoparticles. 

For all concentrations, the variation of the order parameter with number of atoms 

indicates that order parameter of Cd0.75Zn0.25Te has larger value than that of 

Cd0.25Zn0.75Te and Cd0.50Zn0.50Te. 

 
 

Figure 54. Variation of the order parameter RCd, RZn, and RTe with respect to size (N=167, 

239, 293 and 357). (a) Cd0.25Zn0.75Te, (b) Cd0.50Zn0.50Te and (c) Cd0.75Zn0.25Te. 
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Figure 54. (Continued). 
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Figure 55 (a), (b) and (c) show the order parameter-temperature graphs of Cd-Zn-Te 

nanoparticles with N=167, 239, 293 and 357 atoms. The similar effects of the order 

parameter with temperature can also be seen in Figure 54 (a), (b) and (c).  

 

 

Figure 55. Variation of the order parameter RCd, RZn, and RTe with respect to temperature. (a) 

Cd0.25Zn0.75Te, (b) Cd0.50Zn0.50Te and (c) Cd0.75Zn0.25Te. 
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Figure 55. (Continued). 
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On the other hand, the radial distribution function (RDF) is another important 

statistical measure to determine the structural properties of materials. The behaviors 

of the radial distribution function (RDF) of the studied Cd0.50Zn0.50Te spherical 

nanoparticle with 357 atoms are given in Figure 56 (a) and (b) at 100 K and 600 K, 

respectively. The peaks indicate that atoms are located around each other in shells of 

neighbors. The peaks of the radial distribution function are usually sharper at 100 K. 

This is due to fact that at relatively low temperature the atoms are located more closely 

to shell structure. However, the peaks are slightly broadened at 600 K, due to the 

thermal motion. The atoms begin freely to move away from lattice point. The number 

of obvious peaks in RDF observed at 100 K have decreased with increasing 

temperature (at 600 K). 
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Figure 56. The radial distribution function (RDF) of the Cd0.50Zn0.50Te nanoparticle with 357 

atoms at (a) 100 K and (b) 600 K. 
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Figure 57 represents the structures of the Cd0.50Zn0.50Te spherical nanoparticle with 

357 atoms at various temperatures. From Figure 57, it is clearly seen that the 

deformation in the structure of nanoparticle starts after 300 K.  

 

 

Figure 57. The structures of the Cd0.50Zn0.50Te spherical nanoparticle with 357 atoms at 

various temperatures. 
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CHAPTER 4 
 

 

                                    CONCULUSIONS 
 

 

 

In this thesis, CdZnTe ternary alloy nanostructures such as nanorods, clusters 

and nanoparticles have been investigated theoretically using molecular mechanics 

method and DFT calculation with B3LYP XC functional using CEP-121G basis set. 

This study consists of six main parts. In the first part of the study, MD 

simulations using an atomistic many-body PEF for ZnxCd1-xTe (x= 0.25, 0.50 and 

0.75) nanorods have been performed [139]. The calculations clearly showed that the 

ZnxCd1-xTe nanorods simulated at various temperatures and stoichiometry have 

different structural properties. After reaching a temperature of 300K, Zn0.25Cd0.75Te 

and Zn0.50Cd0.50Te nanorods change from a nanorod to a tubular structure as a result 

of increased temperature. On the other hand, Zn0.75Cd0.25Te nanorod changes to 

become 2D (nanoribbon like structure) at 1200 K, it changes again to become 3D 

(capsule like structure) and a 1D (atom chain) structure at 2100 K. In all three nanorod 

structures, Zn atoms start to separate from the system after reaching 300 K. After 

evaporation of Zn the total energy of the systems show an increasing trend as seen 

from the Figures 3, 5 and 6. It is expected that the outcomes of the present study will 

provide useful information in understanding the structural properties of ZnxCd1-xTe 

(x= 0.25, 0.50 and 0.75) nanorods at various temperatures for both experimental and 

theoretical efforts. 

In the second part of the study, we have used an atomistic many-body PEF to 

study the structural properties of ZnTe and CdTe nanorods [140]. The structural 

properties of CdTe and ZnTe binary nanorods are strongly dependent on temperature. 

The calculations showed that ZnTe and CdTe binary nanorods change from a nanorod 

to a capsule structure after reaching 1500 K and 2100 K, respectively.  
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In the case of ZnTe binary nanorod, Zn atoms separate first and a pure Te system 

remains and it changes to a tubular structure at 2400 K; however, in the case of CdTe 

binary, both atoms remain even at high temperatures and it changes again to a tubular 

structure at 3000K. Furthermore CdTe nanorod changes again to a capsule like 

structure at 3300 K. Although the Zn atoms of ZnTe system start to separate at about 

900 K, the total energy of the system shows an increasing trend, as seen in Figure 4.  

In the third part of the study, the mechanical properties of CdZnTe nanowires 

under uniaxial stretching and compression are studied based on MD simulations with 

Bond Order Potential (BOP) [141]. It is found that CdZnTe nanowires with 263 atoms 

appear more ductile than that of 641 atoms at 1 K. Moreover, the temperature and 

width exert significant effects on the mechanical properties of CdZnTe nanowires 

under stretching. Under compression, CdZnTe nanowires with 641 atoms seem like an 

amorphous nanoparticle. These results could help future researches for CdZnTe 

nanowire applications such as solar cells, optoelectronic devices, industrial imaging 

systems and security for their mechanical strengthen and compression properties. 

In the fourth part of the study, DFT calculations at B3LYP/CEP-121G level for 

the structural and electronic properties of ZnmCdnTek (m+n+k=2-4) clusters have been 

performed [142]. The geometries of the investigated models have been fully optimized 

such that all harmonic frequencies are obtained to have a positive value. The Te2, 

CdTe, ZnTe2 and CdTe2 clusters in their electronic ground state have been found 

triplet, the rest have been found singlet. When combined with the Zn and Te atoms, 

Mulliken charge on Cd atom has negative and positive charge, respectively. The 

energy gap (Eg) decreases when the number of atoms in the clusters increases. The 

most probable dissociation channel and energy results are consistent with the 𝐸𝑏 values 

of dimers and trimers as expected. It is expected that the outcomes of the study will 

ensure useful information for a better understanding the electronic and chemical 

stabilities of the ZnCdTe clusters for both experimental and theoretical efforts. 

In the fifth part of the study, the molecular dynamics simulation results 

obtained by using a recently developed Cd-Zn-Te bond order potential for the 
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structural and thermal properties of the CdZnTe ternary nanoparticles, with 15 atoms 

and with different stoichiometry, at various temperatures are presented for the first 

time [143]. It is found that the heat capacity of CdZnTe ternary nanoparticles in the 

temperature range from 100 K to 600 K depend on the stoichiometry of the system. 

The heat capacity indicates fluctuation and a sharp increase in terms of number of Cd, 

Zn and Te atoms. It is concluded that Zn, Cd and Te concentrations have significant 

influence on the heat capacity. Experimentally observed stoichiometry dependent 

anomaly in heat capacity of CdZnTe bulk material has been observed in the calculated 

heat capacity of the nanoparticles of the same material. In addition, the character of 

the stable structures is investigated by studying the order parameter, and segregation 

phenomena of Zn, Cd, and Te were analyzed in the CdZnTe ternary nanoparticles. The 

results for the nanoparticles provide us to understand the effect of the composition on 

the nanoparticles at different temperatures to guide the experimentalists, because the 

segregation is encountered during the growth of the CdZnTe at high temperatures, 

which results in non-uniformity in the stoichiometry. In addition, single point energy 

calculations by DFT method with  B3LYP/CEP-121G level have been performed to 

investigated the electronic properties such as HOMO-LUMO energies, Mulliken 

charges on the atoms, charge densities, spin densities and DOS of the CdZnTe ternary 

nanoparticles. The ground state energy of Cd6Zn1Te8 was obtained spin multiplicity 5, 

the models Cd8Zn1Te6 and Cd1Zn8Te6 have multiplicity 3, and the rest of the models 

have multiplicity 1. The heat capacity values of the nanoparticles depending on the 

composition are also consistent with the HOMO-LUMO band gap energy. Density of 

states of the CdZnTe nanoparticles with different compositions show that the 

electronic structure is strongly influenced by the nanoparticle stoichiometry.  

In the last part of the study, molecular dynamics simulation results by using a 

recently developed CdZnTe BOP for the structural and thermal properties of different 

sizes and the stoichiometry of Cd-Zn-Te ternary spherical nanoparticles are presented 

at various temperatures for the first time [144]. It is found that the heat capacity of Cd-

Zn-Te spherical nanoparticles in the temperature range from 100 K to 600 K depend 

on the size and the stoichiometry of the system. The heat capacity indicate fluctuation 
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and a sharp increase for N =167, 239 and 293, but it decreases for N = 357. It is also 

observed that Zn and Cd concentrations has significant influence on the heat capacity. 

Stoichiometry dependence of the heat capacity for the bulk of this material has also 

been observed experimentally. In addition, the character of the stable structures is 

analyzed by calculating the order parameter, and segregation phenomena of Zn, Cd, 

and Te were analyzed in Cd-Zn-Te spherical nanoparticles. Furthermore, the structural 

characteristics and the atomic distribution in Cd-Zn-Te spherical nanoparticles are 

studied. Moreover, it is concluded that the peaks of the RDF for the Cd0.50Zn0.50Te 

spherical nanoparticle with 357 atoms are sharper at 100 K than at 600 K. 
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