
 

 



 

Index Of Articles 

the Influence Of Annealing Temperature On Structural And Optical Properties Of Zno Nanostructures 

Thin Films Grown Using Hydrothermal Technique ..................................................................................... 1 

Extracting Most Relevant Moments By Segment-Based Hybrid Feature Selection Scheme For Classifying 

Radio Galaxy Images .................................................................................................................................... 8 

Preparation And Characterization Of Ultra-Thin Gallium Doped Zno Film .............................................. 12 

Two-Dimensional Based Electronic Devices.............................................................................................. 16 

Graphene Resonant Tunneling Field Effect Transistors ............................................................................. 17 

The Vortex Structures Of Electron Holes In A Cold Plasma System: Pic Simulation ............................... 23 

Cobalt Zinc Aluminate And Cobalt Doped Willemite As Blue Ceramic Nanopigments: Synthesis And 

Physical Properties ...................................................................................................................................... 28 

Surface Plasmon  Activated Selective Photogain Response In Zno Nanorods Array – Au Heterostructures

 .................................................................................................................................................................... 34 

Investigation The Role Of Vo2 Nanoparticles On The Emissivity In A Multilayer Structure ................... 40 

Numerical Study Of Phase Change Material In The Paraffin Wax And Rt25 ............................................ 44 

Linear And Nonlinear Analysis Of Solar Coronal Index ............................................................................ 49 

Investigation Of The Fmos, Global, And Local Reactivity Descriptors Of Caffeine Based On Density 

Functional Theory ....................................................................................................................................... 53 

Title: The Creation Process Of The First Particle From The Absolute Vacuum ........................................ 66 

Preparation And Structural Characterization Of Bawo4 -Chitosan Nanocomposite ................................... 81 

Low Frequency Oscillation Analysis On Power Systems Connected To Wind Farm ................................ 85 

Computer Simulation Of Swing-Seated Position ........................................................................................ 94 

Photoconduction And Laser Transmission In Zno Nanorods Array – Au Heterostructures....................... 99 

Spin And Torsion Tensor In Quantum Dots ............................................................................................. 105 

Calculate The Sensitivity Of A One Dimension Photonic Crystal Biosensor By Using (Graphen And 

Pmma) Layers ........................................................................................................................................... 110 

The Effect Of Twisted Magnetic Field On The Viscous Damping Of The Kink Oscillations In Coronal 

Flux Tubes ................................................................................................................................................ 117 

Mechanical Properties Of Bc6n Sheet Structures: A Molecular Dynamics Study ................................. 1211 



 

1 

 

THE 1ST IRAN-KURDISTAN INTERNATIONAL 

CONFERENCE ON PHYSICS 2021(IR-KU-ICOP 202) 
University of Kurdistan, Sanandaj, 

Iran 

25-26 AUGUST 2021 

DOI: 

The Influence of Annealing Temperature on Structural and Optical 

Properties of ZnO Nanostructures Thin Films Grown Using Hydrothermal 

Technique 
Adnan M. Saleh1, Ali M Mohammad2,* Ziad T. Khodair3, Nabeel A. Bakr4 

1,2  Department of Physics, College of Education - University of Garmian, Iraq 
3,4Department of Physics, College of Science - University of Diyala, Iraq 

 

Zinc oxide (ZnO) nanostructures thin films were deposited on glass substrates using hydrothermal 

drop casting technique. X-ray diffraction (XRD), field emission scanning electron microscopy 

(FE-SEM), and UV-Vis were used to investigate the effect of annealing temperature on structural, 

morphology, and optical properties. spectroscopy respectively. The XRD analysis revealed that 

the dominant orientation is (100) after annealing at temperatures (150, 200, 250 and 300 ºC) for 

all samples, and as the annealing temperature increases, which was found effective in improving 

the grain size, crystallinity and the distribution of grains become uniform. The (FE-SEM) results 

showed various shapes such as cauliflower-like or sponge, nanorod and nanoflower. With 

increasing annealing temperature, the optical energy band gap of (ZnO) thin films shrinks. 

Regarding the technological applications of zinc oxide, hydrothermal sample preparation proves 

to be cost-effective. 

I. INTRODUCTION 

One-dimensional (1D) Zinc oxide nanostructures such as nanorods (NRs) and nanowires thin films 

have attracted special attention in optoelectronic and electronic application fields including light-

emitting diodes, field-effect transistors and photo detectors as a result of their wide band gap and 

distinct physical properties [1, 2]. This is due to the reason that one dimensional (ZnO) 

nanostructures have a direct band gap at room temperature with large surface area and low-

dimensional structures, considered favorable candidates for perfect ultraviolet (UV) photo 

detectors and sensors [3-5].  For such applications, a thorough understanding of the growth 

technique is required to obtain the necessary morphology of ZnO NRs. Because the properties of 

ZnO NRs are largely reliant on their morphology and shape, it is also critical to carefully manage 

their size, shape, and surface structure in order to take advantage of their properties in a variety of 

domains [6]. Numerous studies have devoted on the fabrication and characterizations of 1D zinc 

oxide nanostructure thin films-based UV photo detectors using the chemical vapor deposition 

(CVD), vapor–liquid–solid process, and hydrothermal synthesis techniques [7-9]. Although the 

Hydrothermal Technique is mostly efficient in preparing thin films on various substrates, such as 

glass, but the physical properties of ZnO thin films are influenced by a variety of factors such as; 

the substrate, solution concentration, annealing temperature and the thin film thickness[10]. The 

annealing temperature for thin films grown on glass substrate was chosen between 150 and 300 ºC 

in order to improve physical properties such as crystalline structure, optical gap energy, and surface 

morphology. We used a hydrothermal technique to deposit ZnO thin films on glass substrates in 
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this study. To improve the physical properties of the thin films, they were annealed at different 

temperatures (150, 200, 250, and 300 ºC). 

II. EXPERIMENTAL SECTION 

To ensure that there is no contamination due to impurities present in the containers, each materials 

used should be washed using DI water, acetone and ethanol inside the ultrasonic bath. In the first 

step, thin drop-casted seed layer of ZnO was prepared from precursor of zinc acetate 

(Zn(CH3COO)2.2H2O) and absolute methanol (99%). 10 mM and 20 μL of the prepared solution 

was drop-casted onto the substrate surface, then heated at 60 oC on a hotplate. This process was 

repeated for five times at regular intervals. The resulting five layer films were annealed in a furnace 

at a temperature of 350 °C for one hour. In the second step, ZnO nanorods were grown on seed 

layer coated glass substrates using hydrothermal technique by immersing seed layer samples in a 

growth solution comprising 25 mM of zinc nitrate Zn(NO3)2.6H2O and 25 mM of 

Hexamethylenetetramine (HMTA) (C6H12N4) solution of molar ratio 1:1. Then the growth solution 

was heated inside the oven at 70 oC for 6 hours, until it turned milky indicating the formation of 

ZnO. Later, the samples were taken out carefully. In order to remove the residuals from the surface 

of all samples, they are rinsed with DI water then allowed to dry in air at room temperature for 

half an hour. Eventually, the films were annealed in a programmed furnace at 150, 200, 250 and 

300 ˚C for 1.5 hour. This way, the influence of annealing temperature on structural and optical 

properties are investigated. 

III. STRUCTURAL PROPERTIES 

X-ray diffraction (XRD) 

The XRD patterns of zinc oxide (ZnO) thin films annealed at various temperatures (150, 200, 250, 

and 300 °C) are graphed in the Fig. (1). Five diffraction peaks were observed corresponding to the 

(100), (002), (102), (110) and (200) planes in sequence of ZnO phase. Bragg reflections can be 

seen in the diffractogram of the ZnO sample, which can be attributed to a polycrystalline hexagonal 

wurtzite structure (ICSD 01-074-0534). The high relative intensity of the (100) peak appeared for 

all samples as expected. Moreover, no impurity peaks were observed in XRD pattern, indicating 

pure phase. High quality ZnO nanostructures are readily obtained, and as the annealing 

temperature rose, the peak intensity of the plane (100) grew and became narrower, pointing to the 

promotion in degree of crystallinity and the increase in crystal size [11]. Nonetheless, the most 

prominent peak of (100) overcomes the other peak. 

The crystallite size of ZnO thin films at various annealing temperatures was estimated from 

Scherer's equation (1) [12]. 

𝐷 =
𝑘𝜆

𝛽 cos 𝜃
                                                               (1) 

where (D) is the average crystallite size in nanometer, (K) is constant and equals (0.9), (λ) is 

wavelength for Cu target for XRD instrument, (β) is full width at half maxima measured in radians 

of X-ray peak, (θ) is Braggʼs angle. Table 1 shows the X-ray analysis results, which indicate that 

the crystallite size grows as the annealing temperature of the samples increases. 
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Fig 1. XRD patterns of (ZnO) nanoroad thin films annealed at various temperatures (150, 200, 250 and 300 °C) 

Table 1. The x-ray data of ZnO thin films at different annealing temperatures 

D (nm) FWHM (deg) 2θ (deg)   
 

hkl Annealing temperatures (ºC) Sample 

53.02 0.156 31.812 (100) 150 F1 

55.14 0.15 31.813 (100) 200 F2 

58.24 0.142 31.82 (100) 250 F3 

60.37 0.137 31.819 (100) 300 F4 

The FWHM value mirrors the crystallinity of the annealed films at varying temperatures. The 

FWHM diminish clearly with the rise of annealing temperature, which obviously shows the 

crystallinity of the film with annealing process[13]. The average crystallite (D) size varied from 

53.02 to 60.37nm as the annealing temperature rose from 150 to 300 ̊C, respectively (Fig. 1 and 

Table 1). The increase in crystallite size may be due to the recrystallization of the atoms into 

wurtzite lattice structure which attributed to the thermal energy produced by annealing process 

[13]. Furthermore, the broadening of the strong XRD peaks verifies the produced ZnO NS's good 

crystallinity and fine size. 

Field emission scanning electron microscope (FE-SEM) 

Figure (2) (a0, a1), (b0, b1), (c0, c1), and (d0, d1) show the typical morphology of zinc oxide (ZnO) 

thin films for different annealing temperatures (150, 200, 250, and 300 °C), respectively. 
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Fig 2. Surface morphology of ZnO nanoroad and nanoflower thin films (a0, a1), (b0, b1), (c0, c1) and (d0, d1) and (d0, 

d1) at different annealing temperatures (150, 200, 250, and 300 ºC). 

The disparities and structures in the texture of the films showed that when the annealing 

temperatures were raised, the thickness of the thin film grew. The FE-SEM images showed various 

values of grain size, depending on the change of annealing temperature. Fig. 2 revealed the low 

and high magnification images of the zinc oxide nanostructures, some of which showed hexagonal 
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morphology and pointed tips. Furthermore, raising the annealing temperature from 150 to 300 C 

increased grain size and changed the shape of the film structure from nanostructure to nanorode or 

nanoflower. 

Optical properties 

At room temperature, UV–vis spectroscopic measurement of the nanostructures samples is carried 

out to study the optical transmittance (band gap Eg) with different annealing temperatures in the 

temperature range of 150, 200, 250 and 300 ºC of ZnO and 200–900 nm using double beam UV- 

visible spectroscopy 2600 from Shimadzu Co. Japan. The optical band gap energy (Eg) between 

the valence band to the conduction band (direct transition) for ZnO thin films was measured from 

Tauc equation [14]. 

(𝛼ℎ𝑣)2 = 𝐴(ℎ𝑣 − 𝐸𝑔)                                    (2) 

 
Fig 3. Plot of (αhv)2 versus photon energy (hυ) for ZnO thin films at different annealing temperatures (150 ,200, 250 

and 300 ºC).  

Where, α, is the absorbance coefficient, A, proportional constant and hv  is the photon energy in 

electron volte. The plot of (αhv)2 and hv yields a straight line, and extrapolating the straight line to 

the (αhv)2 = 0 axis provides the sample's band gap value [15]. The band gap (Eg) decreases with 

the introduction of annealing temperature, as shown in Fig. 3, when compared to all samples of 

ZnO thin films. The widening of the band gap tends to decreases (3.60 -3.17 eV) as the particle 
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size increases. However, because zinc oxide family is an n-type wide-band-gap semiconductor 

material [16], these reductions (band gap) value are consistent with other previously published 

experimental and theoretical results. The increase in the thermal energy lead to increase in the 

amplitude of atomic vibration, and an increasing in the interatomic spacing occurs, later minimizes 

the energy of band gap size because of the decrease in average potential seen by the electrons in 

the material[17]. 

IV. SUMMARY AND CONCLUSIONS 

In conclusion, using the hydrothermal drop casting approach, pure zinc oxide (ZnO) thin films 

were produced on glass substrates. The influence of annealing temperatures (150, 200, 250 and 

300ºC) and structural and optical properties was investigated. The XRD analysis revealed that the 

dominant orientation amounts to (100) after annealing treatment and its intensity increases and 

becomes narrower. FE-SEM image revealed that the heat evolution of ZnO thin films is 

characterized by a surface morphological transformation such as cauliflower-like or sponge, 

nanorod and nanoflower shapes due to the increase in the annealing temperature. The films also 

showed semiconducting behavior with band gap energy at the range of (3.17 - 3.44 eV), depending 

on annealing temperatures; the values of the energy gap reduced as the annealing temperature rose. 

However, the thickness measurements on the tested samples were approximately around 500 nm. 
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One of the significant concerns in radio galaxy image classification is how to deal with high-

dimensional feature space. Hence, in this paper, we design the segment-based hybrid feature 

selection scheme (SHFSS) via coupling information theory (filter phase) and machine learning 

algorithms (wrapper phase). Experimental results show that the selected features bring a higher 

accuracy than the original dimensions of the dataset for labeling samples. 

I. INTRODUCTION 

First influential classification of the radio galaxies was proposed by Fanaroff and Riley (FR; 1974) 

[1]. They segregated the extended radio sources into two groups: type I and type II. Because of the 

characteristics of the FRI sources, they are also named edge-darkened galaxies. On the other hand, 

the FRII galaxies with the other brightness characteristics are called edge-brightened galaxies. By 

launching new ground-based telescopes and space mission instruments, the new types of samples 

are added to the categories [2]. So, it is necessary to develop modern applicable methods to 

automatically classify data sets. Some supervised and unsupervised approaches were proposed for 

classifying galaxy radio images [e.g., 3, 4, 5]. 

Here, we introduced a new approach to optimize the method presented in [5]. In this procedure, 

using twin support vector machine (TWSVM) classifier, the Zernike moments (ZMs) of two 

groups of radio images (FRI and FRII) are reduced to have optimal ranges. Then, the TWSVM 

classifier segregates them into two positive and negative classes as FRI and FRII.  

The data sets are described in Section II. The methodology is presented in Section III. The overall 

SHFSS process are explained in Section IV. The results are discussed in Section V. The concluding 

remarks are given in Section VI.   

 II. DESCRIPTION OF RADIO GALAXY DATASET 

A large catalogue of extended radio galaxies based on [6], has been used in this study. This 

includes the radio properties of 1329 sources classified into FRI, FRII and FR hybrid galaxies. The 

level at which the classification is accurate for each source is also provided by the catalogue. We 

used radio galaxies with certain morphological classification as FRI or FRII. For the images, the 
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FIRST cutout server is used to construct 5'×5' fits images with angular resolution of ~5" and the 

rms noise level of 0.15 mJy. The position of the host galaxies at optical wavelength [6] are set to 

be aligned to the center of the images. As radio galaxies cover a wide range of redshift (0.03 < z < 

0.6) and physical size (10kpc<d<1Mpc), the selection of 5'×5' images allows the minimum 

contamination from the possible radio emission of neighbor galaxies.  

III. METHODOLOGY PRINCIPLE 

For the first step, the original images convert to the series moments using the Zernike polynomials. 

The Zernike function is complex and orthogonal defined in the polar coordinates [7]. The image 

is mapped to the unit circle and the intensity centroid set in the center of the circle. In Figure 1, we 

show the normalized magnitude values of 528 ZMs (i.e., |ZMs|) for a FRI image (top) and a FRII 

image (bottom). They are rotation, scale, and translation invariant [8]. Next, for selecting the most 

relevant moments (MRMs), the SHFSS strategy is considered including filter and wrapper phases. 

The graphical summary of the SHFSS is shown in Figure 2. 

 

 
Fig 1. The original images of FRI (top) and FRII (bottom) galaxies and their |ZMs|. 

Furthermore, the TWSVM classifier for two purposes: wrapper phase and classification method. 

The TWSVM accompanied with radial basic function (RBF) kernel maximizes the margin 

between two classes of data by finding two non-parallel hyperplanes [9]. 

IV. OVERALL SHFSS PROCESS 

We consider the general process of SHFSS which is including (a) The segmentation process into 

s chunks is considered in SHFSS. The size of each chunk is l d  (Eq. (1)): 

[ ] [ ] ; 1:i

l d n mChunk Segmentation on Radio Galaxy dataset i s = =  (1) 
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Fig 2. SHFSS scheme for selecting MRMs of ZMs. 

(b) The filter phase and wrapper phase applied on per 
[ ]

i

l dchunk 
. Based on indices in filter phase, 

k: semi-relevant moments (SRMs) per 
[ ]

i

l dchunk 
 is selected and entered to TWSVM for 

performance evaluation of selected SRMs of chunks.  

[ ][ {1: }] ; 1:i i

l dSRMs k filter phase chunk i s

 
= = 

   
(2) 

In filter function in Eq. (2), symmetric uncertainty (SU), interdependency (I), and redundancy (R) 

analysis is used for finding SRMs in the filter phase of SHFSS as Eq. (3) and Eq. (4)): 

,  featur
( ) ( | )

( , ) 2 ; : : ( ) ( ) log ( )
( )

e, target c
(

lass,
)

i i
i c i i

i x X

H F H F C
SU F C F C H X p x p x

H F H C


−
= = −

+


 

(3) 

( ; | ) ( ; )
( , ) 2 ( 1 ( , ) 1)

( ) ( )

i j i

i

MI F C F MI F C
IR i j IR i j

H F H C

−
= −  

+
 

(4) 

Next, we used TWSVM decision surface for testing procedure as Eq. (5): 
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[ .( {1: })] [ ( {1: })]
train set

i iAcc SRMs k TWSVM hyperplane test set SRMs k
 

= − 
 
   

(5) 

 (c) Consequently, based on obtained accuracy on selected SRMs per segmenti, SRMs was ranked 

and moments with high accuracy named most relevant moments (MRMs). 

V. RESULTS AND DISCUSSION 

Every radio galaxy image is converted to the ZMs with 528 features. Then, the different ranges of 

series moments are nominated to insert in an iterative procedure for finding the optimal range of 

features. The TWSVM-based process is fulfilled to find a set of optimal ranges including 96, 154, 

201, and 274 features as explained in previous sections. Next, we employed the TWSVM with the 

kernel RBF in the training and test sets to label FRI and FRII images. We used the accuracy metric 

(Acc) as  

𝐴𝑐𝑐 =  
𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 + 𝑇𝑟𝑢𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒

𝑇𝑟𝑢𝑒 𝑃𝑜𝑠𝑖𝑡𝑣𝑒 + 𝑇𝑟𝑢𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 + 𝐹𝑎𝑙𝑠𝑒 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 +  𝐹𝑎𝑙𝑠𝑒 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 
 (6) 

to compute the confidence level of classification. The results show that the set of 154, 201, and 

274 moments has accuracies higher than 82%. While this value is close to 81% and 80% for ranges 

of moments including 528 and 96 features, respectively.        

VI. SUMMARY AND CONCLUSIONS 

Here, we proposed a multi-level algorithm for optimal classification of radio galaxy images based 

on ZMs, TWSVM, and SHFSS process. We find an optimal ranges of moments including 154, 

201, and 274 features with accuracies close to 83%. This fully automated method with optimum 

set of features and high level of accuracy reduces the temporal expenses and memory usage. We 

intend to apply this method to the other astronomical images to classify data sets.         
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In this study for the first time a simple and effective method was employed for preparation of 

highly transparent and luminescent ultra-thin gallium doped ZnO film. By applying 

simultaneously ultrasonic vibration and sol-gel spin-spray coating technique, the morphology of 

nanoparticles was controlled and superior structural and optical properties was obtained. XRD 

results indicated that GZO film had a hexagonal wurtzite structure with (101) preferred orientation. 

EDX studies confirmed the incorporation and presence of Ga ions into ZnO lattice structure. GZO 

ultra-thin film showed nearly 90% transparency and strong dual blue-green emissions in the visible 

region which could be a novel candidate for various applications. 

 

I. INTRODUCTION 

During the last two decades, dual emission (DE) materials have found much interest in the past 

years for materials and life science applications. In fact, DE materials have been successfully used 

in fluorescence sensors, multicolor cell imaging, super-resolution fluorescence microscopy, 

ultrahigh-density data recording and storage. In biology, small-molecule fluorescent probes are 

used extensively for cellular imaging owing to their simplicity of operation, short response time 

and non-invasiveness [1-5]. Fluorescent imaging reagents which give cellular images with two 

different colors, can distinguish sites of interest from false positive signals generated by 

adventitious fluorescent biomolecules in the monitoring processes. Therefore, researchers are 

making their efforts to fabricate new DE materials having superior optical properties [6,7]. For 

example, Zinc Oxide (ZnO) is an intrinsically n-type semiconductor that has many intriguing 

properties suitable for these applications[8]. Doping is a commons strategy used to modify both 

the Optical and the electrical properties of nanostructured ZnO thin films. So far different types of 

impurities have been incorporated into the ZnO structure to change its properties; But gallium due 

to its suitable ionic radius and electronegativity can be one of the promising elements as a dopant 

or additive to enhance the optical properties of ZnO thin films. In this report, for the first time by 

applying simultaneously ultrasonic vibration and sol-gel spin-spray coating technique we prepared 

highly luminescent and transparent GZO thin film with narrow dual emission in the blue and green 

regions.  

II. EXPERIMENTAL 

Zinc acetate [Zn(CH3COOH)22H2O] (99.5% Merck), Gallium III nitrate [Ga(NO3)3] (Sigma 

Aldrich), Triethanolamine [C6H15NO3] and ethanol [C2H5OH] (99.5% Merck) were used as 

starting materials. Pure ZnO and Ga doped ZnO samples were prepared by sol-gel method 

that was developed in our lab [8–9]. For preparation of sol, zinc acetate concentration was kept at 

0.5 M. For that, 2.2 g zinc acetate was dissolved in 10 ml absolute propanol and solution was 
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stirred for 20 min, and then TEA was added to the precursor solution. The molar ratio of TEA to 

zinc acetate was kept at 3:5. After 5 min, the specified amount of Ga(NO3)3 was added to the 

solution and stirred again for 1 h at 90 °C. After that, a transparent and stable GZO sol was 

obtained. The deposition process by spin-spry coating technique was employed at the speed of 

6000 rpm for 10 second and the clean glass substrate was kept at a distance of 30 cm below spray 

nozzle. The coating depositions was repeated 3 times to increase film thickness. Coated film was 

dried in oven at 80 °C for 20 min. Afterwards, the films were dried at 350 °C for 2 h. Thin films 

of ZnO and GZO (average film thickness: 200 nm) were prepared. Finally, Au was used to make 

electrodes on both sides of the samples by thermal evaporation at 250◦C.  

III. RESULTS AND DISCUSSION 

Fig. 1 represents the X-ray diffraction pattern of GZO sample. It is found that GZO thin has 

hexagonal wurtzite structure with the dominant (100), (101) and (002) peaks around 2𝜃 = 32°, 

36.5° and 34.5°  respectively[9].  Morphology and particle size of the sample were analyzed by 

scanning electron micrograph (SEM). Fig. 2a shows the SEM image of GZO thin film. The average 

grain size of thin film is ~58 nm and its spherical shape morphology is confirmed. Cross-sectional 

SEM image of GZO thin film is shown in Fig.2b; As seen from the SEM image, the thickness of 

GZO thin film layer was estimated to 200 nm. EDS graph in Fig. 3 confirms the presence of Zn, 

O and Ga in the GZO thin film. The room temperature photoluminescence spectrum of prepared 

GZO film with an excitation wavelength of 320 nm is shown in Fig. 4. GZO thin film exhibited 

narrow dual emissions peak centered about 485 and 540 nm. ZnO due to its extrinsic and intrinsic 

defects (luminescence centers) is known as a strong luminescent material. Near band edge 

emission (NBE) and deep level emission (DLE) are two main luminescence bands in ZnO 

structure. There are donor and accepter energy levels below and above of the conduction and 

valance bands in the band gap of ZnO which are responsible for the NBES[9]. There are also other 

deep energy levels with various energies that are responsible for the DLES that emit light of 

different colors of white light in the visible region. Impurities as extrinsic point defects are also 

suggested to be involved in DLES. Deep levels and defects in ZnO are including oxygen vacancy 

(VO), zinc vacancy (VZn), interstitial zinc (Zni), interstitial oxygen (Oi) and anti-site oxygen (OZn). 

Extrinsic defects play an important role in the luminescence properties of ZnO. The violet 

luminescence is probably due to radiative defects such as Zni and VZn related to the interface traps 

existing at the grain boundaries which are known as shallow levels and have efficient role in 

electrical properties [8–9]. Zni and VO can yield free electrons (donor type defects), whereas VZn, 

Oi, and OZn consume free electrons (acceptor type defects) in a ZnO crystal. It is believed that 

green emission can also be attributed to oxygen interstitial. 

 IV. CONCLUSION 

In summary, we have prepared GZO ultra-thin film with strong narrow dual emissions in the blue 

and green regions by applying simultaneously ultrasonic vibration and sol-gel spin-spray coating 

technique. The thickness of the film was about 200 nm. SEM image showed spherical 

nanoparticles and with an average grai size of about 58 nm. 
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Fig 1. XRD pattern of GZO thin film 

 
Fig 2. SEM images of (a) surface and (b)cross-section of GZO thin film 

 
Fig 3. EDX spectrum of GZO thin film 
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Fig 4. PL spectrum of GZO thin film 

 

 

[1]. R. Gui, H. Jin, X. Bu, Y. Fu, Z. Wang and Q. Liu. Coord. Chem. Rev. 383, 82–

103(2019). 

[2]. X. Wang, H. Ma, M. Gu, C. Lin, N. Gan, Z. Xie, H. Wang, L. Bian, L. Fu, S. Cai, Z. Chi, 

W. Yao, Z. An, H. Shi and W. Huang. Chem Mater. 31, 5584–5591(2019). 

[3]. B. Zhou and D. Yan, Adv. Funct. Mater. 29, 1970023(2019). 

[4]. S. M. A. Fateminia, Z. Mao, S. Xu, Z. Yang, Z. Chi andB. Liu. Angew Chem. Int. Ed. 56, 

12160–12164 (2017). 

[5].  Bhattacharjee, N. Acharya, H. Bhatia and D. Ray, J. Phys.Chem Lett. 9, 2733–2738 

(2018). 

[6]. K. Wang, Y. Shi, C.-J. Zheng, W. Liu, K. Liang, X. Li,M. Zhang,H. Lin, S. Tao, C.-S. 

Lee, X.-M. Ou and X. Zhang. ACS Appl.Mater. Interfaces. 10, 31515–31525 (2018). 

[7]. H. L. Lee, H. J. Jang and J. Y. Lee, J. Mater Chem. C. 8,10302–10308 (2020). 

[8]. M. Sasani Ghamsari, S. Alamdari, W. Han, H. Park,  Int. J. Nanomed. 12  207–

216(2017). 

[9]. S. Alamdari, M. Sasani Ghamsari, M.H. Majles Ara, B. Efafi, Mater.Lett. 158  202–

204.and D. G. Churchill, Anal. Chem. 90, 2648–2654(2015). 

 



 

16 

 

THE 1ST IRAN-KURDISTAN INTERNATIONAL 

CONFERENCE ON PHYSICS 2021(IR-KU-ICOP 202) 
University of Kurdistan, Sanandaj, 

Iran 

25-26 AUGUST 2021 

DOI: 

Two-dimensional based electronic devices 
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In this talk, two-dimensional structures including MoS2, Graphene, TiS3, and their 

heterostructures are introduced. Then, our recent research works on these layered structures are 

discussed. The electronic devices that are going to be discussed are 2D based field effect 

biosensors, Photodetectors, and gas sensors. For each category, the configuration of the devices is 

first introduced and then their performance in detection of biotargets, light, or gas molecules are 

fully explained.  
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Using the electron-hole symmetry of graphene nanoribbons, could provide carrier tunneling 

between the conduction and valence bands.  article usually includes an abstract, a concise summary 

of the work covered at length in the main body of the article. By employing this property we have 

numerically investigated GNR field effect transistors with p+-type source and drain in the presence 

of a gate voltage-induced n-type channel using the non-equilibrium Green’s function formalism. 

This device can be used as phototransistor. 

 

I. INTRODUCTION 

A resonant tunneling transistor (RTT) is a three-terminal configuration in which electrons can 

tunnel through discrete energy states of the channel [1,4]. The current characteristic versus the gate 

voltage exhibits regions with negative differential resistance which enables many unique 

applications, including multi-state logic [5-8]. In this structure a small gate voltage can control a 

large current across the device. Thus, an RTT can perform as both switch and amplifier, just as the 

conventional bulk effect transistors. However, unlike the bulk effect transistors which usually have 

only two switching states, ‘‘on’’ and ‘‘off,’’ resonant-tunneling devices like the RTT and the 

resonant tunneling diode (RTD)- a two terminal device in which the current oscillates with the 

drain voltage- can have several switching states [9]. This occurs because the quantum well of the 

island may exhibit several possible energy states. 

In this paper we investigate n-channel GNR-FETs with a p-type highly doped source and drain 

configuration. The electronic transport that relies on the band to band tunneling of the carriers is 

studied numerically to explore the performances of the  GNR-FETs in both the long and the short 

channels. Our numerical results manifest that in the short channels with small applied drive 

voltages, the discrete energy levels give rise to the resonant tunneling through the channel by the 

modulation, by the gate, of the potential profile of the channel. 

II. DEVICE MODEL 

Armchair GNRs with the number of unit cells in the width direction, Nw=3 m or 3 m+1 (m  is an 

integer) reveal energy gap that increases with decreasing the ribbon width. In this paper we are 

going to study the general behavior of the whole category of the pnp GNR-FET structures 

irrespective of the exact amount of the band gap that correspond to different ribbon widths. The 

exact gap-dependency may be considered at a future work. So, an armchair GNR of 1.47 nm (nm) 

width having 13 carbon dimers along the width direction which provides an energy gap of 

approximately 0.725 electron-volt (eV) is used as the intrinsic channel of the FET. The two end 

sides of the channel are highly p-type doped (p+ ) and act as the semi-infinite source and drain. 

The whole simulated region is embedded between two SiO2 dielectric layers (k=3.9) at the top and 

the bottom of the ribbon; the dielectric constant appears in the Poisson equation for deriving the 

energy profile of the channel. Two metallic gate electrodes are attached to the dielectrics over and 



 

18 

 

THE 1ST IRAN-KURDISTAN INTERNATIONAL 

CONFERENCE ON PHYSICS 2021(IR-KU-ICOP 202) 
University of Kurdistan, Sanandaj, 

Iran 

25-26 AUGUST 2021 

DOI: 

under the intrinsic channel. The double-gate geometry provides good gate-controlled 

electrostatics. Fig. 1 shows schematically the side view and the cross section of the device. 

 
Fig 1. (a) A schematic of the simulated double-gate GNR-FET. (b) Transverse view 

of the device.  

III. SIMULATION APPROACH AND RESULTS 

The charge in and current through the channel is computed by self-consistently solving a quantum 

transport equation, based on the non-equilibrium Green’s function (NEGF) formalism with nearest 

neighbor tight-binding Hamiltonian with an atomistic pz-orbital basis-set, and the 3-dimensional 

Poisson equation [10]. In the real space NEGF formalism the retarded Green’s function of the 

device is defined as; 

 

(1) 

where  is the energy, is a diagonal matrix, whose diagonal entries are the on-site potential 

energy derived from Poisson equation and is the tight-binding Hamiltonian of the simulated 

region. The effects of the rest of the semi-infinite source and drain are included through the 

selfenergies,  and , which are calculated according to the iterative algorithm described 

in [23] and  is assumed.  is the hopping energy and 

 is the channel level broadening due to the source (drain) contact. In order 

to obtain the NEGF and poisson equation are solved self-consistently. The retarded Green’s 

function  is calculated from relation (1) using the recursive Green’s function algorithm. 

The current within the device is calculated by; 

 

(2) 

where  is the transmission function and  is the Fermi distribution function of the source 

(drain) at energy . 

The energy profiles for the conduction and valence bands are plotted in Fig. 2 for a channel of 

typical channel length index Channel=30 (12.78 nm) with VD=0.3 (V).  
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Fig 2. the profile of the conduction (EC) and valence (EV) bands in the channel 

The calculated current, I, versus the drain voltage, VD, curves are shown in Fig. 3 for different gate 

voltages, VG. The pronounced amount of current of above mA in the structure with collection of 

different n-type and p-type regions is unique to graphene and GNRs due to the symmetry between 

the conduction and valence energy bands. 

 
Fig 3. I versus VD for Nchannel=30 and different values of VG. 

As in normal FETs current at both small drain voltages and high drain voltages (saturation regime) 

is increasing with increasing gate voltage, manifesting linear region at small drain voltages. It is 

also observed that the current increases with VD at small (sub-threshold) VG where the n-type 

channel is not yet developed. This unlimited increase of the current with the drain voltage at high 

drain voltages is carried by the valence band states of the channel region which are infinite in 

number. 
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A new regime of transport is revealed in short channel P+| n | P+ structures. As depicted in Fig. 4, 

at Nchannel=10 (4.26 nm), beside the monotonically increasing of the current with VD at law VGs, 

for sufficiently high VG, the expected behavior of current increase with VG is fulfilled at high 

drain voltages. But the device behaves in a rather peculiar manner, far away from the traditional 

linear response at lower VDs. 

 
Fig 4. I versus VD for Channel=10 and different values of VG. 

To track and highlight the former features, the source-drain current, I versus VG, at small VD (0.1 

(V)) are calculated in Fig. 5 for three different channel length indexes; Nchannel=10 10, 20, 30 (4.26 

nm, 8.52 nm, 12.78 nm, respectively). 

 
Fig 5. I versus VD for Nchannel=10 and different values of VG. 

To explore these behaviors, the local density of states (LDOS) of the GNR is calculated and 

depicted versus energy (EEF) with Fermi energy, EF¼0, as the color diagrams at Fig. 5 for 

Nchannel=10 with VD=0.3(V), VG =(0.6,0.8 (V)) and in Fig. 6 for Nchannel=30 with VD=0.3(V) and 

VG=0.6(V). 
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Fig 6. The LDOS and the profile of the first conduction and valence bands of the channel of Nchannel=10 for VD=0.3 

(V) with VG=0.6 (V). The right graph is the transmission function (T (E)) times the Fermi function difference 

between leads. 

 
Fig 7. The LDOS and the profile of the first conduction and valence bands of the channel of Nchannel=30 for VD=0.3 

(V) with VG=0.6 (V). The right graph is the transmission function (T (E)) times the Fermi function difference 

between leads 

The observed peaks of the LDOS at the source and drain for EEFE 0.15 (eV) are intrinsic for the 

infinite GNRs. The formation of quantized states at the n-type channel between two highly doped 

P+-type source and drain in the presence of barriers at the interfaces is responsible for the peculiar 

current characteristics at small VDs which is exclusive to the proposed short channel GNR-FET 

with P+|n|P+ structure. 

The multiple peaks of Fig. 6 explain the short period of the oscillations of the I-VG plots for 

Nchannel=30 with reduced amplitude corresponding to the smaller DOS of the channel. The 

amplitude and the period of the oscillations of I-VG diagrams for Nchannel=10 is very large due to 
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the few number of states at short channels. These properties for Nchannel=20 are between those for 

Nchannel=10 and Nchannel=30. These oscillations introduce some regions of negative differential 

resistance, essential operational feature of the resonant tunneling devices as RTDs and RTTs which 

are among the new technologies for fast nanoelectronic devices as high frequency switches. The 

advantage of these devices to the conventional bulk effect transistors which usually have only two 

switching states, ‘‘on’’ and ‘‘off’’, is the existence of several possible energy levels that provides 

several switching states. 

IV. SUMMARY AND CONCLUSIONS 

We have proposed a GNR-FET with P+|n|P+ structure and calculated, numerically, its on-state 

current as a function of the gate and drain voltages. The operation of the device in question, is 

associated to the tunneling of the carriers between p-type source and drain through the n-type 

channel. We have demonstrated that, while the long channel structure reveals the common FETlike 

ISDVD and ISDVG characteristics with high current, the short channel counterpart with discrete 

energy levels mimics the conventional RTT transport properties; the current oscillates with the 

gate voltage at small drain voltages. The n-type channel formed between two highly p-type doped 

source and drain with thin barriers is responsible for this phenomenon. This claim is justified by 

the calculated LDOS diagrams that show band discrete energy states in the channel. 
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The time evolution of electron phase space in a homogeneous cold plasma is analyzed by 

employing one-dimensional electrostatic particle in cell simulation in a collisionless and 

unmagnetized plasma system. Massive ions form a fixed neutralizing background. The model is 

extended to describe the motion after wave breaking has occurred. Our results show that in larger 

modes, the number of electron holes in phase space will increase accordingly. As time goes by, 

these electron holes merge into one and the vortex structure won't be so clear anymore while this 

result can be reversed for mode one. On the other hand, simulation outputs explain the reduction 

of wave breaking amplitudes as the mode number increases. We also realized if the "k" modes are 

more than one, the produced plasma heating after the wave breaking phenomenon is less tangible. 

 

I. INTRODUCTION 

The theory of electron holes [1] approximately has a 65 years history, but it is a history that has 

progressed slowly cause of the complexity of non-linear analysis. The electron hole refers to a 

plasma region where the electron density is lower than the other parts. It is a localized positive 

potential structure that electrons are trapped. Electron holes have often been observed in many 

different space environments such as Earth's auroral region [2], magnetosheath [3], Van Allen belt 

[4], bow shock [5], solar wind and, etc. Moreover, phase space vortex plays a significant role in 

computational simulations, wave breaking, two stream instability, and other different phenomena. 

They may perhaps occur even more widely than already discovered, cause of their ample spatial 

extent. These holes can last adequately long to affect the features of a plasma. In addition, these 

types of holes are a kind of Bernstein, Green, and Kruskal [6]. Many laboratory researches have 

also perceived electron holes in quasi-neutral plasmas [7]. The merging or splitting of holes is a 

subject to boost understanding of how and when holes merge. Simulations have played the main 

role in linear and non-linear topics from the beginning.  

In this research, we performed 1D electrostatic PIC simulations [8-9] to further study the structures 

associated with electron holes formed during the non-linear evolution of the wave breaking in an 

unmagnetized plasma. Now we proceed to present our results. 

In this code, ions are considered as a motionless background of neutralizing positive charge. The 

total number of particles and grid points are 40000 and 512, respectively. "A" is the amplitude of 

the perturbation. The system length (L) is 2π . 
ωpe represents electron plasma frequency. We 
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normalized space by 

p

ph

xω

v
 , velocity by 

e

ph

v
v

 , and time by peω t
. Time step is considered 

0.06 peω t

. The wave number of modes is stated by k  and the electric field is expressed in unit of p ph

eE
mω v

. 

II. SIMULATION RESULTS 

In this paper, our main interests are focused on the structures associated with the electron holes 

formed and plasma heating after wave breaking. A direct sequel of wave breaking is that a fraction 

of the particles gets trapped in and accelerated. Electron holes are associated with those particles 

which are trapped in the potential energy. In other words, a fraction of the electrons is trapped and 

accelerated to high velocities in the wave potential. It is helpful to portray Fig(1) which shows the 

particle trapping phenomenon at different times and various k modes. It's obvious that in k = 2 as 

time progresses, electron holes mix into one, but in larger k modes such as 4 or 6 seems all holes 

and vortex structures disappeared.  

 

Fig 1-a, b, c, d, e, f, g, h. Phase space snap shot at 
10pω t =

and 
243pω t =

 for different k modes in A=1.05 

 



 

25 

 

THE 1ST IRAN-KURDISTAN INTERNATIONAL 

CONFERENCE ON PHYSICS 2021(IR-KU-ICOP 202) 
University of Kurdistan, Sanandaj, 

Iran 

25-26 AUGUST 2021 

DOI: 

It is generally believed that after the wave breaking commences, plasma gets heated and the system 

exhibits characteristic features of a warm plasma. In 2017, Verma proved this claim [10] by 

illustrating the system's distribution function in K = 1 slightly beyond the critical (breaking) 

amplitude. Now we expand this issue and calculate f(v) for different k modes. The remarkable 

thing about this result is that the amount of plasma heating decreases as the number of k modes 

increases. If you pay attention to Fig(2), it is evident that in higher k modes the width of the 

distribution functions reduces.   

 

Fig 2. Distribution function at 
195

2p
πω t =

 for different k modes in A=1.05 

Cold plasma oscillations break when oscillatory velocity equals their phase velocity. It is renowned 

that a cold plasma system can support nonlinear oscillations and plasma waves. When the 

amplitude of these nonlinear oscillations is less than the critical value (wave breaking value) the 

plasma can oscillate coherently and retains its periodic structures. Beyond the critical value, the 

coherent oscillations evolve into disordered motions and wave breaking occurs. The phenomenon 

of wave breaking was initially familiarized by Dawso [11]. Fig(3) expounds electric field evolution 

and breaking limit. As long as the wave structure retains its periodicity, the wave can not be 

considered broken. As soon as the wave number of mode (k) grows, the critical amplitude drops 

considerably. The breaking dependence on the initial perturbation amplitude in two different k 

modes has been illustrated. When k equals 4, the wave breaking amplitude abruptly decreases, and 

the wave breaks in the lower range of "A".    
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Fig 3-a. and 3-b. Electric field at 
195

2p
πω t =

 for different k modes in A=0.97 and 0.2, respectively  

P.S.  The wave breaking amplitude in our desired system (k=1) equals A=1 

III. SUMMARY AND CONCLUSIONS 

To avoid repeating the simulation parameters, the parameters are summarized here. This paper is 

conducted by PIC code. Electron holes are principally electrostatic, so in this study, we 

investigated the electrostatic case. The spatio-temporal evolution of phase space and the formation 

of vortex motion and electron holes for a wave on the verge of breaking in different k modes have 

been studied. As time passes, not only electron holes coalesce into one but also, they fade 

especially in higher k modes. Moreover, we have shown that plasma heating rate decreases in large 

modes. Finally, through these simulations, we have expressed that critical wave breaking 

amplitude has reduced significantly. 

 

 

[1]. H. Schamel .Electron holes, ion holes and double layers electrostatic phase space structures 

in theory and experiment. Physics reports 140, 161(1986). 

[2]. R.E. Ergur, C.W. Carlson, J.P. Mcfadden, F.S. Mozer, L. Muschietti, I. Roth and R.J. 

Strangeway. Debye-scale plasma structures associated with magnetic-field-aligned electric 

fields. Physical Review Letters 81, 826(1998). 

[3]. J.S. Pickett, L.J. Chen, R.N. Mutel, I.W. Christopher, O. Santoli'k, G.S. Lakhina, S.V. 

Singh, R.V. Reddy, D.A. Gurnett, B.T. Tsurutani, E. Lucek, B .Lavraud. Furthering our 

understanding of electrostatic solitary waves through cluster multi spacecraft observations 

and observations and theory. Advances In Space Research 41, 1666(2008). 

[4]. D.M. Malaspina, L. Andersson, R.E. Ergur, J.R. Wygant, J.W. Bonnell, C. G.D. Kletzing, 

Reeves, R.M. Skoug, B.A. Larsen. Nonlinear electric field structures in the inner 

magnetosphere. Geophysical Research Letters 41, 5693(2014). 



 

27 

 

THE 1ST IRAN-KURDISTAN INTERNATIONAL 

CONFERENCE ON PHYSICS 2021(IR-KU-ICOP 202) 
University of Kurdistan, Sanandaj, 

Iran 

25-26 AUGUST 2021 

DOI: 

[5]. S.D. Bale, P.J. Kellogg, D.E. Larsen, R.P. Lin, K. Goetz, and R.P. Lepping. Space physics 

and aeronomy-bipolar electrostatic structures in the shock transition region: evidence of 

electron phase space holes. Geophysical Research Letters 25, 2929(1998). 

[6]. I.B. Bernstein, J.M. Greene, and M.D. Kruskal. Exact nonlinear plasmas oscillations. 

Physical Review 108, 546(1957). 

[7]. W. Fox, M. Porkolab, J. Egedal, N. Katz, and A. Le. Observations of electron phase-space 

holes driven during magnetic reconnection in a laboratory plasma. Physics of Plasmas 19, 

032118(2012). 

[8]. C.K. Birdsall. Plasma Physics via Computer Simulation(2018). 

[9]. R.W. Hockney and J.W. Eastwood. Computer Simulation Using Particles (crc Press) 

(1988). 

[10]. P.S. Verma. Generation of low frequency plasma waves after the wave-breaking. 

Physics Letters A 381, 4005(2017). 

[11]. J.M. Dawson. Nonlinear electron oscillations in a cold plasma. Physical Review 

113, 383(1959). 

 

 



 

28 

 

THE 1ST IRAN-KURDISTAN INTERNATIONAL 

CONFERENCE ON PHYSICS 2021(IR-KU-ICOP 202) 
University of Kurdistan, Sanandaj, 

Iran 

25-26 AUGUST 2021 

DOI: 

Cobalt Zinc Aluminate and Cobalt doped willemite as Blue Ceramic 

Nanopigments: Synthesis and Physical Properties 
S. Fatah1,2,*, M. Khajeh Aminian 1, 
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741, Yazd, Iran 

 
2Research Laboratory, Department of Physics, Garmian University, Kalar - KRG-Iraq.  

Blue ceramic nanopigments are widely used in industry due to their properties of thermal stability 

and suitable optical characteristics. Therefore, a new approach for the synthesis of the blue ceramic 

nanopigments has been obtained by using natural clinoptilolite zeolite as the host precursor and 

zinc oxide with cobalt chloride by the ion-exchange method. The process comprising the heat-

induced collapse of the cobalt and zinc ions exchanged of clinoptilolite zeolite. The prepared color 

samples have been characterized by XRD, UV-Vis, FE-SEM, and CIE-L*a*b* color 

measurements. The results show that the intense blue color is achieved from the structures of cobalt 

zinc aluminate (Co, Zn)Al2O4 and Co-doped willemite based on the clinoptilolite structure. The 

new blue structures have followed the porosity and channel-like structure of the host structure 

(clinoptilolite zeolite).  

 

I. INTRODUCTION 

Natural and synthetic blue pigments are widely used in the ceramic industry as coloring agents in 

glazes floor or wall whitewares and the bulk coloration of polished, unglazed, porcelainized 

stoneware. The traditional and unavoidable source of blue in a ceramic pigment is the cobalt ion 

as the chromophore [1]. The most common blue pigments used in the ceramic industry are based 

on cobalt oxide or cobalt aluminate [2]. Cobalt is known as a hazardous and toxic material for the 

environment. So that, it is crucial to develop alternative environmentally friendly inorganic 

pigments and/or decrease or eliminate the toxicity and usage of cobalt in blue pigments [3]. The 

synthesized pigments reduced the usage and toxicity of cobalt, which was efficient for the 

economy and environmental protection. Therefore, the present study aims to use less amount of 

cobalt using zinc oxide as a partial precursor and a cheaply available material with the host 

clinoptilolite zeolite in a different preparation method, which is the ion exchange method. There 

are many papers in the literature about ceramic nanopigments preparation in different ways by 

using zeolite as a host [4–8].  

To the best of our knowledge, there are fewer reports in the literature about using natural 

clinoptilolite zeolite in color ceramic nanopigments. Therefore, we explore the potential of a 

process, which involves the heat-induced collapse of ion-exchanged natural clinoptilolite zeolite 

precursors for the synthesis of co-doped willemite and co-doped zinc aluminate. Following the 

collapse of the framework structure, an amorphous phase is formed from the zeolite precursors, 

followed by the crystallization of dense gahnite spinel and willemite particles. Then we study the 
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structural and optical properties of the prepared color powders by different characterization 

techniques.   

II. Experimental procedure  

Natural clinoptilolite zeolite (from the mines of Semnan Zeolite Corporation- Semnan-Iran) as the 

host precursor and other starting materials such as zinc oxide (98.5% Shahin Rouy Sepahan Co. 

Iran ), and cobalt chloride hexahydrate CoCl2*6H2O (Cas-No: 7791-13-1, Darmstadt Germany) 

have been used. Sample 1 (S1) comprising 1g of clinoptilolite zeolite, 1g cobalt chloride, and 0.33g 

zinc oxide. Sample 2 (S2) had 1g of clinoptilolite zeolite, 0.6g cobalt chloride, and 0.33g zinc 

oxide.  

The samples were prepared by the following method. 1) all the starting materials (clinoptilolite, 

cobalt, and zinc oxide) were mixed in an aqueous solution on a hot plat heater with stirring at 80 

℃, and pH of the solution was checked about 5.5, 2) the precipitated particles were filtered and let 

dry on the heater for almost 15 hrs. 3) the last process was calcination of the dried powders at 1000 

℃/3hrs. The morphology and chemical composition of the samples were characterized by FE-

SEM (TeScan-Mira III 30 kW). X-ray powder diffraction and structural characterization were 

analyzed using an X-ray diffractometer, (Model D8 advance, BRUKER, Germany), Cu K-alpha 

1.54060 Å, 36 mA, 36 kV, Theta/Theta D5000. Absorbance spectra in the range of UV/ visible 

between (200- 850) nm were recorded by UV-Vis spectrometer (Miniature spectrometer UVS-

2500-Phystec-Iran). Then, L* a* b* color measurements were determined by the same device.  

III. Microstructure and Morphology Analysis  

The particle shape and morphology are shown in the FE-SEM image in Fig. (1). It can be noticed 

that the clinoptilolite particles without the calcination process have formed layered-like and 

separate distribution particles (Fig. (1) a and b), and their sizes are in the range of 115 nm. 

However, in both S1 and S2 samples after the calcination process of 1000 ℃/3h, the particles were 

stacked and attached (Fig. (1) c and d) and (Fig. (1) e and f), respectively. It can be concluded that 

the achieved blue color structures followed the clinoptilolite zeolite morphology and structure.  

Furthermore, the porosity and channel-like structure of the samples can be seen. The particle sizes 

of S1 and S2 were analyzed and found in ranges of 238 nm and 217 nm, respectively.  
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Fig 1. Shows the FE-SEM image of the (a) the clinoptilolite zeolite without calcination, and (b) with different 

magnification, (c) and (d) the color sample S1 with calcination process 1000℃/3h and S2 (d) and (f) with different 

magnification. 

X-ray diffraction analysis 

In Fig. 2 the X-ray patterns of the clinoptilolite zeolite, S1, and S2 are shown. From Fig. 2(a), one 

can see the clinoptilolite pattern with the reference pattern without any calcination process. 

Furthermore, in Fig. 2 (b) sample S1 peaks have shown, it can be noticed that the clinoptilolite 

phase has collapsed after the calcination process, and new phases of the willemite and gahnite have 

been achieved. Besides, the new phases obtained have a good agreement with the reference 

patterns. The same phases of willemite and gahnite have achieved for S2 as well, as shown in Fig. 

2 (c). For each of the obtained phases, we have shown the reference patterns below the figures. As 

a result, it can be concluded that the new phases were achieved based on the clinoptilolite structure. 

Its structure collapsed with the heating process, and it would be amorphous further heating 

structure recrystallization would be obtained again. Another point is that cobalt doping had 

occurred when the structure was recrystallized, and this is also true in the case of cobalt-doped 

willemite.   

The crystallite size of the achieved material has been calculated from the Sherrer equation 

calculator from the software program of X-pert high score plus[9]. The crystallite size for the Co-

willemite phase in S1 and S2 were calculated in the range 70.4 nm and 65.4 nm, respectively. They 

are 10.35 and 11.49 nm for the Co-gahnite phase of S1 and S2, respectively.  
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Fig 2. X-ray diffraction pattern (a) clinoptilolite with a reference pattern, (b) S1 and (c) S2 with Willemite and 

Gahnite phases. 

Optical properties 

The absorption spectra of the prepared color samples S1 and S2 at 1000 ℃/3h are shown in Fig. 

(3). Low absorption in the range of 400 - 500 nm of the spectra shows that the samples have a blue 

color hue. Both S1 and S2 samples have shown the bands in the ranges of wavelength 546, 590, 

and 638 nm. These bands are related to the Co2+ ion transition in the tetrahedral environment of 

the prepared color pigments. It is mentioned that the blue color of the pigments is due to the Co2+ 

electronic structure[10]. It is known that the energy level for Co [3d7] in both octahedral and 

tetrahedral ligand fields presents three spin-allowed transitions. And three triple-band ascribed to 

the [4A2(F)→4T1(P)] transition at around v1=638 nm, v2=590 nm, and v3=546 nm[11].  
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Fig 3. Absorption spectra (visible) of blue pigments S1 and S2 

CIE-L*a*b* color measurements 

The colorimetric results for both blue color samples S1 and S2 are shown in Fig. (4). The negative 

b value is responsible for the blue color of the samples, the higher the negative value of the b factor 

the higher the intense blue color. S1 has a more intense blue color than S2 according to the b value 

for S1= -19.77 and S2= -16.30. While S1 seems darker due to the L parameter equal to 47.02 

which is less than that of S2 (L=53.22). L parameter scaled between 0 and 100 from dark to bright 

(white) of the pigment. This result is due to the less amount of cobalt in the S2 composition. 

Another effect of achieving the blue color of the samples is corresponding to the calcination 

temperature at near 1000 ℃, we have tried different temperatures such as 700℃, 800℃, and 900℃ 

but not any of them give us blue color (we have not shown the results for these calcinations). It 

can be concluded that the heat-induced the ion-exchange of the cobalt and zinc in the host collapsed 

the structure of clinoptilolite zeolite.  

 
Fig 5. Photograph picture and color measurement results of the (a) S1 and (b) S2.  
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IV. SUMMARY AND CONCLUSIONS 

Blue ceramic nanopigments were achieved based on the clinoptilolite zeolite. Natural clinoptilolite 

zeolite was selected as the white precursor and cobalt with zinc ions was used as the chromophore 

agent and the method was ion-exchange. The results showed that the intense blue color was 

obtained by achieving two structures of Co-willemite and Co-zinc aluminate. These phases were 

obtained after the heat-induced collapse of the clinoptilolite zeolite structure. These structures were 

used less Co composition than other spinel structures. Furthermore, less use of cobalt in the 

composition showed brighter blue color but with less negative b value that responsible for the blue 

color. The achieved color powders can be used as the glazed ink for coating on the surface of 

ceramic tiles.  
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Well-oriented zinc oxide nanorods (ZnO NRs) array has been grown by chemical bath deposition 

on seeded substrates at low temperature. Gold Thin films has obliquelly been deposited by DC 

magnetron sputtering on the ZnO NRs array. The  structural vibration and mophology/ chemical 

identity have been studied by Raman Scattering and Field effect- scanning electron microscope/ 

energy dispersive X-ray spectroscopy(FE-SEM/EDX), respectivly. 

The optical absorption spectum shows surface plasmon resonance peak around 541nm. The 

wavelenght dependent photocurrent of ZnO NRs array-Au heterostructure was measurment by 

photogain response under red, green and blue laser illumination. Current voltage charactristics 

exhibits higher photogain under green laser illuminatin and cofirms surface plasmon activated 

photogain in ZnO nanorods array – Au Heterostructures. The localized surface plasmon resonance 

(LSPR) promotes and enhances photogain respect to green laser illumination.   

 

I. INTRODUCTION 

ZnO, as an important wide and direct band-gap semiconductor, has been vastly studied due to its 

promising properties, low cost, and environment remediation [1-3]. However, pure ZnO usually 

exhibits low photoenergy conversion efficiency probably because of its poor visible light 

absorption capability, relatively low separation gain and high recombination rate of charge 

carriers. Noble metal (especially Ag and Au) nanoparticles have been shown to facilitate charge 

carrier separation and transfer [4-6], and extend/improved visible light absorption and create 

electron- hole pairs induced by the surface plasmon resonance (SPR) excitations [1,6]. 

Furthermore, ZnO nanorods (ZnO NRs) always show better operations than the corresponding 

nanoparticles (NPs) due to its high crystalline quality and elongated geometry [1,3].  

Three-dimensional (3D) plasmonic nanomaterials have been developed for delivering plasmonic 

effects to a wider range of optical active layers (i. e. hot spot). Sun et al reported on the 3D 

nanocave ZnO–Au hybrid films fabricated by the thermal nanoimprinting technology, which is 

promising for photodetectors with enhanced light harvesting capability [2].  The improvement in 

UV photoresponse was attributed to the light trapping mechanism of 3D periodic array and the 

driving force of the Schottky barrier at the ZnO-Au interface. The hot electron generation and 
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injection process over the Schottky junctions mediated by Au SPRs are simulatanously responcible 

for the high visible photodetection of ZnO–Au hybrid films [2,7].  

The present work offers a cost-effective trail to fabricate large-scale periodic 3D nanopatterned 

plasmonic materials without conventional nanolithography methods and post treatment, was 

Fabricated and is applicable to progress selective performance of optoelectronic devices. 

II. EXPERIMENTAL METHODS 

ZnO NRs- Au array growth 

ZnO NRs array was grown by chemical bath deposition in an equimolar 25mM zinc nitrate 

hexahydrate (Zn(NO3).6H2O) and 25 mM hexamine (C6H12N4, HMTA)  aqueous solutions on 

seeded substrates at low temperature of 80 C  [3-7]. The seed layer was deposited by 

radiofrequency (RF) magnetron sputtering on Si, quartz,  fluorine doped tin oxide (FTO) substrates 

[7]. The ZnO NRs array was washed with de-ionized (DI) water to remove the surface 

contaminents and baked at 80 C•

. An Au nanosheet was deposited on the ZnO NRs surface by DC 

magnetron sputtering at oblique angle (80 ). 

Characterization  

The surface morphology and chemical composition were studied by field emission scanning 

electron microscope and energy dispersive X ray spectroscopy (FE-SEM/EDX, Hitachi S-4800). 

Structural vibrations was characterized by Raman scattering. The thickness was determined by 

cross sectional FE-SEM images, oscillating quartz crystal monitoring and reflectance ellipsometry 

(LEOI-44 model, wavelength 632.8nm of He- Ne laser).  The optical absorption spectra were 

recorded by an UV–Vis- near IR spectrophotometer (Avantes-Spec2048).  

photogain measurement 

The ZnO NRs- Au array HNS were sandwiched between Ag and fluorine doped tin oxide (FTO) 

electrodes. Current –Voltage characteristic was measured under the red 635nm, green 532nm and 

blue 450nm laser irradiation. A source measurement (model 2450 Keithley Instrument) was used 

to detect the output signals generated from the HNS. 

III.RESULTS AND DISCUSSIONS 

Morphology and chemical content analysis 

Fig 1. shows FE-SEM images of bare ZnO NRs and  ZnO NRs – Au array HNS coated with on 

seeded Si substarte. (Fig. 1(a) – (b))  shows top views and cross-sectional views of bare ZnO NRs 

and  ZnO NRs – Au array  with 40nm  coated gold nanosheets. The well-aligned NRs array is 

columnar on seeded Si substrate. The obtained ZnO nanorods show a hexagonal shape and a 

growth direction perpendicular to the substrate. A pin shape on the top was obtained for NRs 

synthesized for Au thickness of 40nm. The number density, mean diameter and mean height of the 

bare ZnO NRs were 384 rods/
2( )m

, 35nm and 130nm, respectively. 
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To analyze the elemental compositions of the bare ZnO NRs array and ZnO NRs- Au array HNS, 

an EDX spectra were recorded (Fig 1.(c)–(d)). The characteristic peaks of O appeared at 0.5 keV, 

and the characteristic peaks of Zn appeared at 1.8 and 8.9 keV, further clarifying the chemical 

formation of ZnO NRs array. The appearance of characteristic peak of Au at 2.2keV confirms the 

ZnO NRs- Au formation.  

 

 
Fig 1.Top view and cross section FE-SEM images and EDX of (a,c) bare ZnO NRs array (b,d) ZnO NRs array 40nm 

Au hetero nanostructure 

Structural vibrations 

Fig 2. shows Raman scattering of bare ZnO NRs array and ZnO NRs – Au array HNS. The  peaks 

between 942 and 1145cm-1  may be attributed to the second order surface phonon modes for bare 

ZnO NTs [7]. The peak around 1550 cm-1 for ZnO NRs- Au 40nm array  can be attributed to SPR 

induced SERS due to electromagnetic enhancement in hot spot region on top of the ZnO NRs array 

and their mutual interaction [7]. 
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Fig 2. Raman scattering of bare ZnO NRs array and ZnO NRs – Au array HNS 

UV- Vis Near IR Absorption  

To measure the UV−visible absorption spectra of bare ZnO NRs array and ZnO NRs – Au array 

HNS, they were deposited on quartz substrates. The obtained absorption spectra are shown in Fig 

3. For bare ZnO NRs, the absorption edge below 380nm is due to the interband absorption of ZnO. 

The absorption edge of ZnO NRs – Au array is blueshifted in comparision to pure ZnO NRs array. 

For ZnO NRs – Au array HNS, a broad absorption peak located between 450 -1000 nm is assigned 

to LSPR absorption of Au NPs. It is well known that small metallic particles show the optical 

absorption due to the SPR in the visible-near IR region. It should be noted that the broad LSPR 

peak is beneficial for ZnO NRs – Au array HNS to harvest the visible light as much as possible.  

 
Fig 3. The optical absorption spectra 

Photogain study 

To evaluate the light sensitivity of ZnO NRs- Au 40nm array HNS, the photogain (photocurrent 

density per light power) was examined. Fig. 4 depicts the photogain - voltage  characteristic of 

ZnO NRs- Au 40nm array HNS under the illumination of red, green and blue laser versus sweep 
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voltage. The photosensitivity has higher value for green illumination in comparison to red and blue 

light. SPR excitation in green region of electromagnetic spectrum spoil the carriers and surface 

charge transfer [7]. 

 
Fig4. Photogain response under red, green and blue lase illumination 

The high green photoresponse of ZnO NRs–Au HNSs mainly results from the hot electron 

generation and transfer process over the Schottky junctions mediated by Au SPR. the Au nanosheet 

acts as an electron source which spill electrons into ZnO CB due to SP excitation in ZnO NRs- Au 

array HNS. Charge transfer plasmons inject excess electrons from Au SP band to ZnO NRs. 

IV.Conclusion 

A three-dimensional (3D) plasmonic ZnO NRs- Au array hetero-nanostructure (HNs) was grown 

using wet chemical method and magnetron sputtering deposition at oblique angle to improve 

selective photoactive properties..Well-oriented zinc oxide nanorods (ZnO NRs) array has been 

grown by chemical bath deposition on seeded substrates at low temperature. The localized surface 

plasmon resonance (LSPR) promotes and enhances photogain respect to green laser illumination.  
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In this article the phase change material has been investigated for Paraffin wax and RT25 using 

finite volume method (FVM) and ANSYS Fluent software. By solving Navier-Stockes and energy 

equations, the quantities such as temperature, velocity fields and liquid fraction to solid during 

1800s have been calculated. The results indicate that mentioned quantities in both materials are 

different, in term of distribution and magnitude. 

 

I. INTRODUCTION 

While demand for fuels fossils is increasing dramatically, their effect on the environmental 

persuade people to use other sources, renewable energy.  But renewable energy sources, such as 

the sun or wind, are not continuously available. To overcome this problem, one of the opinions is 

to use energy storage systems. In fact, it is possible to storage energy in different forms:  

mechanical, electrical or thermal. The thermal energy source (TES) method is the most popular 

among scientists and engineers [1, 2]. Latent thermal energy systems (LHS) due to occupy low 

space, high efficiency and the ability to use a wide range of materials seem to be a good option. 

One of the parameters that have the main role in the design of such systems is the type of material 

which is used as a source of thermal energy storage. Phase change materials (PCMs) are organic 

and inorganic compounds that have the ability to absorb and store large amounts of heat energy. 

Heat energy storage in these materials occurs during the phase change process. Because different 

materials have different physical and thermal properties, it is necessary to study their behavior 

through simulation. In this paper, we have attempted to investigate the behavior of two different 

materials called Paraffin wax and RT25 in terms of temperature, velocity and solid-liquid ratio 

fields using ANSYS Fluent computing software. In the other words, we have attempted to find 

more information different mechanisms of heat transfer (conductive and convective) when their 

phase are changed from solid state to liquid.   

II. MATHEMATICAL MODEL  

In order to calculate phase change of material, the Navier-Stokes equations and the energy equation 

should be solved. In ANSYS Fluent software, enthalpy-porosity method is used to investigate the 

problem of phase change. The energy equation based on the enthalpy (H) formulation can be 

written as following:  

 
* The corresponding author E- mail:  ajshokri1975@pnu.ac.ir 

jabbar.shokri@gmail.com 



 

45 

 

THE 1ST IRAN-KURDISTAN INTERNATIONAL 

CONFERENCE ON PHYSICS 2021(IR-KU-ICOP 202) 
University of Kurdistan, Sanandaj, 

Iran 

25-26 AUGUST 2021 

DOI: 

( ) ( ) STkH
t

H
+=+




u

 )(

 
(1) 

and  









+




= )()( uH

t
S 

 
(2) 

Here, 𝐻 = ℎ + ∆𝐻, ℎ is a tangible enthalpy and ∆𝐻 is latent heat, which is defined as follows:   

LH =
+=

T

T

Pref

ref

dTTchh )(

 

(3) 

 (4) 
  and L are the ratio of latent fluid and heat of PCM.   is calculated using following function: 













−



=

M

MS

M

S

S

TTif

TTTif
T

TT

TTif

1

0



 

(5) 

where ST
 and MT are solidus and melting temperatures.  

Mass and momentum conservation equations are used to study the phenomenon of velocity fields 

(u ) in fluid: 

0= u  (6) 

( ) ( )( )uuuu
u

ATTgP
t

M +−++−=+







21

 
(7) 

That A is a function of porosity and it is calculated from 𝐴 = −𝐶
(1−𝛼)2

𝛼3+
, so that C is called the 

porosity constant and its value is 105. Also, to avoid division by zero, the value of ε is 10−3 . 

Figure 1 shows a schematic of the system and boundary conditions by considering heat flux (q). 

Other used values in this calculation have been listed in Table 1[3-6]. 

III. RESULTS AND DISCUSSION 

Figure 2 shows the temperature distribution for paraffin wax and RT25 for three different times. 

In the first 600 seconds, it is observed that the solid-liquid interface is approximately parallel to 

the left wall and it indicates conduction is a dominated phenomenon in heat transfer. Also, due to 

convection the maximum temperature, which is located in the upper left corner, is about 398 K for 

paraffin and 372 K for RT25. Calculation of velocity fields is an unseparated part of fluids 

modeling, Figure 3. As one can recognize, due to density variation, the melt moves upward and it 

returns downward after decreasing temperature near the interface. While maximum of velocity at 

t=600s for paraffin wax paraffin is less than RT25, it has increased, during the process. Also, it is 

clear that the position of the velocity maximum is located on the hot side of domain (left side) and 

on the lower part of interface. In contrast of the first material, the location of velocity maximum 

and its value differ from what we have observed for paraffin wax. It is not the intensity of velocity 

has dropped at t=1800s, but also its position on interface has been shifted to the upper part.  
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Table 1: Parametric and values used in calculations. 
Thermo-
density 

coefficient 

Solidus 
Temp  

Melting 
point 

Melting 
latent heat 

Heat capacity 
Liquid 

viscosity 
Density 

Heat 
conductivity 

 


[1/K] 

][KTS  
][KTm  ][ kgJLF  ][ KkgJcP  ][ 2mNs  ][ 3mkg  ][ mkWk  Symbole 

0.0006 331 331.8 190000 2900 0.0057933 
870  (T=300 K) 
780  (T=340 K) 

0.24  (T=300 K) 
0.22  (T=340 K) 

Paraffin 
wax 

0.0006 293 299 232000 
1800 (T=293 K) 
2400  (T=299K) 

0.001798 
785  (T=293 K) 
749  (T=299 K) 

0.19  (T=293 K) 
0.18  (T=299 K) 

RT25 

(a) (b)  
Fig 1: (a) domain meshed. (b) The geometry of model with initial conditions. 

  

  

 

 

  

Fig 2. Distribution of temperature fields for paraffin wax and RT25. 
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Fig 3. The velocity fields distribution in paraffin and RT25. 

 

 

  

 

  

Fig 4. The liquid to solid ratio distribution in paraffin and RT25. 

 One of the most important parameters in the study of the phase change process is the liquid rate, 

Figure 4. By looking at the obtained patterns, it is clear that at the beginning of the process; the 

thickness of the molten layer is small, which indicates that the contribution of conduction in heat 

transfer is more than convection. At t=600s, the shape of interface is vertical, it becomes curved 

more and more and it means that the role of convection is more highlighted. It is worth to touch 
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on this note that however both materials interface is curve, it seems the total rate of liquid in 

paraffin is more than RT25. Also, the thickness of mushy zone for Paraffin wax is less than RT25. 

In the Other words, because the value of latent heat of RT25 is more than prior material, we can 

claim there is porosity zone.  

IV. SUMMARY AND CONCLUSIONS 

In this paper, by solving the energy and Navier-Stokes equations, the quantities of temperature, 

velocity fields and liquid fraction in the phase transition process were obtained for Paraffin wax 

and RT25. The results show that in addition to the temperature and velocity vectors distributions, 

the form of interface for every material is different.  
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Here, we represent linear and nonlinear analyses of the daily coronal index (CI) time series of solar 

activity for the years 1939 to 2008. This index shows the irradiance of the green corona (W s-1) at 

the wavelength of 530.3 nm belonging to Fe XIV. We studied the periodicity of CI by the Lomb-

Scargle periodogram (LSP). It is found the dominant period of the CI is about 11 years. As 

nonlinear analysis, the multi-scale entropy (MSE) of CI interval time series in different scales 

follow the q-exponential function after scale three. Moreover, we applied the detrended fluctuation 

analysis (DFA) to the CI time series to inspect the complexity of the system. 

I. INTRODUCTION 

The activity variations of the Sun as the nearest star have influential impacts on the Earth. So, 

studying the parameters of activity indices makes it possible to approximately determine the Sun 

behavior at different times of both peak and minimum of the solar cycles. Among the activity 

indices (e.g., the sunspot number, the 2800 MHz radio flux, and cosmic ray flux) [1], the coronal 

green-line emission is one of the indices of solar activity proposed by Rybanský (1975) [2]. To 

compute this index, the daily average of the full-disk irradiance of the green corona at 530.3 nm 

(the line-emission of Fe XIV) is integrated over the visible hemisphere. The CI is recorded by the 

solar space missions (e.g., SoHO/CELlAS) and ground-based instruments (e.g. Arosa and 

Kislovodsk). It was found that the CI reveals the peaks different from sunspot number during the 

11-year solar cycle of activity [3,4,5]. A number of studies were carried out to provide a relation 

between the CI and the other solar activity indices such as the relative Wolf number [6] and the 

areas index [7], the number of proton events [8], and the solar magnetic field and the grouped solar 

flares [1]. Mavromichalaki et al., (2005) applied Fast Fourier analysis and Wavelet Transform to 

CI time series for a time range of 1966 -- 1998 (covering three solar cycles). They found the 

different periods of 11.4, 3.2, 2.3, 1.7, 1, 0.29, 0.07, and 0.04 years for CI [9].  

Here, we aim to investigate regular patterns of CI time series for a time period of 1939 to 2008 

using LSP. Since there would be random inputs inserted from the environment into the CI time 

series and the chaotic behavior of the CI source, we attempt to discuss the memory of the system 

and non-periodic patterns using MSE and DFA. This paper has been prepared as follows: we 

describe the data sets in Section II. In Section III, we give a brief review of MSE, DFA, and LSP. 

The results are discussed in Section IV. The concluding remarks are given in Section V. 
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 II. CORONAL INDEX DATA 

We employed the daily Slovak CI data downloaded from the National Centers for Environmental 

Information (formerly the National Geophysical Data Center) publicly available from 1939 to 

2008 in the following website:  

https://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-indices/solar_corona/coronal-

index/slovak/listings/. The last modifications for data were done on 20 December 2013. The data 

were collected by 8 ground based stations obtained from photometric patrol observations. The 

emission lines were converted to an intensity scale via linear transformation [10].  

III. METHODS 

The MSE is an approach to investigate the complexity of time series. Its efficiency has been proven 

in a large number of studies on biological systems and it is being widely used in various fields of 

researches, from cosmology to economy  [11-15]. Imagine a time series with  numbers, {x1, x2, 

…, xi, …, xN}. A coarse-grained time series  with a scale factor of  can be produced from 

the original time series as 

 

(1) 

and one can see that for , the above relation produces the original time series. Constructing 

coarse-grained time series for different values of , and finding their entropies show how the 

entropy changes as a function of  [16]. The entropy measure applied in this procedure is sample 

entropy (SampEn) and MSE is the name, used for the whole process explained above. The 

definition of SampEn and its properties can be found in the literature vastly [15-17].  

The DFA finds a slope of a line fitted to each cumulative time series [18]. A time series with a 

given length is broken into different sub-windows, and the average of the root-mean-square 

fluctuation for the time series is computed. The slope of a line fitted to the values of all sub-

windows versus different lengths on a log-log scale gives the Hurst exponent. 

The LSP is defined in the field of parametric frequency analysis to estimate the spectral density 

PLS of a time series with a set of (ti, x(ti)) for N points as follows 

 

(2) 

where   and  are frequency and arbitrary reference epoch, respectively [19].  The amplitude 

spectrum can be obtained by   . 

https://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-indices/solar_corona/coronal-index/slovak/listings/
https://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-indices/solar_corona/coronal-index/slovak/listings/
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IV. RESULTS 

We employed the LSP to extract the period of CI time series. The results of LSP is shown in Figure 

1. We can see that the maximum power has the frequency about 0.00026 (1/day) which equals to 

10.57 years (Figure 1). The other weaker periods in power spectrum are about 8.75, 8.13, 28.04, 

37.37, 5.48, 3.3, and 2.49 years, respectively.  

 
Fig 1. The power spectrum of periods versus frequency shown in the LSP spectrum diagram.  

We also applied the MSE to both the time series of CI and its interval series (Figure 2). The MSE 

shows a gentle behavior at different scales without sharp fluctuations in both time series. However, 

the CI interval time series demonstrate a behavior after scale three that can be expressed by q-

exponential function as follows:  

F(x) = A[1-B(1-q)x]1/1-q, (3) 

where A, B, and q are parameters extracted from the fitted curve. In our work, the fitted parameters 

A, B, and q are obtained to be 1.227 (1.189, 1.265), 0.04706 (0.04408, 0.05004), and 0.99, 

respectively with R-square = 0.9867 and RMSE = 0.02203 indicating higher confidence level of 

the fitting. 

 
Fig 2. The MSE in different scales for both CI time series (blue dotted) and its interval series (red dotted). The q-

exponential function is fitted to the CI interval time series (green line).  
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We also focused on the memory of CI data using DFA. We obtained the Hurst exponent about 

1.24  0.05 representing a non-stationary trend with no long-term memory. 

V. SUMMARY AND CONCLUSION 

Here, we focused on the linear and non-linear analysis of CI time series using different LSP and 

MSE approaches. We found that the dominant period of the CI (10.57 years) corresponds with the 

sunspot number occurring about 11 years. The MSE behavior shows the CI interval time series has 

the gentle slope after scale three that can be explained by the q-exponential function. We found no 

long-term correlation in the CI time series. In the future, we aim to carry out the linear and non-

linear analyzes of the other geomagnetic activity indices.  
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Caffeine (1,3,7-trimethylxanthine) is one of the most commonly consumed dietary ingredients in 

the world. In the present work, extensive quantum chemical calculations were carried out on 

caffeine in gas phase and in different solvents, in order to get the insights of its structural, and 

electronical properties such as (EL-EH) energy gap, global chemical reactivity descriptors, dipole 

moment, Mulliken population analysis, and Molecular Electrostatic Potential (MEP). The solvent 

effects have been studied in three different polarity mediums by Using Density Functional Theory 

(DFT) calculations at the B3LYP/6-31++G (d, p) level of theory in the combination with the 

Polarizable Continuum Model (PCM). The whole theoretical calculations were achieved via using 

the Gaussian 09 software. The chemical reactivity and stability properties of the investigated 

molecule was evaluated through global chemical reactivity descriptors using Frontier Molecular 

Orbitals (FMOs) energies gap; revealing the stability order of the caffeine as gas phase (5.142 eV) 

> acetone (5.087 eV) > DMSO (5.080 eV) > benzene (5.067 eV). In Mulliken Population Analysis 

(MPA), atomic charge distribution of the caffeine compound is studied for better understanding of 

molecular characteristics. Local descriptors such as Fukui Functions (FFs) have been used for 

determining the active site for this compound. The Molecular Electrostatic Potential (MEP) for a 

compound has been determined to check their electrophilic and nucleophilic reactivity sites. The 

thermodynamic parameters were computed in various temperatures and show that with rising 

temperatures all values were increased. 

In conclusion, theoretical calculation of quantum chemical parameters has been done for the 

caffeine compound to deeper understanding of the optimized structure and electronic properties 

for physical chemistry and biological physics interest. 

 

I.INTRODUCTION 

Caffeine (1,3,7-trimethylxanthine) is one of the most commonly consumed dietary ingredients in 

the world[1]. It is a naturally occurring plant alkaloid that is consumed in common drinks (coffee, 

tea, soft drinks), in cocoa or chocolate products, and in medications [2].  

The physiological effect of caffeine and the lack of nutritional value causes a great interest in its 

health effects [3].  

Emerging research has demonstrated that interindividual differences may impact metabolism and 

sensitivity to caffeine [4]. There is a body of evidence that caffeine improves performance through 

increasing physical endurance, reducing fatigue, and enhancing mental alertness. Additionally, 

caffeine intake has also been recently linked to a number of other potential health benefits. Despite 
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all these benefits, the potential adverse effects of high caffeine consumption should also be 

considered, especially in children and pregnant women [5]. 

Computational chemistry is at extreme relevance in the connection between chemistry and biology. 

The chemical structure and the properties of a molecule can be observed as various indices of the 

same underline wave equation or related electron density. So, it is reasonable to assume that 

molecular descriptors could be connected to property, with the amount of the correlation 

depending on the descriptors, and arrangements of molecules, and properties [6-10].  

 This investigation characterizes an attempt to evaluate the chemical reactivity, stability, 

biologically molecular systems and selectivity of the caffeine compound in gas phase and solvent 

phases through the application of the Density Functional Theory (DFT) with (6-31G ++ (d, p)). 

Clarification and calculating the chemical reactivity properties of caffeine is significant in their 

use of Fukui functions, Parr functions, and the Condensed Dual Descriptor to represent the caffeine 

reactivity within the molecular systems in the process for developing new medicine required. 

II.COMPUTATIONAL METHODS 

The molecular structure for the caffeine was optimized by Gaussian view software using the 

Becke, 3-parameter, Lee-Yang-Parr (B3LYP) level of theory, in combination with the 6-31G++ 

(d, p) Gaussian basis set utilizing the Gaussian 09 software. 

The molecular characteristics such as electronic properties, Ionization Potential (IP), Electron 

Affinity (EA), EH, EL, energy gap (Eg), absolute hardness (H), softness (S), electronegativity (𝜒), 

chemical potential (𝜇), and electrophilicity (𝜔), Electrodonating Power (𝜔−), Electroaccepting 

Power (𝜔+), electronic charge (𝑄𝑚𝑎𝑥), dipole moment, Molecular Electrostatic Potential (MEP), 

and Mulliken atomic charge distributions of this molecule were calculated by Density Function 

Theory (DFT) with the (B3LYP/6-31++G (d, p)) basis set  in gas phase and solvent medium. As 

well as, the Fukui functions (FF) and thermodynamic parameters were computed.  

Theoretical Background 

The Density Functional Theory (DFT) is an effective approach for studying the theoretical 

chemical reactivity mechanism of molecules. The eigenvalues of the Highest Occupied Molecular 

Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) energy levels represent the 

ionization potential (IP) and Electron Affinity (EA) with a negative sign, respectively, according 

to Koopmans theory. As a result, the IP and EA can be calculated using the following relationships 

[11-15].  

Equation (1) is the fundamental equation for determining various global chemical reactivity 

characteristics of compounds like energy gap (Eg), global hardness (η), global softness (S), 

electronegativity (χ), chemical potential (μ), electrophilicity (𝜔), Electrodonating Power (𝜔−), 

Electroaccepting Power (𝜔+), and maximal amount of electronic charge (𝑄𝑚𝑎𝑥). These values are 

calculated in terms of the frontier's molecular orbital energies (EH and EL), and are obtained by the 

following equations [16-19].  

IP = -EH    and   EA = -EL    (1) 
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The Fukui Functions (FFs)are a popular local reactivity measure for investigating chemical 

reactivity and site selectivity. According to Parr and Yang, the reactive center of active medicinal 

compounds are identified by the greatest value of the Fukui function. The FFs for electrophilic, 

nucleophilic, and radical attack are (𝑓𝑘
−, 𝑓𝑘

+, 𝑎𝑛𝑑    𝑓𝑘
0 ) , respectively [19]. They are calculated 

using the following equations (11-13). 

where N + 1, N-1, N and are the total number of present electrons in the anion, cation, and neutral 

states of the molecule. Furthermore, nucleophilic, electrophilic, and radical attacks are signified 

by +, –, and 0. According to a mathematical study, the dual descriptor (∆𝑓(𝑟)) is a more accurate 

tool than the electrophilic and nucleophilic Fukui functions. The dual descriptor is defined via this 

equation (14). 

∆𝑓(𝑟) = 𝑓𝑘
+ − 𝑓𝑘

− (14) 

when ∆𝑓(𝑟) < 0, the process is driven by a nucleophilic attack; on the contrary, when, ∆𝑓(𝑟) > 0  

the process is driven electrophilic attack [20, 21]. 

Also, electrophilicity indices (𝜔𝑘
+, 𝜔𝑘

−, 𝜔𝑘
0), local softness (𝑆𝑘

+, 𝑆𝑘
−, 𝑆𝑘

0) are also used to illustrate 

the reactivity of atoms in molecule and are provides by these equations (15-16). 

𝜔𝑘
+ =  𝜔 𝑓𝑘

+  ,  𝜔𝑘
− =  𝜔 𝑓𝑘

−  ,  𝜔𝑘
0 =  𝜔 𝑓𝑘

0 (15) 

𝑆𝑘
+ =  𝑆 𝑓𝑘

+  ,  𝑆𝑘
− =  𝑆 𝑓𝑘

−  ,  𝑆𝑘
0 =  𝑆 𝑓𝑘

0 (16) 

𝐸𝑔  =  𝐸𝐿 − 𝐸𝐻  (2) 

𝜒 =  
𝐸𝐻 + 𝐸𝐿

2
 (3) 

𝜇 =  −
(𝐸𝐻 + 𝐸𝐿)

2
 (4) 

𝜂 =  
𝐸𝑔

2
       (5) 

𝑆 =  
1

2𝜂
 (6) 

𝜔 =  µ2  ∗  𝑆 (7) 

(𝑄𝑚𝑎𝑥)  =  
−𝜇

𝜂
 (8) 

ω+ = 
(𝐸𝐻𝑂𝑀𝑂 + 3𝐸𝐿𝑈𝑀𝑂)

2

16 (𝐸𝐿 − 𝐸𝐻 )
 (9) 

𝜔− = 
(3 𝐸𝐻𝑂𝑀𝑂+ 𝐸𝐿𝑈𝑀𝑂)

2

16 (𝐸𝐿 − 𝐸𝐻 )
 (10) 

𝑓𝑘
+ =  𝑞 (𝑁 + 1) − 𝑞(𝑁) (11) 

𝑓𝑘
− =  𝑞(𝑁) − 𝑞 (𝑁 − 1) (12) 

𝑓𝑘
0 = 

𝑞(𝑁 +  1) − 𝑞 (𝑁 − 1)

2
 (13) 
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III.RESULTS AND DISCUSSION  

Frontier Eenergy Gap (EL- EH) 

The frontier energy gap, EH, and EL energy of caffeine compound in the gas phase and solvent 

phases were determined by Density Functional Theory with the basis set (B3LYP/6-31++G (d, 

p)). The Lowest Unoccupied Molecular Orbital (LUMO) prefers to accept electrons, whereas 

Highest Occupied Molecular Orbital (HOMO) prefer to give them.  

The energy gap between HOMO (EH) and LUMO (EL) orbitals measures the chemical reactivity 

and kinetic stability of the title molecule. The highest value of energy gap (EL-EH) infer that the 

molecule is less chemical reactivity and more kinetic stability and vice versa. As can be seen in 

Table 1, caffeine has a lower energy gap in benzene (5.067 eV) than gas phase and other solvents. 

Therefore, the electron transfer from HOMO to LUMO of the molecule in Benzene is higher than 

that in the gas phase and other solvent phases. caffeine has a higher bandgap energy in gas phase 

(5.142 eV) than in the rest of the solvent phases. Thus, the electron transfer from HOMO to LUMO 

of the molecule in gas phase is harder than that in solvent phases as shown in Table 1 and Figure 

1.  

Table 1. Ionization potential, Electron affinity, HOMO, LUMO, and energy gap of caffeine in the gas phase and in 

solutions 

Parameters  𝐼𝑃

𝑒𝑉
 

𝐸𝐴

𝑒𝑉
 

𝐸𝐻
𝑒𝑉

 
𝐸𝐿
𝑒𝑉

 
𝐸𝑔

𝑒𝑉
 

Gas phase  5.968 0.826 -5.968 -0.826 5.142 

DMSO 6.326 1.246 -6.326 -1.246 5.080 

Acetone  6.362 1.275 -6.362 -1.275 5.087 

Benzene  6.332 1.265 -6.332 -1.265 5.067 

 
Phases HOMO LUMO 

in gas phase 
 

 

in DMSO 
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Acetone   
 

Benzene  
 

 

Fig 1. Frontier Molecular Orbitals energy in gas phase and in different solvent 

Global Reactivity Descriptors  

Energy gap (Eg), absolute hardness (H), softness (S), electronegativity (𝜒), chemical potential (𝜇), 

electrophilicity (𝜔), Electrodonating Power (𝜔−), and Electroaccepting Power (𝜔+) are the global 

chemical reactivity descriptors indicated by Koopman’s theorem. Theses parameters are calculated 

from Highest Occupied Molecular Orbital (EH) and Lowest Unoccupied Molecular Orbitals (EL) 

energy in the gas phase and solvents medium and are given in by the equations (2-10)  

The influence of solvents is one of the most important components in these theoretical calculations, 

which reveals that the rate of chemical reaction differs on the polarity. The chemical structure of 

caffeine compound is correlated with changes in the values of global chemical reactivity 

descriptors in the solvent phases.  

The global chemical hardness and softness are basically defined as the resistance to deformation 

or polarization of the electron cloud of atoms or molecules. Hard molecules have high energy gaps, 

whereas soft molecules have small energy gaps. As a result, soft molecules are more suited for 

simple reactions. As seen in Table 1, this molecule in gas phase is harder (2.154 eV) than other 

results, but softer in benzene (0,198 eV-1). 

The electronic chemical potential and the absolute electronegativity are significant parameters in 

the quantum chemical reaction. In addition, the chemical potential represents the tendency of 

electrons to escape from a stable system. The higher the chemical potential, the less stable or 

reactive the molecule. As shown in Table 1, caffeine has a higher chemical (more reactive) 

potential than other findings in benzene. On the other hand, the capacity of atoms or molecules to 

attract electron termed the electronegativity. It can be seen from the data in Table 2, the order of 

electronegativity as benzene < gas phase < DMSO < acetone. This molecule in gas phase possesses 

lower electronegativity value (3.397 eV) compared to other results, as a result; it is the highest 

electron donor. 

The electrophilicity (𝜔), Electrodonating Power (𝜔−), and Electroaccepting Power (𝜔+) index are 

used as a chemical structural descriptor for the investigation of the chemical reactivity of 
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molecules. More reactive nucleophile has a lower value of (ω), whereas a strong electrophile has 

a high value of (ω). The results, as shown in Table 2, indicate that caffeine in gas phase is a more 

reactive nucleophile. A higher Electroaccepting Power (ω+) value is connected with a greater 

ability to accept change. A lower Electrodonating Power (ω−)  value, in contrast, signifies that the 

system is improving as an electron donor. caffeine molecule has a greater (ω+) in acetone, but a 

lower (ω−)  in gas phase, according to the findings in Table 2. 

The most quantity of electronic charge (𝑄𝑚𝑎𝑥) describes the system's propensity to get an extra 

electronic charge. The (𝑄𝑚𝑎𝑥)  shows that the title molecule in acetone is more likely than the 

other findings to receive extra electronic charge as displayed in Table 2. 

Table 2. Molecular properties of caffeine compound in gas phase and different solvent 

Parameters η

𝑒𝑉
 

𝑆

𝑒𝑉−1
 

𝜒

𝑒𝑉
 

𝜇

𝑒𝑉
 

𝜔

𝑒𝑉
 

ω+

𝑒𝑉
 

ω+

𝑒𝑉
 

𝑄𝑚𝑎𝑥 

Gas phase 2.571 0.185 3.397 -3.397 2.245 0.867 4.264 1.321 

DMSO 2.540 0.196 3.786 -3.786 2.824 1.246 5.032 1.337 

Acetone 2.544 0.197 3.819 -3.819 2.873 1.275 5.094 1.501 

Benzene 2.534 0.198 3.799 -3.799 2.858 1.265 5.064 1.499 

Dipole Moment 

The polarity of molecules refers to the distribution of partial electric charge in molecules. 

Moreover, the polarity and reactivity of molecules indication both provided by the dipole moment. 

Additionally, total dipole moment is an essential descriptor in reaction mechanism and expresses 

the capability of the molecule to interact with its surroundings [10, 22-24]. 

As presented in Table 3, the results showed that the studied compound have a dipole moment of 

5.312 Debye (DMSO), 5.253 Debye (Acetone), 4.707 Debye (benzene), and 3.828 Debye (gas 

phase), indicates high reactivity to interact with surrounding environment. 

The computed outcomes reveal that caffeine has the highest value of dipole moment in DMSO 

with respect to other results 

Table 2. Effects of solvent polarity on the value of dipole moment of caffeine 

Dipole moment (Debye) Gas phase DMSO  Acetone Benzene 

X -3.746 -5.165 -5.109 -4.588 

Y 0.786 1.239 1.220 1.053 

Z 0.013 -0.001 -0.000 -0.001 

Total  3.828 5.312 5.253 4.707 

Mulliken Population Analysis (MPA) 

 The Mulliken Population Analysis (MPA) has vital role in the application of the molecular system 

for quantum chemical computation. In addition, the Mulliken population analysis produced the 

values of atomic charge [25-27].  Mulliken Population Analysis was carried out for caffeine 

molecule by using the Density Functional Theory (DFT) calculation technique with a 6- 31++G 

(d, p) basis set. The charge variations are most likely caused by the polarity of the solvents. The 

Mulliken atomic charges of caffeine in gas phase and solvent phases are tabulated in Table 5. All 

the hydrogen atoms have a net positive charge. The charge on the carbon atom (2C) is higher than 

on other carbon atoms, because it is linked to electronegative (3N, 11N, and 1O) atoms. Also, 
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entire nitrogen and oxygen atoms (1 O, 14 O, 3 N, 7 N, 10 N, 11 N, and 1 O) are the most negatively 

charged ones, indicating that these centres have the highest electron density and can easily interact 

with the positively charged part of the receptor. 

Table 3: Mulliken atomic charges distribution on caffeine in the gas phase and different types of solvents 

Atoms  
Atomic charges 

Gas phase DMSO Acetone  Benzene 

1 O -0.527 -0.596 -0.595 -0.554 

2 C 0.787 0.633 0.632 0.595 

3 N -0.607 -0.240 -0.239 -0.256 

4 C -0.177 -0.229 -0.229 -0.226 

5 C 0.477 -0.069 -0.070 -0.089 

6 C 0.219 -0.084 -0.084 -0.055 

7 N -0.512 -0.215 -0.216 -0.237 

8 C -0.174 -0.307 -0.306 -0.303 

9 C 0.284 0.307 0.306 0.299 

10 N -0.522 -0.425 -0.424 -0.381 

11 N -0.591 -0.303 -0.303 -0.316 

12 C -0.170 -0.235 -0.235 -0.229 

13 C 0.636 0.461 0.460 0.431 

14 O -0.542 -0.608 -0.607 -0.572 

15 H 0.141 0.193 0.192 0.191 

16 H 0.151 0.184 0.183 0.187 

17 H 0.141 0.193 0.193 0.191 

18 H 0.122 0.165 0.163 0.153 

19 H 0.161 0.201 0.201 0.203 

20 H 0.156 0.201 0.200 0.203 

21 H 0.126 0.206 0.204 0.190 

22 H 0.136 0.192 0.191 0.191 

23 H 0.151 0.186 0.185 0.193 

24 H 0.136 0.192 0.191 0.191 

Calculation of Local reactivity descriptors  

Fukui Functions (FFs), electrophilicity indices, and local softness for a number of atomic regions 

in the caffeine molecule are presented in Table 5 and Table 6.  

The dual descriptor for nucleophilic attack in the following order 3 N> 6 C > 1 C. On the other 

hand, the negative dual descriptor for electrophilic attack is 13 C > 9 C > 5C as shown in Table 5. 

As can be seen in Table 6, the highest values of local electrophilic reactivity descriptors (𝜔𝑘
+, 𝑆𝑘

+) 

at atoms (21 H and 1 O) indicate that these sites are likely to nucleophilic attack. Similarly, the 

greatest values of the nucleophilic reactivity descriptors ( 𝑆𝑘
−, 𝜔𝑘

− ) at atoms (13 C and 14 O) 

indicate that these sites are more susceptible to electrophilic attack.  

 

 

Table 4. Theoretical calculation ofFukui functions for caffeine compound 

Atoms q(N) q(N-1) q(N+1) 
   

fr 

1 O -0.527 -0.592 -0.416 0.111 0.065 0.088 0.046 

2 C 0.787 0.754 0.825 0.038 0.033 0.036 0.005 
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3 N -0.607 -0.6 -0.554 0.053 -0.007 0.023 0.06 

4 C -0.177 -0.154 -0.212 -0.035 -0.023 -0.029 -0.012 

5 C 0.477 0.385 0.531 0.054 0.092 0.073 -0.038 

6 C 0.219 0.201 0.308 0.089 0.018 0.053 0.07 

7 N -0.512 -0.519 -0.51 0.002 0.007 0.005 -0.005 

8 C -0.174 -0.14 -0.204 -0.03 -0.034 -0.032 0.005 

9 C 0.284 0.176 0.349 0.065 0.108 0.086 -0.043 

10 N -0.522 -0.564 -0.472 0.05 0.042 0.046 0.008 

11 N -0.591 -0.58 -0.6 -0.009 -0.011 -0.01 0.002 

12 C -0.17 -0.145 -0.194 -0.024 -0.025 -0.024 0.002 

13 C 0.636 0.504 0.686 0.05 0.132 0.091 -0.083 

14 O -0.542 -0.652 -0.445 0.097 0.11 0.104 -0.012 

15 H 0.141 0.097 0.202 0.061 0.044 0.052 0.017 

16 H 0.151 0.127 0.195 0.044 0.024 0.034 0.019 

17 H 0.141 0.097 0.202 0.061 0.044 0.052 0.017 

18 H 0.122 0.068 0.171 0.049 0.054 0.051 -0.005 

19 H 0.161 0.117 0.2 0.039 0.044 0.042 -0.005 

20 H 0.156 0.107 0.199 0.043 0.049 0.046 -0.007 

21 H 0.126 0.021 0.207 0.081 0.105 0.093 -0.025 

22 H 0.136 0.086 0.175 0.039 0.05 0.045 -0.011 

23 H 0.151 0.122 0.183 0.032 0.029 0.031 0.002 

24 H 0.136 0.086 0.175 0.039 0.05 0.045 -0.011 

Table 5. Local softness and electrophilicity indices of the caffeine molecule. 

Atoms 𝑆𝑘
+ 𝑆𝑘

− 𝑆𝑘
0 𝜔𝑘

+ 𝜔𝑘
− 𝜔𝑘

0 

1 O 0.021 0.012 0.016 0.238 0.139 0.188 

2 C 0.007 0.006 0.007 0.082 0.072 0.077 

3 N 0.010 -0.001 0.004 0.113 -0.015 0.049 

4 C -0.006 -0.004 -0.005 -0.075 -0.049 -0.062 

5 C 0.010 0.017 0.013 0.115 0.197 0.156 

6 C 0.016 0.003 0.010 0.189 0.039 0.114 

7 N 0.000 0.001 0.001 0.005 0.015 0.010 

8 C -0.005 -0.006 -0.006 -0.063 -0.073 -0.068 

9 C 0.012 0.020 0.016 0.138 0.230 0.184 

10 N 0.009 0.008 0.008 0.106 0.089 0.097 

11 N -0.002 -0.002 -0.002 -0.020 -0.024 -0.022 

12 C -0.004 -0.005 -0.005 -0.050 -0.054 -0.052 

13 C 0.009 0.024 0.017 0.106 0.282 0.194 

14 O 0.018 0.020 0.019 0.208 0.234 0.221 

15 H 0.011 0.008 0.010 0.130 0.094 0.112 

16 H 0.008 0.004 0.006 0.093 0.052 0.073 

17 H 0.011 0.008 0.010 0.130 0.094 0.112 

18 H 0.009 0.010 0.009 0.104 0.115 0.110 

19 H 0.007 0.008 0.008 0.083 0.094 0.089 

20 H 0.008 0.009 0.009 0.091 0.105 0.098 

21 H 0.015 0.019 0.017 0.172 0.225 0.198 

22 H 0.007 0.009 0.008 0.084 0.107 0.096 

23 H 0.006 0.005 0.006 0.068 0.063 0.065 

24 H 0.007 0.009 0.008 0.084 0.108 0.096 
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Molecular Electrostatic Potential (MEP) Map 

In this investigation, the three-dimensional (3D) plots of the Molecular Electrostatic Potential 

(MEP) for caffeine molecule in gas phase and solvent medium by using DFT at the B3LYP/6–

31++G (d, p) level are displayed in Figure 2. As well as, MEP is generally seen by mapping its 

values to the surface that reflects the boundaries of the molecules. Moreover, the MEP shows the 

net electrostatic influence and corresponds with chemical reactivity, partial charges of molecules, 

and dipole moments. Furthermore, the different molecular electrostatic potential levels are shown 

by different colours.  Blue, red, and green colours signify sites of the greatest electro positive, 

greatest electro negative, and zero potential, respectively[8, 20, 28, 29]. In fact, it is obvious that 

in the caffeine compound, all oxygen and nitrogen atoms (red area) in gas phase and in solutions 

react with electrophilic regions, whereas, all hydrogens atoms (blue area) react with nucleophilic 

regions. 

in gas phase  

 

in acetone  

 

in DMSO 

 

in benzene 

 

Fig 2. Molecular Electrostatic Potential (MEP) map of caffeine in gas phase and in various solvents 

Thermodynamical Parameters  

The significant thermodynamic parameters for caffeine molecule such as thermal energy (E), 

entropy (S), and molar heat capacity (Cv) was estimated by DFT with the 6-31++G (d, p) basis set 

in various temperatures (298.15-750 K). Also, Thermodynamic data derived from theoretical 

approaches is significant for comprehending chemical processes[30-32]. The thermodynamic 

parameters are tabulated in Table 7 and illustrated inFigure 2. It was observed that, as seen in 
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Figure 3, entropy, molar heat capacity, and enthalpy increase as temperature rises. The results 

show that this molecule has high thermal and chemical stability. 

Table 6. Thermodynamic properties of caffeine with temperatures  

Temperature (T) 

Kelvin 

E (Thermal) 

Kcal/Mol 

Molar heat capacity (CV) 

Cal/Mol-Kelvin 

Entropy (S) 

Cal/Mol-Kelvin 

298.15 126.293 47.201 112.449 

350 129.423 53.555 123.693 

450 135.372 65.217 139.081 

550 142.414 75.338 153.577 

650 150.384 83.794 167.204 

750 159.125   90.814 179.985 
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Fig 3. thermodynamic parameters of caffeine with temperatures 

IV.CONCLUSION 

In the present study, the solvent influences on (EL-EH) energy gap, global chemical reactivity 

parameters, dipole moment, Mulliken Population Analysis (MPA) were investigated and 

interpreted via using Gaussian 09 program with the (B3LYP/6-31++G (d, p)) basis sets.  

The energy gap calculations showed that electron transport from HOMO to LUMO is difficult in 

the gas phase than in the rest of solvent phases. 

The global softness (S), electronegativity (χ), chemical potential (μ), electrophilicity (𝜔), 

Electrodonating Power (𝜔−), Electroaccepting Power (𝜔+), and maximal amount of electronic 

charge (𝑄𝑚𝑎𝑥) have a higher value in solvent medium than gas phase, despite the fact that hardness 

is lower in the solvent medium. 

The caffeine molecule has a higher dipole moment in solvent phases compared to gas phase. 
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The reactive sites are expected by using Mulliken Population Analysis (MPA) for nucleophilic and 

electrophilic. 

The Fukui Function (FFs) is useful for determining the nucleophilic and electrophilic properties 

of a given area inside a molecule. 

Thermodynamic properties such as thermal energy and molar heat capacity increase as the 

temperature increase. These thermodynamical properties provide a significant information for the 

future study on caffeine compound. 

The molecular descriptors used to quantify the chemical reactivity and bioactivity of caffeine, and 

this reveals some correlation between bioactivity (reactive sites) with estimated global chemical 

reactivity decriptors. The kinetic reactions of these solvents with this compounds could be studied 

expermentally.    
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In this study, we discuss the properties of absolute vacuum space and how these properties can 

play a vital role in creating a mechanism in which the very first particle gets created simultaneously 

everywhere and we find the limit in which when the absolute vacuum volume reaches will lead to 

the collapse that leads to the creation of the first particle. This discussion is made following to the 

elementary dimensions theory study that was peer-reviewed at the end of 2020, everything in the 

universe is made from four elementary dimensions, these dimensions are the three spatial 

dimensions (X, Y, and Z) and the Vacuum resistant as the factor of change among the four, time 

itself wasn’t considered as the fourth dimension, rather time corresponds to a factor of change, and 

during the research it was found out that the Vacuum resistant is the factor of change in the 

Absolute Vacuum space, where time is a hypothetical concept, that represents changes during 

certain events compared to a constant change rate event. 

Therefore, time does exist, but as a factor of change, and as the Vacuum resistant in the absolute 

vacuum space, Time= factor of change= Vacuum resistant. 

In the study, the internal and external vacuum resistant volume equivalent is found, External 

Vacuum resistant=3.2857602*10^15 *mass. This equation is used to identify to amount of Free 

external vacuum resistant created during nuclear fission and fusion:   

Initial mass of the excited nucleuses → mass of the created new nucleuses+ 3.2857602*10^15 * 

the lost Mass. In elementary dimensions the energy created during nuclear reactions is equivalent 

to the free External vacuum resistant created through nuclear reactions, and mass is equivalent to 

the internal Vacuum resistant. 

 

I. INTRODUCTION 

How did the universe originate? What is beyond our great universe that we know today? what was 

before this universe?. All these questions are still under debate, and number of theories presented 

to draw a conceivable conclusion for the quest to get a right answer. The well-known theory is Big 

Bang, which predicts that the universe began from infinitesimal period of time from a point to a 

swelled balloon (the universe we know today) during a period of inflation [1]. The early phase of 

the universe was consisted of energy and very hot matter. The energy was consumed by some of 

the matter which congealed into unstable particles and with passage of time when cooled become 

stable particles. It is the similar concept proved through experimentations of nuclear fission and 

fusion reactions for making new stable and unstable nuclei by consuming intense amount of heat. 

The abundantly formed particles in early universe were thought to be hydrogen (H) and helium 

(He). This was later confirmed by many astrologists by measuring contents of H and He in 

galaxies, and stars. Later on, the gradual cooling of the universe results the formation of other 

elements which were forged in galaxies and stars. All aforementioned points of this model confirm 
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its validity through experiments and observations including space-time. But still there are many 

discrepancies in the model which further need improvements by valid theory. For example, the 

time frame of rapid inflation is not directly tested, and what sort of energy provoked this inflation. 

Inflation is an extremely powerful theory in support to early events responsible for big bang, but 

unfortunately this theory doesn’t explains the cause of inflation [2].  

In recent years, another theory is proposed as an alternate to Big Bang model i.e. “bouncing 

cosmology” [3]. According to this theory, the universe was born multiple times periodically in 

endless cycles of continuous expansion and contraction. The concept of periodic expansion and 

contraction provide support to interconnect big bang and inflation theory very effectively. While 

some points are still controversial in theory of bouncing cosmology like first origin and how many 

cycles the universe has completed till now. One of the fundamental pillars of the theory still 

required a valid answer which could explain about the self-renewing of the universe. Gamow et 

al. [4] suggested that early universe immediately transformed from instability to stability which 

results the formation of fundamental and heavy particles due to fusion energy. This idea reflects 

projection in our modern experimentations which validates the idea and rapidly endorsed by the 

big bang theory. 

The commonly agreed upon key points by all theories are as follows.  

1. The universe expands its cools in comparison to its early form.  

2. In the very beginning of big bang, when universe was intensively hot, it exhibits a lot of 

confined radiation energy and matter coexisted.  

3. Big bang is the result of forming of matter and antimatter  

Both points have been endorsed by all theories to date. Specially the second point, in which 

experimentations are performed to identify the exotic states of matter in early universe.  

The third point need further attention which is not been discussed previously that for how long the 

matter and anti-matter co-existed. 

The goal of the paper is to provide an alternate answer to the questions about the origin of the 

universe 

The scientific contributions of the paper are: 

1. Introduce the Vacuum resistant as a replacement to a factor of change, and as a Time in 

the absolute vacuum space. 

Time= factor of change= Vacuum resistant 

2. Present the limit of the level of instability in the Absolute Vacuum space. 

3. Provide an alternate solution to the origin of matter. 

4. Introduce the hadron and lepton field as internal and external Vacuum resistants  

5. Introduce External vacuum resistant equation: External Vacuum 

resistant=3.2857602*10^15 *mass. 



 

68 

 

THE 1ST IRAN-KURDISTAN INTERNATIONAL 

CONFERENCE ON PHYSICS 2021(IR-KU-ICOP 202) 
University of Kurdistan, Sanandaj, 

Iran 

25-26 AUGUST 2021 

DOI: 

 
Fig 1.(universe at time=0 sec or absolute vacuum) 

There are two major foundations for this study that are in same time opposing the current physics 

literature: 

1. Time corresponds to a factor of change.  Instead of space-time  terminology, we have 

space-change in this study. The only difference between now and 15 billion years ago 

is the fact that changes happened and not that time has passed. 

2. Universe at zero second (shown in figure 1) was naturally at Absolute zero 

temperature. Absolute zero temperature can be achieved theoretically by extracting all 

sorts of particles and radiations. Universe at zero second was at Absolute zero 

temperature because it was completely devoid of everything [6]. Hence, Universe at 

zero second was Absolute vacuum. 

Creating absolute vacuum in the laboratory is next to impossible if not impossible itself due to 

difficulty of the removal of all sorts of matter and radiation for the creation of absolute zero 

temperature.   

Absolute vacuum is four-dimensional (space dimensions in the x, y, and z axis and the Vacuum 

resistant). The Vacuum resistant is the factor of change among the four dimensions [6] which plays 

a vital factor in creating the first particle. Those four are the elementary dimensions. In the previous 

study the Vacuum resistant was named Force field, however since it was creating confusion with 

the force known in physics it was changed to Vacuum resistant. 

Time is a hypothetical concept [5], that corresponds to changes during certain events compared to 

a constant change rate event [6]. Therefore, time itself wasn’t considered as the fourth dimension. 

Though, time does exist but as a factor of change, and the Vacuum resistant was identified as a 

factor of change in the absolute vacuum space as it will be explained below. 

Time= factor of change= Vacuum resistant 
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Therefore, every function that will be used in the EDs (the elementary dimensions) theory, are 

time invariant function [7]. 

This paper includes: 

• Identification of the fourth dimension experiment: in his part we discuss the 

methodology that was used to identify the fourth dimension. 

• Vacuum Resistant patterns: In this part we discuss the patterns of the Vacuum 

Resistant. 

• Creation of the first particle through the elementary dimensions and the limit of 

the collapse: In this part we discuss the methodology where the first particle gets 

created simultaneously everywhere in the space of Absolute Vacuum, then we find 

the limit where the system collapses creating the first particle, then we find the 

external and internal Vacuum resistant equivalent that governs the Radius of the lepton 

field in relation to the hadron field.   

• The collapse of a neutron to a proton + Lepton: In this part, we discuss the process 

in which a neutron collapses to a proton and a lepton. 

• Nuclear fusion and fission: in this section, we introduce the nuclear reactions using 

the internal and external vacuum resistants. 

II. METHODOLOGY 

Identification of the fourth dimension 

The Vacuum resistant or the factor of change was identified through experiment, Owing to lack of 

resources, a 10 ml syringe was used to identify the fourth elementary dimensions of the vacuum. 

The syringe head was closed, and the bottom part was pulled by using weights to create the vacuum 

in the syringe. (Shown in figure 2) 

 
Fig 2. identification of the fourth dimension 

The resistant force developed inside the syringe due to lack of matter was called Vacuum resistant 

or just V for simplifications 
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Through classical physics, the summation of forces on the vertical axes equals zero  

Σ Fy=0, V+ Fdownward =0 (1) 

Where Fdownward is the force needed to pull the matter downward to create xyz m3 of vacuum, 

and V is the vacuum resistant sourced from the vacuum to resist the lack of matter. 

V + Fdownward = 0,         V =-Fdownward (2) 

Therefore, the V or the vacuum resistant corresponds to the factor of change 

Vacuum resistant patterns 

The figure 3 and 4 shows the Vacuum resistant pattern direction of an absolute vacuum in a 

confined and an open system, respectively. 

 

 
Fig 3. Vacuum resistant patterns in a confined system 

In Figure 3 the Vacuum resistant acts to prevent the formation of the vacuum by trying to crush 

the parameter of the surroundings toward the centre; the direction of V is pointing toward the 

centre of the vacuum. 

 
Fig 4. Vacuum resistant pattern in an open system 
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However, absolute vacuum is considered an open system, if it exists in a free form. At any point 

of it the Vacuum resistant is pointing outward, as depicted in Figure 4.  

Any point of absolute in a confined system acts as absolute vacuum in an open system, which 

means that Vacuum resistant is pointing outwards (see Figure 5). 

 
Fig 5. every point inside a confined system acts as an open system 

The Vacuum resistant (V) has a positive relation with the spatial dimensions (X, Y and Z), meaning 

the Vacuum resistant increases with the increase of the absolute vacuum’s volume Vv. 

V αVv (3) 

V=Cv* Vv (4) 

Where Cv is the vacuum constant that was assumed, here we will again assume that it’s equal to 1 

with SI base units of Kg.m-2.sec-2 

The volume of sphere Vv =
4

3
π(R3) (5) 

V=   
4

3
π(R3) Cv (6) 

V will have the units of force N (Newton), excluding the time effect completely, as this will be as 

well a time invariant function. 

Creation of the first particle through the elementary dimensions 

According to the elementary dimensions EDs theory, the absolute vacuum and its four EDs are the 

predecessor of particles [6], and the EDs makes up everything in the universe. Contrarily to the 

current theories, according to the EDs theory a dot particle (or a one dimensional particle) is 

impossible to exist due to the mathematical impossibility and the absence of an existing actual 

physical limit determining the smallest mathematical and physical size. Therefore, every particle 

no matter how tiny it’s, it must be having the three spatial dimensions (X, Y , and Z) and according 

to the EDs theory it also has the fourth dimension (the factor of change or the Vacuum resistant). 
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Fig 6. Universe at zero second with radius of X 

Figure 6 visualizes a cross section of the universe at zero second and how it’s only made of the 

outward Vacuum resistant, as the system is an open system. 

With the increase of the absolute vacuum’s volume, the outward Vacuum resistant increases, and 

the space losses equilibrium more and more due to the presence of only one directional Vacuum 

resistant. When the outward Vacuum resistant reaches a certain limit (the limit will be discussed 

below), the system reaches the highest level of instability. The outward Vacuum resistant has to 

collapse inward to restore equilibrium in the space (see Figure 7). 

 
Fig 7. the change from an open system to a confined system 

The absolute vacuum has turned from an open to a confined system, with the collapse energy was 

created from the Vacuum resistant pointed toward the centre, the energy stays conserved at all 
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phases. However, due to the collapse the energy density increases with the decrease of the spatial 

dimensions (see figure 8). 

 
Fig 8. increase of the energy density with the collapse 

At the final stage the energy is concentrated forming a solid shape of energy. In which, this shape 

of energy is a first particle that was ever created from the EDs. This particle was created to decrease 

the instability in the space to achieve equilibrium that the universe at time zero second was lacking. 

This particle is managed by two forces: 

1. Internal Vacuum resistant Vi, which originates from the absolute vacuum inside the 

particle, just like vacuum in a confined system, and is directed toward the centre. 

2. External Vacuum resistant Ve, originates from the absolute vacuum outside the created 

particle. 

The Vacuum resistant Vi causes the source to collapse, while the Vacuum resistant Ve is the 

counter factor. The particle collapses until equilibrium is achieved between the internal and 

external Vacuum resistant. In case, more than one source-like entity are existents near each other 

relatively, the equilibrium process is among all of them. 

At time zero second, infinite spatial dimensions of absolute vacuum existed. Therefore, unlimited 

numbers of particles were created (see figure 9). 
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Fig 9. (infinity numbers of particles created from the EDs) 

Figure 9 visualizes a cross section of the universe after the collapse and how the system has turned 

from an open system to a confined system. 

The limit in which the system collapses might be the same limit that leads to the creation of the 

black holes, where it’s already know that for large stars above the Landau/Tolman-Oppenheimer-

Volkoff limit [8] (around two solar masses) ,when the star dies the forms of particles cannot 

provide the force needed to balance gravitational field. There is nothing to stop the collapse 

forming a black hole [8]. 

A black hole is similar to the origin particle or the source [6]. 

The limit could be a radius of 8.7713 x 108 meters of absolute vacuum in a sphere shape, using a 

value of 3.98 x 10^30Kg (two solar masses) with density of 1408 (kg/m3), the same density of our 

sun.  

Using mass density equation:  

Denisity =
two solar masses

Volume of the star
 (7) 

1408 =
3.98 x 10^30Kg 

4
3π(R^3)

 

We get the value of a radius 8.7713 x 108 meters of absolute vacuum,  

Using the Vacuum resistant equation (6): 

V=   
4

3
π(R3) Cv    

V =   2.82671x10^27  N 

Meaning when the absolute vacuum’s Vacuum resistant reaches this value, the space inside the 

sphere will be at its highest level of instability, the only way for it to achieve equilibrium is to 

collapse inward. 

The spatial dimensions of the two solar masses its radius equivales to its Schwarzschild radius, 

Meaning the open system radius is equivalent to its closed system radius 
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Radius of two solar masses=Its Schwarzschild radius* equivalent (8) 

8.7713 x 10^8=5.9*10^3*Radius equivalent  

Radius Equivalent=148666.1 

Meaning: 

Open system radius=148666.1*closed system radius (9) 

Open system is the external vacuum resistant 

Closed system is the internal vacuum resistant  

Of course, the same thing can be said to their volume, which means that we also have Volume 

equivalent: 

External vacuum resistant Volume= Internal vacuum resistant Volume * Volume equivalent  (10) 

4/3*Pi*(8.7713 x 10^8)^3=4/3*Pi*(5.9*10^3)^3*Volume equivalent  

Volume equivalent=3.2857602*1015 

External Vacuum resistant=3.2857602*1015 *Internal Vacuum resistant (11) 

Hydrogen radius  

Using radius equivalent 

Atom radius=148666.1*Proton radius (12) 

 =148666.1*0.85*10^-15=200.5422*10^-12meter=126.3662 picometer 

 
Fig 10. Hydrogen atom sample analysed using the external and internal Vacuum resistant ratios 

The collapse of a neutron to a proton + Lepton 

 
Fig 11. Neutron 
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The above Figure 11 shows a neutron before it collapses, as a neutron is a particle governed by the 

Internal Vacuum resistant that tends to make the particle collapsing and the External Vacuum 

resistant that tends to stop the collapse. In a neutron, the Internal Vacuum resistant is greater than 

the internal Vacuum resistant, therefore the external Vacuum resistant is not enough to stop the 

particle from collapsing. 

 
Fig 12. the collapse of a neutron to a proton+Lepton 

In figure 12, in 879.6 plus minus 0.8 seconds a neutron has collapsed due to the effect of the 

Internal Vacuum resistant being larger than the External Vacuum resistant, and when both of the 

resistants are equal to each other, the system of the particle becomes in equilibrium, The Internal 

Vacuum resistant will be called a proton field, and the External Vacuum resistant will be called 

the Lepton field. Whenever, a system collapses, electro-magnetic field gets created from the effect 

of the External Vacuum resistant on the system as a free field spreading outward (see figure 13, 

14, and 15). 

As we can see above in the figures that the internal vacuum resistant is equivalent to mass  

Mass=Internal vacuum resistant (13) 

Returning the equation (11): 

External Vacuum resistant=3.2857602*1015 *Internal Vacuum resistant (11) 

The internal vacuum resistant can substituted with mass, 

External Vacuum resistant=3.2857602*10^15 *Mass (14) 
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Fig 13. The three main fields 

 
Fig 14. each of the three fields can be quantized  

 
Fig 15. Quanta of each of the three main fields 
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Nuclear fusion and fission 

Nuclear Fission is the process of splitting of a heavy, unstable nucleus into two lighter nuclei, 

and fusion is where two light nuclei combine releasing an amounts of energy [9], or something 

else.  

It’s known that the nuclear fusion and fission can be expressed as the below formula: 

Initial mass of the excited nucleuses→ Mass of the created new nucleuses+ Energy (15) 

According to the EDs theory, mass is equivalent to the internal vacuum resistant, while energy is 

not defined yet. There is only one way for energy concept to fit in the EDs theory, and that is the 

fact that energy is the free external vacuum resistant, 

Free External Vacuum resistant=Energy (16) 

Now we return to formula (15), but this time we use the EDs fundamental properties: 

Initial Internal Vacuum resistant of the excited nucleuses → Internal Vacuum resistant 

of the created new nucleuses+ External Vacuum resistant 
(17) 

And since External vacuum resistant= 3.2857602*10^15 *Mass (equation 14), 

Initial Internal Vacuum resistant of the excited nucleuses → Internal Vacuum resistant 

of the created new nucleuses+ 3.2857602*10^15 * the lost Mass 
(18) 

We can put the above formula in a calculable shape through:  

Initial mass of the excited nucleuses → mass of the created new nucleuses+ 

3.2857602*10^15 * the lost Mass 
(19) 

3.2857602*10^15 * the lost mass represents the amount of the free external vacuum resistant 

created through the process of the nuclear fusion or fission. 

Now through the above formula we are able to accurately calculate the amount of change that 

occurs in a system during nuclear fusion or fission. 

Taking Deuterium- Deuterium fusion as an example: 

𝐻1
2 + 𝐻1

2 → 𝐻2
3 𝑒 + 𝑛 + 3.27𝑀𝑒𝑉0

1  

𝑁𝑃
𝐴 , where N is nucleus, A number of protons plus neutrons, P is number of protons, and n is 

neutron  

Now shifting to the EDs principles: 

𝐻1
2 + 𝐻1

2 → 𝐻2
3 𝑒 + 𝑛 + 𝐿𝑜𝑠𝑡 𝑚𝑎𝑠𝑠 ∗0

1 3.2857602 ∗ 10^15 

And the same applies to every other fusion or fission. 

The relation to the General Relativity:  

The results in this article doesn’t disagree with the General relativity, however, only the 

visualization of the space-time is different. Where instead of space-time, we have space-change 

here.  

https://www.britannica.com/science/nucleosynthesis
https://www.britannica.com/science/nucleosynthesis
https://www.britannica.com/science/nucleosynthesis
https://www.britannica.com/science/nucleosynthesis
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Fig 16. General Relativity’s visualization on the gravitation around objects 

Fig. 8 shows the General Relativity’s visualization of the space-time and gravitation. Where the 

curvature is stronger getting nearer to the object. 

While according to this article, everything that has been came up with in the General relativity are 

correct, except that the concept of space-time is replaced with space-change. As already stated that 

time corresponds to changes in a system compared to constant change rate event. 

 
Fig 17. The Elementary dimensions theory’s visualization on gravitation around objects 

Fig. 9 shows instead of the curvature getting stronger near the object, the change density gets 

stronger. 

III. CONCLUSION 

In the universe at zero second only absolute vacuum existed, absolute vacuum is made from EDs., 

three spatial dimensions (X axis, Y axis and Z axis) and the Vacuum resistant. When the sphere 

volume of absolute vacuum reaches a radius of 8.7713 x 108 meters, the space inside the sphere 

will be at its highest level of instability, the only way for it to achieve equilibrium is to collapse 

inward, creating the first particle. 

Universe at zero second, infinity spatial dimensions of absolute vacuum existed. Therefore, 

unlimited numbers of particles were created simultaneously everywhere. 
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External Vacuum resistant=3.2857602*10^15 *mass, this equation can be used whenever there is 

a release in the External vacuum resistant or energy as a result of Internal vacuum resistant 

conversion . 
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 In this work, a simple method was used to prepare BaWO4 -chitosan nanocomposite because of 

its applications in various fields. Prepared sample was studied by X-ray diffraction (XRD), 

transmission electron microscopy (TEM), field emission scanning electron microscopy (FESEM) 

and Fourier transform infrared (FTIR). Crystal and morphological properties of prepared 

nanocomposite was investigated. It was observed that in produced structure, BWO nanoparticles 

are the core more while chitosan chains are the shell and coated layers. 

 

I. INTRODUCTION 

Metal tungstates are a class of ternary compounds that have attracted interest in studies due to its 

immense applications in several areas. These materials belong to the family of scheelites that have 

the chemical formula MWO4, where M is a metallic cation of valence +2[1–2]. Among the 

tungstates, barium tungstate (BaWO4) is a promising material in different applications as 

photoluminescent, laser, detectors and dielectric capacitors [3,4]. On the other side substantial 

research has been conducted on using organic and polymeric materials as optical elements. While 

polymeric materials have exhibited relatively low optical loss at important communication 

wavelengths of 830 nm, 1.3 μm and 1.5 μm, favorable processing compatibility with 

microelectronic and optical devices and a wide variety of useful special properties such as 

refractive index tailoring, barriers still exist to producing successful new materials with combined 

needed attributes of, for example, low propagation loss, high temperature stability and excellent 

electronic packaging process capability. Chitosan is a polysaccharide easily derived from chitin 

by N-deacetylation. Chitin is widely found in nature as a major component of the cell wall of 

various fungi and in the shells of insects and crustaceans. In recent decades, chitosan has received 

much attention for its special properties and inexpensive, abundant availability. Research has not 

only been concentrated in traditional areas such as waste water treatment and medical fibers and 

films, but also for potential applications in many other areas including industry, agriculture, food 

and biology. Contact lenses have been made from aminopolysaccharide compounds derived from 

chitosan. Despite a need for new optical materials having new and improved properties suitable 

for use in newer optical elements, prior art investigation of organic and polymeric materials for 

new uses and research studying chitosan for a variety of new uses, have not included the possibility 

of using chitosan or a derivative as an optical element for an electro-optic application. In this study,  

BWO nanopowders were synthesized via a simple method and embedded in chitosan matrix. 

 
* Correspondence: mtafreshi@semnan.ac.ir 
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II. MATERIALS AND METHOD 

Chemicals were commercial products of analytical grade. All the solutions were prepared with 

distilled water. BaWO4 powder were synthesized based on co-precipitation method. After chitosan 

preparation, proper amount of the synthesized powder dissolve in the chitosan solution. Schematic 

diagram of BaWO4 -chitosan nanocomposite preparation is shown in Fig.1. 

 
Fig1. Schematic diagram for the fabrication of BaWO4 -chitosan nanocomposite  

III. RESULTS AND DISCUSSION 

XRD patterns of prepared nanocomposite is shown in Fig.2. For BaWO4 sample all the peaks were 

indexed for their (h, k, l) planes in the spectrum related to the scheelite type tetragonal structure 

[3,4]. No secondary phase was seen in the XRD pattern which confirms that powder itself is phase 

pure. By the Debye–Scherrer approximation the crystallite size of BWO NPs was calculated from 

XRD data as 40 nm. XRD pattern of the prepared chitosan show characteristic peaks at 20° of an 

amorphous polymer. The decreasing of crystallinity in nanocomposite sample could be due to that 

chitosan nanoparticles are composed of a dense network structure of interpenetrating counter ions 

of TPP, where the polymer chains crosslink with each other by TPP.  

 
Fig 2. XRD pattern of synthesized nanocomposite 
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The FESEM and TEM images of prepared chitosan, BWO nanoparticles and BaWO4 -chitosan 

nanocomposite is shown in Fig. 3(a-d). FESEM image in Fig.2 b depicts that BWO nanoparticles 

are almost spherical and cubic in shape. The chitosan coating the BWO nanoparticles is clearly 

visible as a layer of amorphous phase, with a very thin thickness nm (Fig. 2d). It is confirmed that 

in produced structure, BWO nanoparticles are the core while chitosan is the shell. Fig.3 (a,b ) show 

the EDX and elemental mapping analysis of BaWO4 –chitosan nanocomposite which confirms 

the presence of Ba, C, W, N, P, Na and O elements in the nanocomposite.   

  
Fig 3. FESEM images of (a)chitosan, (b)BWO nanoparticles, (c)BaWO4 -chitosan nanocomposite and (d)TEM 

image of prepared BaWO4 -chitosan nanocomposite 

 
Fig 4. (a)EDX spectrum of BaWO4-CS composite, (b) elemental mapping analysis of BaWO4-CS composite (a) 

BaWO4-CS, (b) C, (c) N, (d) Na, (e) P, (f) Ba, (g) W, and (h) O. 

Fig.5. shows the FTIR transmittance spectrum obtained on BaWO4 nanoparticles and shows 

intense peaks at 1525, 1560, 1590, 823, 632, 474 and 410 cm-1. It is noted that the vibrations at 

1525–1,590 cm-1 are related to a COO stretching mode for a bidentate complex [4]. In addition, 

the spectrum displays a very broad absorption band from 4,000 to 400 cm-1. This band is attributed 

to the M–O bonds, of a solid oxide network [5].  
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A peak at 410 cm−1 can be assigned to bending vibration of W–O. The antisymmetric stretching 

vibration originating from the W–O in W𝑂4
−2 tetrahedron corresponds to the broad peak at 823 

cm−1. Besides this strong band, a medium intense band can be seen in the region 632 cm−1 which 

can be attributed to W–O antisymmetric stretching vibrations. 

 
Fig 5. FTIR transmittance spectrum of BaWO4 nanoparticles 

IV. CONCLUSION 

In summary, BaWO4 -chitosan Nanocomposite has been synthesized successfully by a simple 

technique. Formation of BWO nanoparticles in chitosan matrix has been ascertained using XRD, 

FESEM and TEM. XRD pattern confirms the crystalline nature of BWO nanoparticles. Average 

diameter of BWO nanoparticle calculated from TEM image that was about 46 nm. It is confirmed 

that in produced structure, BWO nanoparticles are the core while chitosan is the shell. 
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With increasing the installed capacity of wind power around the world, its effects on power 

systems have become more and more prevalent. So, the investigation of these effects has earned 

particular importance. To ensure the reliable operation of a power system which is considerably 

fed by wind power, the dynamics of the system must be comprehends. The doubly fed induction 

generator (DFIG) will play a significant role in the future of power systems, as the main energy 

conversion technology for wind turbines. Therefore, the impacts of the DFIG on the low frequency 

oscillations (LFO) of interconnected power systems have become an important issue with serious 

concerns. This paper investigates the effects of two factors, including the DFIG transmission 

distance and DFIG capacity on the LFO characteristic of an interconnected power system using 

both eigenvalue analysis and dynamic simulations. To examine the impacts of these factors on the 

inter-area oscillation mode, case study is carried out on a two-area interconnected power system, 

and substantial results are obtained.  

 

I. INTRODUCTION 

With rising capacity of grid-connected wind power, the flexibility and safety of power network 

face considerable challenges. Therefore, it is becoming an important and essential task to evaluate 

the impacts of large-scale integration of wind power on power systems.  There are usually dozens 

or even hundreds of wind turbines in a wind power plant (WPP). Modeling of individual wind 

turbines for power system stability studies due to the model size and computational burden is 

impossible and unnecessary. Therefore, developing an effective equivalent model of WPPs for 

power system studies is significance [1]. The wind turbine generators (WTGs) can also be 

classified into two categories in consideration of the rotating speed, that is, fixed-speed (FWTGs) 

and variable-speed (VWTGs). Fixed-speed wind turbine generators have simple design and are 

straightly connected to the power system, whereas the variable-speed wind turbine generators use 

power electronic-based converters as interface for connection to the power system [2]. 

Nowadays, doubly-fed induction generator (DFIG) are most common variable-speed wind turbine 

configurations, because of their desirable operating characteristics, being useable for the wide 

range of wind speeds, small size of power converters and separate control of active and reactive 

power [3]. 

An interconnected power system that included an X-machine independent power system and an 

Y-machine one, has X + Y - 1 electromechanical oscillation modes, one mode more than the sum 

of the two independent power systems. Generally, low frequency oscillations (LFOs) are classified 
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as local mode oscillations and inter-area mode oscillations [4]. The first one is caused by 

interactions between some generators close to each other with frequencies in the range of 0.5–2.0 

Hz, while the second one by interactions between large groups of generators with frequencies in 

the range of 0.1–1.0 Hz [5]. 

Several studies in the different papers have investigated the effects of wind power on Low-

Frequency Oscillations (LFO). The effect of wind farms penetration to power systems on the 

generator rotor angle and the inter-area oscillation has been studied in [6]. According to [7], 

monitoring of the LFO modes in power systems is necessary to design the Power Oscillation 

Damping. State equations of the power system with the DFIGs have been obtained to finding the 

LFO modes related to the SGs and the DFIGs. Reference [8] considers different proportions of 

Type-3/Type-4 Wind Power Plants (WPPs) to examine the effect of interaction between WPPs 

adopting different technologies on power system low-frequency dynamics. Moreover, studies the 

sensitivity of the eigenvalues with respect to inertia. A general review of the DFIG’s impact on 

power system dynamic performances such as transient stability, small-signal stability, and voltage 

stability has been presented in [4]. Also, [9] proposes a method to improve transient and small-

signal stability of a large power system with considering high penetration of DFIGs. 

The electricity quality can also be enhanced via improving the reliability and reducing the 

generation risk [10]. To obtain sustainable electrical energy generation, the availability of primary 

energy in all of the conditions is very significant [11]. For wind energy as an important primary 

energy, a big share in the power generation sector is considered in the future. Hence, the study of 

wind power effects in the power system has a significant emphasis. This paper comprehensively 

investigates the effects of the DFIG transmission distance and DFIG capacity on the LFO 

characteristic of an interconnected power system. The valuation of the study is carried out by using 

both eigenvalue analysis and dynamic simulations. The structure of this paper is as follows. 

Section 2 discusses about the DFIG modelling. The proposed methodology is explained in section 

3. Also, the case study and simulation results are presented in section 4. Finally, section 5 gives 

the conclusions of this study. 

II. MODELING OF DFIG 

Figure 1 demonstrates the layout of a DFIG based WTGS. It has an asynchronous generator with 

rotor windings that is fed by external voltages. The stator is connected directly to the grid through 

a transformer and its rotor windings are connected to the grid through bi-directional back-to-back 

power electronics converters [12]. Therefore, the model of wind turbine and DFIG can be 

represented as follows [13]: 

𝑑𝜃𝑡𝑤
𝑑𝑡

= 𝜔𝑏(𝜔𝑡 − 𝜔𝑟) (1) 

𝑑𝜔𝑡
𝑑𝑡

=
1

2𝐻𝑡
[𝑇𝑚 − 𝐾𝑡𝑤𝜃𝑡𝑤 − 𝐷𝑡𝑤(𝜔𝑡 − 𝜔𝑟)] (2) 

𝑑𝜔𝑟

𝑑𝑡
=

1

2𝐻𝑔
[𝐾𝑡𝑤𝜃𝑡𝑤+𝐷𝑡𝑤(𝜔𝑡 −𝜔𝑟) − 𝑇𝑒] (3) 

1

𝜔𝑏

𝑑𝑒𝑑
𝑑𝑡

= −
1

𝑇0
[𝑒𝑑 − (𝑋 − 𝑋

′)𝑖𝑞𝑠] + 𝑠𝜔𝑠𝑒𝑞 − 𝜔𝑠
𝐿𝑚

𝐿𝑚 + 𝐿𝑟
𝑣𝑞𝑟 (4) 
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1

𝜔𝑏

𝑑𝑒𝑞

𝑑𝑡
= −

1

𝑇0
[𝑒𝑞 − (𝑋 − 𝑋

′)𝑖𝑑𝑠] + 𝑠𝜔𝑠𝑒𝑑 − 𝜔𝑠
𝐿𝑚

𝐿𝑚 + 𝐿𝑟
𝑣𝑑𝑟 (5) 

where 𝜃𝑡𝑤 is the shaft twist angle; 𝜔𝑡 and 𝜔𝑟 are the angular velocities of the turbine and the DFIG 

rotor, respectively; 𝜔𝑏 is the system speed base in the units of rad/s; 𝐾𝑡𝑤 and  𝐷𝑡𝑤 are coefficients 

to show the shaft stiffness and mechanical damping effect, respectively; 𝐻𝑡 and 𝐻𝑔 are inertia time 

constants of the wind turbine and the DFIG, respectively; e is the internally generated voltage, 𝑣𝑟 

is the rotor voltage, 𝑖𝑠 is the stator current, ‘d’ or ‘q’ subscripts for these variables indicating d-

axis or q-axis components, respectively; 𝜔𝑠 is the synchronous speed; s is the slip; 𝐿𝑚 and 𝐿𝑟 are 

the magnetizing inductance and rotor inductance, respectively; 𝑇0 is the transient time constant; X 

and 𝑋′ are the open-circuit and short-circuit reactance, respectively; 

 
Fig 2. Basic block diagram of DFIG wind turbine 

𝑇𝑒 is the electromagnetic torque. Especially, 𝑇𝑚 is the mechanical torque of the wind turbine, which 

is calculated using: 

𝑇𝑚 =
𝑃𝑚
𝜔𝑟

=
0.5𝜌𝜋𝑅2𝐶𝑝(𝜆, 𝛽)𝑉𝑤

3

𝜔𝑟
 (6) 

where 𝑃𝑚 is the mechanical power; ρ is the air density; R is the wind turbine blade radius; 𝑉𝑤 is 

the wind speed; and 𝐶𝑝 is the power coefficient which is a function of the pitch angle β and the tip 

speed ratio λ , defined as: 

𝜆 =
𝜔𝑟𝑅

𝑉𝑤
 (7) 

It is observed in (6) and (7) that 𝑃𝑚 is a variable because 𝐶𝑝 changes as 𝜔𝑟 oscillates with power 

oscillations. This is different from SGs, the mechanical power is usually observed to be constant 

during electromechanical transients. 

The rotor-side converter controls the mechanical torque as well as the stator terminal voltage or 

the power factor. The variable-speed function of the DFIG is possible because the power converter 

separates the mechanical rotor speed and the power system electrical frequency. The optimization 

of the power extracted from the wind has been facilitated by the rotor speed control capability. 

Figure 2 demonstrates an example of mechanical power characteristics for various wind velocities. 

This characteristics have a maximum point that corresponds to a certain speed of rotor. The aim 

of DFIG control strategy is to extract the maximum possible power from the wind. To achieve this 

purpose, the active power is set so as to follow the curve of maximum power, Popt (Figure 2) [2]. 
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Fig 3. Wind turbine characteristic for maximum power extraction 

III. EIGENVALUE ANALYSIS 

The non-linear WF model and the other traditional components of power system utilized in the 

following sections can be written in the compact form [14], 

{
�̇� = 𝑓(𝑥, 𝑣)
𝑖 = 𝑔(𝑥, 𝑣)

 (8) 

where 𝑥 = [𝑥𝑊𝐹, 𝑥𝑆𝐺 , 𝑥𝐸𝑥𝑐 , 𝑥𝑇𝐺]
𝑇 is the state vector including the states of the WF, the SG, the 

exciter and the turbine governor, respectively. The network voltage vector v is the input of the 

models and the current vector i that injected to the network is the output.  

The eigenvalue analysis is the most widely employed method for oscillations stability analysis. 

The state equations (8) become linear around the equilibrium point and can be expressed in a multi-

machine system as follows [14] 

{
 
 

 
 ∆�̇� =

𝜕𝑓

𝜕𝑥
|
𝑥=𝑥0

∆𝑥 +
𝜕𝑓

𝜕𝑣
|
𝑣=𝑣0

∆𝑣 = 𝐴∆𝑥 + 𝐵∆𝑣

∆𝑖 =
𝜕𝑔

𝜕𝑥
|
𝑥=𝑥0

∆𝑥 +
𝜕𝑔

𝜕𝑣
|
𝑣=𝑣0

∆𝑣 = 𝐶∆𝑥 + 𝐷∆𝑣

 (9) 

The network equation of the power system is given by 

∆𝑖 = 𝑌∆𝑣 (10) 

where Y is the admittance matrix of the system. Substitute (9) into (8) and eliminate Δv, the 

following equation is obtained 

∆�̇� = [𝐴 + 𝐵(𝑌 − 𝐷)−1𝐶]∆𝑥 = 𝐴𝑠∆𝑥 (11) 

where As is the state matrix. For the small-signal stability of the system, all the modes must locate 

in the left half of S- plane having damping ratio (DR) values above the threshold value. The DR 

for a complex eigenvalue λ =  ± j can be computed as (12), 

𝜉 =
−𝜎

√𝜎2 + 𝜔2
 (12) 
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IV. SIMULATION RESULTS 

Case study 

The test system is shown in Figure 3 and is extracted from a well-known two-area test system for 

stability studies [15]. Each area includes two SGs, a load and a capacitor. A DFIG equivalent wind 

generation unit is connected to bus 6 in area 1. Note that each generator demonstrates a group of 

powerfully coupled generators. All information and data of this system are the same as given in 

[14]. Each SG is represented by a six-order model, with voltage regulators contained and modelled 

with an IEEE type 1 model. Each load is modelled as constant impedance. The DFIG is represented 

by the model described in section II, the DFIG parameters are came in [5]. The scenario without 

wind power is considered as the base scenario for comparison objectives. There is totally 2800MW 

installed generation capacity in this network, while about 413MW of active power is exported 

from area 1 to area 2(Figure 4). The electromechanical modes for the base scenario are shown in 

Table 1, and it includes the values of eigenvalues, damping, and frequency. The last column lists 

the classification of the modes. 

 We applied a three-phase grounding short-circuit fault occurred on one of the double lines 

between buses 7 and 9 (the fault time tf = 1.0 s and clearing time tc = 1.1 s). The rotor speed 

response of the synchronous generators is shown in the Figure 5. As this figure clearly shows, the 

effect of inter-area mode is obvious in response to the rotor speed of the generators. Immediately 

after the disturbance, the first area generators begins to swing against the second area generators.  

 
Fig 4. The two-area four-generator interconnected power system 

Table 7.  Electromechanical oscillatory modes without wind farms 

No λ ζ f/Hz Notes 

1 -0.511±j6.23 0.0817 0.9915 Local mode of area1 

2 -0.535±j6.444 0.0827 1.0256 Local mode of area2 

3 -0.097±j6.936 0.0331 0.4673 Inter-area mode 
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Fig 5. Active power from bus 7 to bus 9 

 
Fig 6. The rotor speed of generators 

Transmission Distance Impacts of The Wind Farm on LFO 

In this section, the effects of the transmission distance (TD) of the wind farm on damping 

characteristics are discussed, and the active power output of DFIG is considered 18 MW, therefore 

about 431 MW are exported from area 1 to area 2. Table 2 shows the electromechanical oscillatory 

modes in the system with DFIG integration under different transmission distances. From the results 

in Table 2 and Figure 6, it can be seen that with increasing the wind farm distance from the power 

system, the damping ratio of the local modes 𝜆1,2 are not significant change with the increase of 

TD from 5 km to 300 km, although the oscillation frequency tends to increase; but the damping 

ratio of inter-area modes increased. The reason can be this is that by increasing the distance of 

transmission line, the impedance increase, therefore the power injected into the grid from the wind 

farm is reduced. As a result, the attenuation of the modes decreases. 

Table 8. LFO modes in the system with DFIG integration under different transmission distances 

(with 18 MW DFIG output) 

TD(km) No λ ζ f/ Hz Notes 

5 

1 −0.502 ± j6.233 0.0803 0.9911 Local mode 1 

2 −0.534 ± 𝑗6.433 0.0827 1.0139 Local mode 2 

3 −0.102 ± 𝑗2.976 0.0343 0.1207 Inter-area mode 

25 

1 −0.510 ± 𝑗6.232 0.0815 0.9919 Local mode1 

2 −0.535 ± 𝑗6.433 0.0829 1.0223 Local mode 2 

3 −0.098 ± 𝑗2.951 0.0333 0.1207 Inter-area mode 

75 

1 −0.511 ± 𝑗6.233 0.0818 0.9928 Local mode 1 

2 −0.536 ± 𝑗6.433 0.0830 1.0241 Local mode 2 

3 −0.098 ± 𝑗2.944 0.0.332 0.1209 Inter-area mode 

150 

1 −0.517 ± 𝑗6.229 0.0827 0.9932 Local mode 1 

2 −0.536 ± 𝑗6.433 0.0830 1.0335 Local mode 2 

3 −0.077 ± 𝑗2.964 0.0261 0.1170 Inter-area mode 

300 

1 −0.512 ± 6.236 0.0818 0.9942 Local mode 1 

2 −0.536 ± 𝑗6.433 0.0830 1.0539 Local mode 2 

3 −0.068 ± 𝑗2.938 0.024 0.1219 Inter-area mode 
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Fig 7. Rectangular diagram of system modes at 

different wind farm distances from the power grid 

 
Fig 8. Rectangular diagram of system modes under 

different wind farm capacities 

Impacts of the DFIG Penetration Level on Low-Frequency Oscillations 

We suppose TD = 25 km, with to keep the tie-line power flow from area 1 to area 2 maintained at 

413 MW, the power outputs of G1 and G2 are adjusted when the power output of the wind farm 

changes. The oscillation modes at various DFIG penetration levels are given in Table 3, where the 

wind power output (%) is the percentage of the DFIG output over the total output power of area 1. 

It can be shown from Table 3 and Figure 7 that with the increment of the DFIG output power, f 

and ζ of the local and inter-area modes tend to increase; but more accurately, it can be seen that 

the DFIG effect on the damping of the inter-area modes is more. As mentioned earlier, inter-area 

attenuation is a very important issue in interconnected power systems. In fact, inter-area modes 

are a part of the nature of interconnected power systems. Poor attenuation of these modes can lead 

to various factors such as global shutdowns. Therefore, the attenuation of these modes is important 

in different cases. 

 

Table 9. LFO modes at various DFIG penetration levels (TD=25 km) 

Capacity Of DFIG(MW) No λ ζ f/Hz Note 

18 

1 -0.504±𝑗6.23 0.0806 0.9915 Local mode 1 

2 -0.540±j6.427 0.0837 1.023 Local mode 2 

3 -0.1053±j2.93 0.0359 0.4666 Inter-area mode 

30 

1 -0.5047±j6.23 0.0808 0.9913 Local mode 1 

2 -0.5445±j6.42 0.0845 1.0223 Local mode 2 

3 -0.1071±j2.91 0.0368 0.4636 Inter-area mode 

50 

1 -0.5058±j6.23 0.081 0.991 Local mode 1 

2 -0.5511±j6.42 0.0856 1.0211 Local mode 2 

3 -0.1093±j2.88 0.0379 0.4585 Inter-area mode 

100 

1 -0.509±j6.219 0.0816 1.001 Local mode 1 

2 -0.5712±j6.39 0.089 1.0174 Local mode 2 

3 -0.1149±j2.76 0.0416 0.4389 Inter-area mode 
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V. CONCLUSION 

Due to the penetration increment of the wind energy in the power system generation, its effects on 

the power grid has been increased. This issue causes to make new challenges in the operation of a 

modern power system. Therefore, the analysis and investigation of these effects can be so 

beneficial to the power system owner in order to better operate the system. In this paper, the 

impacts of two factors, including the DFIG transmission distance and DFIG penetration level are 

investigated. A 2-area 4-machine power system are employed for eigenvalue analysis and dynamic 

simulations. Generally, it can be shown from simulation results with increasing the wind farm 

distance from the power system does not have significant effect on the damping of local modes, 

but it increased the damping of inter-area mode, with the increasing capacity of the DFIG output 

power, damping of the local and inter-area modes tend to increase. The results of this study can be 

used to improve system performance by considering suitable controller tools such as STATCOM 

and PSS. 
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The aim of this paper is to focus on a dynamical system, a swing, by utilizing computer simulation. 

To do this, we have considered three models. After solving the motion equations of the system, 

the quantities such as angular displacement and frequency of every model have been calculated.  

Also, in order to analyse the system behaviour, the Poincare map has been generated. The results 

show that no periodic motion visited for all cases. According to the obtained results, cases 1 and 2 

have exhibited semi-periodic behaviour, but the last model has presented chaotic motion.     

 

I. INTRODUCTION 

The pendulum, as one of the important subjects in classical mechanics has always been focused.  

This story was started by Galileo and followed by famous figures of seventeenth century such as 

Huygens, Newton and Hook. The main role of the pendulum is so crucial that the historian Richard 

Westfall claims ‘without the pendulum, there would be no Principia’ (Westfall 1990, p. 82) [1]. 

However, many academics text books present the pendulum as a problem which should be used to 

introduce oscillation phenomena, its scientific and industrials applications has drawn scientists and 

engineers’ attention. For example, to control steam engine, the pendulum is applied to regulate it 

[2]. The equations that describe the pendulums behavior are really complicated; and except for 

simple cases, getting close solutions is a difficult task. Therefore to overcome this obstacle we 

need to employee powerful tool, computer simulation. Up to now, many papers have been written 

to investigate different pendulums by relying on numerical study and computer simulation. For 

instance, Madrid and et al [3] have tried to study underactuated systems which include a rotational 

inverted pendulum. The aim of them is to compare numerical packages (Simulink and 

SimMechanics). The obtained results show that there is no significant difference between them. 

The behavior of any pendulum is really dependence on external forces which are applied on it. 

Bevinio [4] has looked at the effect of damping and driving forces simultaneously. By employing 

MATLAB and Poincare section he could understand the pendulum behavior. One of the popular 

the pendulum which has central place among engineers is double pendulum. This type of pendulum 

alongside educational notes, it will have different behaviors dependent initial conditions. They 

include periodic, semi-periodic and chaotic behaviors. For example, Roy et al [5] have dealt with 
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the double-pendulum behaviors by using numerical modeling and experimental. In addition to this 

kind of pendulum, some researchers have touched on swing pendulum. For instance, Case and 

Swanson [6] by studying a swing which is seat position and pumping by rock and forth motion of 

swinger. They concluded that pumping mechanism for 40 degree and less (angle of rigid rod with 

equilibrium position) is a driven harmonic oscillator. The goal of this paper is to investigate a 

seated position swing which is affected only gravity. We have studied three cases and we have 

tried to get clear image of its behaviors for every case. 

II. MATHEMATICAL MODEL 

To obtain equations of motion, we used Lagrangian approach [6,7]. In Figure 1, one can see a 

schematic of the studied model has been presented. Based on it, the position of each mass (𝑚1, 𝑚2) 
can be written as following: 

𝑥𝑘 = 𝑙𝑠𝑖𝑛(𝜃) + (−1)𝑘𝑎𝑘 sin(𝜃 + 𝜓) (1) 

𝑦𝑘 = −𝑙𝑐𝑜𝑠(𝜃) − (−1)
𝑘𝑎𝑘 cos(𝜃 + 𝜓)        𝑘 = 1,2 (2) 

Where l, 𝑎𝑘, 𝜓, and 𝜃denote the length of rod, position of masses to seat, angle of child’s body to 

rod and the angle of rod to equilibrium position. By considering these parameters the Lagrnagian 

is: 

𝐿(𝜃, 𝜓, �̇�, �̇�) =
1

2
𝑚1 (𝑙

2�̇�2 + 𝑎1
2(�̇� + �̇�)

2
− 2𝑎1𝑙�̇�(�̇� + �̇�)𝑐𝑜𝑠𝜓)

+
1

2
𝑚2 (𝑙

2�̇�2 + 𝑎2
2(�̇� + �̇�)

2
+ 2𝑎2𝑙�̇�(�̇� + �̇�)𝑐𝑜𝑠𝜓)

+𝑚1𝑔(𝑙𝑐𝑜𝑠(𝜃) − 𝑎1 cos(𝜃 + 𝜓)) + 𝑚2𝑔(𝑙𝑐𝑜𝑠(𝜃) + 𝑎2 cos(𝜃 + 𝜓)) 

(3) 

Using Euler–Lagrange the equation of motion in 𝜃 is 
𝑑

𝑑𝑡

𝜕𝐿

𝜕�̇�
−

𝜕𝐿

𝜕𝜃
= 0 and 

(𝑀𝑙2 + 𝐴 − 2𝑎𝑙𝑐𝑜𝑠(𝜓))�̈�  

= −(𝐴 − 𝑎𝑙𝑐𝑜𝑠(𝜓))�̈� − 𝑎𝑙(2�̇� + �̇�)�̇�𝑠𝑖𝑛𝜓 −𝑀𝑔𝑙𝑠𝑖𝑛𝜃 + 𝑎𝑔𝑠𝑖𝑛(𝜃 + 𝜓) 
(4) 

Where  𝐴 = 𝑚1𝑎1
2 +𝑚2𝑎2

2 , 𝑀 = 𝑚1 +𝑚2 , 𝑎 = 𝑚1𝑎1 −𝑚2𝑎2. 

In the present work, we have considered three cases, figure 2. Due to non-linearity nature of 

equation (4), it is better to use numerical method to solve it. To do this, we have employed finite 

element method (FEM). In addition, to analyze the system, we have used other two tools, Poincare 

map and fast Fourier Transform (FFT). The rope and bobs density is 7850 𝑘𝑔/𝑚3 and the mass 

of every bob for cases 1, 2 and 3 is 4.1kg and 0.85 kg, respectively.  

 
Fig 1: The schematic of the swing. 
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Fig 2. The geometry of model in the different cases.  

III. RESULTS AND DISCUSSION 

In this section, at first, angular displacement bobs to rod (𝜓) from rest position has been displayed, 

Figure 3. Based on what we have, while both cases 1 and 2 follow a similar pattern, the third has 

absolutely different profile. The position of the left bob in the case 3 is lower than the right hand. 

From begging of motion to 7s, the left mass has small amplitude, but at second 7, its displacement 

increase sharply. In this situation, the amplitude of the bob has grown up much more cases 1 and 

2. In the other words, the heavier mass acts a torque on the left mass and it causes to push up. 

Around 14s, the lighter mass goes back to its former position; however it is not easy to predict 

such peak will be created in future!  In fact, despite increase of angle between rods which connects 

bobs, with swing rod from 45 degree to 90, there is no significant difference between their 

behaviors. But in case 3, due to unbalancing masses we see an irregular pattern. Another important 

quantity that we have calculated is angular frequency of rigid balls. It is necessary to mention that 

owe to importance of changes𝜓 , the frequency spectrum is extracted using Fast Fourier Transform 

(FFT) method. It is clear that, the first two cases have two normal modes, but case 3 has recorded 

more than two. In the other words, we can claim that the system 3 tends to show chaotic behaviors. 

Also, the position of the left mass to rest position for case 3 is not identical with cases 1 and 2, 

although its frequency is same. Alongside this, the peak of second mode in case 3 has small 

displacement to similar modes in prior cases. It would be useful to note, the profile of every case 

includes several signals and to find the frequency of them, the FFT tool helps us to determine. 
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Fig 3: Time evolution of the left bob. 
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Fig 3: FFT of different configurations. 

In the rest the paper, we will touch on the trajectory of both masses and Poincare section of all 

cases. In Figure 5, for cases 1 and 2, it is clear that every ball moves forth and back. But by 

decreasing the left bob, it has left trajectories which completely differ from cases 1 and 2. Indeed, 

it shows the behavior of system has changed from periodic to chaotic. Poincare map is the last tool 

that can give us a clear image about the pendulum behaviors. 

 
Fig 5: The motion trajectories of all models. 

In fact, if we plot phase space in three dimensional, we will have trajectory in 3D world. Because 

interpretation of such 3D curve is not free from of difficulty, the Poincare section helps us to 

overcome. To do that, a plane should be crossed the phase space trajectory. When every orbit 

crosses the plane, it leaves a point. By considering the mechanism of creating Poincare section, it 

is obtained for every case, Figure 6. The first consequence of such pendulum is that there is no 

periodic motion. While the diagram of cases 1 and 2 indicates a semi-periodic, the last case has 

illustrated chaotic behavior. As one can recognize, the points in cases 1 and 2 are shaped a pattern 

but they are spread randomly over the map in the case 3. In addition, the Hamiltonian of the first 

two is same, while this value decreases in the third.  
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Fig 6: Poincare section of all cases. 

SUMMARY AND CONCLUSIONS 

The present article has been allocated to study of the swing motion, as a symbol of pendulums, 

when the gravity affects it, only. From obtained calculations results, we concluded: 

• However, the angle between the body of the swinger with rope has been increased (case 

2), there is no highlighted difference between its motion with the first case. 

• The Poincare map of case 3 proved that the change of ball mass leads to chaotic motion. 
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Photoconduction and laser transmission in ZnO Nanorods array – Au Heterostructures 
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Rafsanjan, Iran 
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Rafsanjan, Rafsanjan, Iran 

 

Well-oriented zinc oxide nanorods (ZnO NRs) array has been grown by low temperature wet 

chemical deposition on seeded substrates Gold Thin films has been condenced by DC magnetron 

sputtering through planar deposition on ZnO NRs array The structural and mophology/ chemical 

identity have been studied by X-ray diffraction and Field effect- scanning electron microscope/ 

energy dispersive X-ray spectroscopy (FE-SEM/EDX), respectivly. 

The optical absorption spectum shows surface plasmon resonance peak around 536nm. The ZnO 

NRs array-Au heterostructure show higher light to dark current under sunlight illumination. The 

incident intensity dependent transmitted intensity was measured for the bare ZnO NRs arryay and 

ZnO NRs array – Au heterostructure under red 632 nm and green 534 nm laser. The optical 

limitting for the bare ZnO NRs and ZnO NRs-Au HNs array is estimated to be 30 and 70 mw under 

red and green laser, respectivety.  

 

I. INTRODUCTION 

ZnO has been vastly studied due to its promising properties, low cost, and environment 

remediation [1-3]. The pure ZnO usually exhibits low photoconversion efficiency probably 

because of wide bandgap energy relatively low separation gain and high recombination rate of 

charge carriers. The built in potential and localized surface plasmon resonance (LSPR) bothly  

facilitate charge carrier separation and transfer [4-6], and extend/improved visible light absorption 

and create electron- hole pairs [1,6], hybride noble metal (Ag, Au and,…) ZnO structures. 

Furthermore, ZnO nanorods (ZnO NRs) in comparation to the corresponding nanoparticles (NPs) 

are robust charactristics of high crystalline quality and elongated geometry [1,3].  

Three-dimensional (3D) plasmonic nanomaterials have been developed to exploit plasmonic 

effects to a wider range of optical active layers (i. e. hot spot). The light trapping mechanism of 

3D periodic array. The hot electron generation and injection process over the Schottky junctions 

mediated by Au SPRs are simulatanously responcible for the high visible photodetection and light 

harvesting mechanism of ZnO–Au hybrid films [2,7].  

The present work devates a cost-effective trail to fabricate large-scale periodic 3D nanopatterned 

plasmonic materials without conventional nanolithography methods and post treatment, which is 

applicable to progress selective performance of optoelectronic devices.[1] 

 
* The corresponding author E- mail: farokhyphy1991@yahoo.com 
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Experimental methods 

ZnO NRs- Au array growth 

ZnO NRs array was grown by chemical bath deposition in an equimolar 25mM zinc nitrate 

hexahydrate (Zn(NO3).6H2O) and 25 mM hexamine (C6H12N4, HMTA)  aqueous solutions on 

seeded substrates at low temperature of 80 C  [3-7]. The seed layer was deposited by 

radiofrequency (RF) magnetron sputtering on Si, quartz, fluorine doped tin oxide (FTO) substrates 

[7]. The ZnO NRs array was washed with de-ionized (DI) water to remove the surface 

contaminents and baked at 80 C•

. An Au nanosheet was deposited on the ZnO NRs surface by DC 

magnetron sputtering at oblique angle (80 ). 

Characterization  

The surface morphology and chemical composition were studied by field emission scanning 

electron microscope and energy dispersive X-ray spectroscopy (FE-SEM/EDX, Hitachi S-4800). 

Structural vibrations was characterized by Raman scattering. The thickness was determined by 

cross sectional FE-SEM images, oscillating quartz crystal monitoring and reflectance ellipsometry 

(LEOI-44 model, wavelength 632.8nm of He- Ne laser).  The optical absorption spectra were 

recorded by an UV–Vis- near IR spectrophotometer (Avantes-Spec2048).  

photoconductivity measurement  

The ZnO NRs- Au array HNS were sandwiched between Ag and fluorine doped tin oxide (FTO) 

electrodes. Current –Voltage characteristic was measured under the red 632nm and green 534nm 

laser irradiation. A source measurement (model 2450 Keithley Instrument) was used to detect the 

output signals generated from the HNS. 

III. RESULTS AND DISCUSSIONS 

Morphology and chemical content analysis 

Fig. 1 shows FE-SEM images of bare ZnO NRs and  ZnO NRs – Au array HNS coated with on 

seeded Si substarte. Fig. 1a – d shows top views and cross-sectional views of bare ZnO NRs and  

ZnO NRs – Au array  with 40nm  coated gold nanosheets. The well-aligned NRs array is columnar 

on seeded Si substrate. The obtained ZnO nanorods show a hexagonal shape and a growth direction 

perpendicular to the substrate. A pin shape on the top was obtained for NRs synthesized for Au 

thickness of 40nm. The number density, mean diameter and mean height of the bare ZnO NRs 

were 384 rods/
2( )m

, 35nm and 130nm, respectively. 
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Fig 1. a) ZnO NRs Surface  b) Cross ZnO NRs  c) Surface ZnO NRS/AU(40nm) d) Cross ZnO NRs/AU(40nm)     

Structural vibrations 

Fig. 2 shows the XRD patterns of bare ZnO nanorods and ZnO NRs – Au 25nm array on the Si 

(001) substrate. The diffraction peaks centering around 2θ = 31.76°, 34.44°, 36.42°, 47.58°, 56.64°, 

62.9°, 66.5°, 68.02°, and 69.1° can be perfectly assigned to reflections of (100), (002), (101), (102), 

(110), (103), (200), (112), and (201) crystallographic planes, respectively, which well indexed with 

the single-phase hexagonal wurtzite ZnO structure (JCPDS 36-1451). The highest intensity for 

diffraction peak of (002) crystal planes indicates the preferred crystallographic orientation of ZnO 

NRs along the (002) direction. 

In addition, three diffraction peaks centering around 2θ =38.32° and 64.92° are depicted as the 

reflection of (111) and (220) planes of fcc Au structure (JCPDS no. 00- 001- 1172). Hence, the 

binary ZnO NRs- Au HNS exhibits good crystalline structures. The XRD also clarify hybride ZnO 

–Au formation.   

a b 

C 
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  Fig 2. XRD pattern of the bare ZnO NRs array and ZnO NRs – Au array HNs 

UV- Vis near IR Absorption and Optical Modeling results 

To measure the UV−visible absorption spectra of bare ZnO NRs array and ZnO NRs – Au array 

HNS, they were deposited on quartz substrates. The obtained absorption spectra are shown in Fig. 

2. For bare ZnO NRs, the absorption edge below 380nm is due to the interband absorption of ZnO. 

The absorption edge of ZnO NRs – Au array is blueshifted in comparision to pure ZnO NRs array. 

For ZnO NRs – Au array HNS, a broad absorption peak located between 450 -1000 nm is assigned 

to LSPR absorption of Au NPs. It is well known that small metallic particles show the optical 

absorption due to the SPR in the visible-near IR region. It should be noted that the broad LSPR 

peak is beneficial for ZnO NRs – Au array HNS to harvest the visible light as much as possible. 

  
Fig. 3: The optical absorption spectra  
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photoconductivity  

Fig.4 deprcts the current density – voltage characteristic for the bare ZnO NRs array and ZnO NRs 

–Au array HNs. The dark current is lowered for ZnO NRs-Au HNs in comparision to the bare ZnO 

NRs duo to Schotcky barrier formation. For applied voltage of 4 V, the ration of light current to 

dark current is around 12.97 and 119.23 for the bare ZnO NRs array and ZnO NRs-Au array HNs 

respectivety.   

 
  Fig 4. The current voltage characteristic of the bare ZnO NRs array and ZnO NRs-Au array HNs  

 
Fig 5. Red and green Laser transmission through the bare ZnO NRs array and ZnO NRs-Au array HNs 

Red and green laser through ZnO NRs –Au array HNs  

The bare ZnO NRs array transmit red and green laser as linear trend versus incident intensity. For 

ZnO NRs –Au array HNs shows deviation from linear trend above 30 And 70 mWfor red and 

green laser, respectivety.  
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IV. CONCLUSION 

A three-dimensional (3D) plasmonic ZnO NRs- Au array hetero-nanostructure (HNs) was grown 

using wet chemical method and magnetron sputter planar deposition to the schottky barrier in ZnO 

–Au inter face enhances the ratio of light current to dark current. Nonlinear optical transmission is 

predicted for ZnO NRs-Au array HNs.   

 

 

[1]. X. Liu, Z. Li , W. Zhao, C. Zhao, J. Yang, Y. Wang, Zinc Oxide nanorod/Au composite 

arrays and their enhanced photocatalytic properties, Journal of Colloid and Interface 

Science 432 170–175(2014) 

[2]. M Sun, Z Xu, M Yin, Q Lin, L Lu, X Xue, X Zhu, Y Cui, Z Fan, Y Ding, L Tian, H Wang, 

X Chen and D Li, Broad-band three dimensional nanocave ZnO thin film photodetectors 

enhanced by Au surface plasmon resonance, Nanoscale, 8, 8924–8930, (2016) 

[3]. A Rahmati, M Gasawinejad, A Farokhipour, P Iranmanesh, Photoactivity and Light 

Harvesting in ZnO Nanorods Array / Au/ CuS Heterostructure, Surface Innovations 8(1-

2):1-6, DOI: 10.1680/jsuin.19.00038 

[4]. N Shahi, A Rahmati, Ag Incorporated ZnO Nanorods Array/ZnSe Heterostructure, ECS 

Journal of Solid State Science and Technology 8(10) (2019) Q200-Q206 

[5]. A Rahmati, A Farokhipour, Rectifying Behaviour and Photocatalytic Activity in ZnO 

Nanorods Array/ Ag / CuSe Heterostructure, Journal of Cluster Science volume 30, 521–

529(2019) 

[6]. A Rahmati, B Rahmani, A Farokhipour, Hetero plasmonic 2D and 3D ZnO/Ag 

nanostructures: electrical and photocatalytic applications. Journal of Materials Science: 

Materials in Electronic 29 6350- 6360(2018) 

[7]. M. Ghaemi-moghadam  , A. Hasanzadeh  , A. Rahmati  Charge transfer plasmon coupled 

surface photosensing in ZnO nanorods–Au array hetero-nanostructures, Optics and Lasers 

in Engineering 137 106384(2021) 

 

https://www.researchgate.net/profile/Ali_Rahmati?_sg%5B0%5D=XjOrf5yVaYuBSW8BDj07juwhvEIAELVHWgpcEbaUBVcG55F8sV7SDt0qP83KgcIrUTgSr80.AzQrEnVBNMNkxUROVatf8G1SJitf4TGAI0bwQ-ypNg4Rq19JAuxwVD6WByyoDNanMdkU4IaKAq8_kRMRZ1HyFQ&_sg%5B1%5D=9ZHyUGcaxQ42M4L9Q0ugOuY9mURpZlRKx51ppGIVJ3H7TTAf6-oexMiiXX3YMo3FaGkqpKs.BbOw1JG9RGYFZB3dwtcwEQ6r8CxSUW6grZ_v0KhSslqu2qAyV6cKrfrcuhZN-xsbVQ05ZFWKd5idZZXfFAum0Q
https://www.researchgate.net/scientific-contributions/2164323130_Mina_Gasawinejad?_sg%5B0%5D=XjOrf5yVaYuBSW8BDj07juwhvEIAELVHWgpcEbaUBVcG55F8sV7SDt0qP83KgcIrUTgSr80.AzQrEnVBNMNkxUROVatf8G1SJitf4TGAI0bwQ-ypNg4Rq19JAuxwVD6WByyoDNanMdkU4IaKAq8_kRMRZ1HyFQ&_sg%5B1%5D=9ZHyUGcaxQ42M4L9Q0ugOuY9mURpZlRKx51ppGIVJ3H7TTAf6-oexMiiXX3YMo3FaGkqpKs.BbOw1JG9RGYFZB3dwtcwEQ6r8CxSUW6grZ_v0KhSslqu2qAyV6cKrfrcuhZN-xsbVQ05ZFWKd5idZZXfFAum0Q
https://www.researchgate.net/profile/Asma_Farokhipour?_sg%5B0%5D=XjOrf5yVaYuBSW8BDj07juwhvEIAELVHWgpcEbaUBVcG55F8sV7SDt0qP83KgcIrUTgSr80.AzQrEnVBNMNkxUROVatf8G1SJitf4TGAI0bwQ-ypNg4Rq19JAuxwVD6WByyoDNanMdkU4IaKAq8_kRMRZ1HyFQ&_sg%5B1%5D=9ZHyUGcaxQ42M4L9Q0ugOuY9mURpZlRKx51ppGIVJ3H7TTAf6-oexMiiXX3YMo3FaGkqpKs.BbOw1JG9RGYFZB3dwtcwEQ6r8CxSUW6grZ_v0KhSslqu2qAyV6cKrfrcuhZN-xsbVQ05ZFWKd5idZZXfFAum0Q
https://www.researchgate.net/scientific-contributions/2164371802_Parvaneh_Iranmanesh?_sg%5B0%5D=XjOrf5yVaYuBSW8BDj07juwhvEIAELVHWgpcEbaUBVcG55F8sV7SDt0qP83KgcIrUTgSr80.AzQrEnVBNMNkxUROVatf8G1SJitf4TGAI0bwQ-ypNg4Rq19JAuxwVD6WByyoDNanMdkU4IaKAq8_kRMRZ1HyFQ&_sg%5B1%5D=9ZHyUGcaxQ42M4L9Q0ugOuY9mURpZlRKx51ppGIVJ3H7TTAf6-oexMiiXX3YMo3FaGkqpKs.BbOw1JG9RGYFZB3dwtcwEQ6r8CxSUW6grZ_v0KhSslqu2qAyV6cKrfrcuhZN-xsbVQ05ZFWKd5idZZXfFAum0Q
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1680%2Fjsuin.19.00038?_sg%5B0%5D=qxNRN0TZTJy3PQfPIbqkDc5GHRuuNd5h4u-EcRfm9NfNAD5uUNfWGN-iYA4rWEHWIoMy6Tcux7c4_-NqG7jzJXuwMQ.iOOS16QhWGvDsLLUbohO-0iLTHupYae53zHaoGJL8UKZFRmzA-JWDmzKMLI7pxAAGd28jrRb-RxchclHhhRlQA
https://www.researchgate.net/scientific-contributions/2164533320_Neda_Shahi?_sg%5B0%5D=WAYxl9pr4iuuYbyXlDw5-6Z3ctqH7jlBpnlHwXuSLjaoMacn0ZMpsTdWXZUv4xqRHRUAz44.VxWuAK6iUMymft3-7LqqG8kRWjGrLebw6Q81Z98SFdY9MQj81KfNeYjlfZLgekxnII9ee1YDX7aeqbl3ZWG92A&_sg%5B1%5D=VWO2SmBVu8Mi5W7Da5iu71jceCazJh5aFoTnTvy5cNLi2RrHiC6lHwlTmILpKIbbwC7ebls.1uk2zFuHUHFeCJ--wb552cp1K6-u0gSAuZakdnhdcCGGs6-66PTelEMZ879UR93ZCec7skdVvfJcujHOU-lmeg
https://www.researchgate.net/profile/Ali_Rahmati?_sg%5B0%5D=WAYxl9pr4iuuYbyXlDw5-6Z3ctqH7jlBpnlHwXuSLjaoMacn0ZMpsTdWXZUv4xqRHRUAz44.VxWuAK6iUMymft3-7LqqG8kRWjGrLebw6Q81Z98SFdY9MQj81KfNeYjlfZLgekxnII9ee1YDX7aeqbl3ZWG92A&_sg%5B1%5D=VWO2SmBVu8Mi5W7Da5iu71jceCazJh5aFoTnTvy5cNLi2RrHiC6lHwlTmILpKIbbwC7ebls.1uk2zFuHUHFeCJ--wb552cp1K6-u0gSAuZakdnhdcCGGs6-66PTelEMZ879UR93ZCec7skdVvfJcujHOU-lmeg
https://www.researchgate.net/profile/Ali_Rahmati?_sg%5B0%5D=k_qvz7NT-f2Kp9071rGHTBbQTOnuBg-LpnlBdoN2VFfax_cRd0rYsbccmni6OBbgfApeIKo.h4Yj3aMajbpDeWIirwEOvay-74OFXyYIn9PLZLRXpvbBpk9jp_PM1-az--TPcwqsTu7yS9sTERNHzc5QlwKqCg&_sg%5B1%5D=jfxHgDed2PrXY0Kezda2lrZzS3N-GBni_XbON63Jr0oyjwegpjFvwGeoRlc-GwiNcG_V4MY.l1l_vaP9KkvKlEqzHrRD7_ov1VEnzMymTNhvJvFGxPy9PH-CmXZxk6j9RTCBzlDfnHWEZSQgeoFxug8bko1HuA
https://www.researchgate.net/profile/Asma_Farokhipour?_sg%5B0%5D=k_qvz7NT-f2Kp9071rGHTBbQTOnuBg-LpnlBdoN2VFfax_cRd0rYsbccmni6OBbgfApeIKo.h4Yj3aMajbpDeWIirwEOvay-74OFXyYIn9PLZLRXpvbBpk9jp_PM1-az--TPcwqsTu7yS9sTERNHzc5QlwKqCg&_sg%5B1%5D=jfxHgDed2PrXY0Kezda2lrZzS3N-GBni_XbON63Jr0oyjwegpjFvwGeoRlc-GwiNcG_V4MY.l1l_vaP9KkvKlEqzHrRD7_ov1VEnzMymTNhvJvFGxPy9PH-CmXZxk6j9RTCBzlDfnHWEZSQgeoFxug8bko1HuA
https://link.springer.com/journal/10876


 

105 

 

THE 1ST IRAN-KURDISTAN INTERNATIONAL 

CONFERENCE ON PHYSICS 2021(IR-KU-ICOP 202) 
University of Kurdistan, Sanandaj, 

Iran 

25-26 AUGUST 2021 

DOI: 

SPIN AND TORSION TENSOR IN QUANTUM DOTS 
Arezu Jahanshir 

Department of Physics and Engineering Sciences, Imam Khomeini International University, 

Buein Zahra Higher Education Centre of Engineering and Technology, Iran 

jahanshir@bzeng.ikiu.ac.ir 

 

Spin interactions and entanglement are key concepts in theoretical physic-works seeking to unify 

quanto-relativistic quantized spacetime for few particles in quantum dots (QDs). In this article, we 

show that the interplay between quantum spin entanglement and relativity spacetime theory has 

intriguing consequences for the future hi-tech technology in quantum computers i.e. quantum bits 

or qubits surrounding elementary charged particles with spin. Classical and quantum theories 

predict that a spin-generated magnetic dipole field causes a bending to the relativistic spacetime 

around charged particles, breaking its symmetry during transformations. We show that any spin 

interactions deviation from transformation would violate quanto-relativistic states. To present a 

quanto-relativistic effect, the measurable spacetime around the charged particle’s rest frame must 

be described by torsion tensor.  

 

I. INTRODUCTION 

A classical computer performs operations using classical bits, which can be either zero or one, in 

contrast, a quantum computer i.e. quantum bits or qubits. Qubits can be both zero and one at the 

same time that gives a quantum computer its superior computing power or quantum data 

transformation. The quantum physical object “Spin” can be used as a qubit and then start to 

describe quantum data transformation and entanglement for few particles in QDs. If we know the 

simplest thing about quantum entanglement of spins in QDs, it’s the relationship between particles' 

fundamental properties i.e. the nature of quantum quantized spacetime in QDs and its relation to 

the data transformation. The spin up, spin down and the superposition of up-down states of QDs. 

The last term is what we describe as a quantum entanglement state. In quantum mechanics, there 

are no particles (fermions), and no waves, but everything is described by a wave function. It is a 

complex-valued function and from its absolute square, we can determine the probability of a 

measurement outcome: whether the fermion is spin up or spin down and whether the spin up-down 

in the quantized curvilinear spacetime QDs i.e. Quanto-relativistic behavior in QDs, using spatial 

coordinate transformations. In this article, we study the formation of quantum entanglement based 

on the affine connection in this spacetime coordinate. It is shown that quantum entanglement 

appears as a new state with quantized spacetime at very small intervals. The quantized spin-spin 

entanglement may describe a new mathematical structure method in quantum information and spin 

interactions in particle physics and a computational model based on quantum mechanics. One of 

the most exotic phenomena in physical and mathematical sciences is particle interaction QDs. 

Interactions and information changing between particles seem to indicate that information can be 

mailto:jahanshir@bzeng.ikiu.ac.ir
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sent from one particle to another instantaneously, even if two particles are located on opposite 

sides of the universe.  

 

II. INTERACTION AND ENTANGLEMENT 

Spacetime is an infrastructure of physical sciences in which all phenomena take place and their 

interactions with the world down to observable dimension; spacetime quantized and geometry of 

wave function has become the focus of wide interest in mathematical physics. In this entanglement 

connection of small spacetime distant in QDs is discussed intensively, which at this time has been 

determined arena of future quantum information and computational theories. Now, we propose 

that in the spacetime curvilinear is no exact defined spacetime points i.e. physical observables 

become an operator. For example, three components of coordinate in four-dimensional spacetime 

coordinate become operator value  

𝑥𝜇 → 𝑥𝜇,     𝜇, 𝜈 = 1,2,3                                                                                                                  (1) 

and not commutative: 

[𝑥𝜇 , 𝑥𝜈] ≠ 0 for 𝜇 ≠ 𝜈,  𝜇, 𝜈 = 1,2,3                                                                                                (2) 

here 𝑥𝜇- is a coordinate operator and coordinate operator in quantized spacetime consist of two 

parts: 

𝑥𝜇 → 𝑥𝜇 = 𝑥𝜇 + 𝑙𝛾𝜇                                                                                                                       (3) 

where 𝑥𝜇 −non-quantized spacetime (classical coordinate) and 𝑙 − parameter as a value of the 

fundamental length and 𝛾𝜇- are Dirac matrices: 

𝛾1 = [

  0   0
  0    0

0 1
1 0

 
0 −1
−1  0

 
0 0
0 0

], 𝛾2 = [

0 0
0 0

0 𝑖
𝑖 0

0 𝑖
−𝑖 0

0 0
0 0

] , 𝛾3 = [
   
0 0
0 0

 
1 0
0 −1

−1 0
   0 1

0  0
0  0

] 

Equation (3) is a coordinate transformation, it is a global coordinate transformation and not 

depends on spacetime points. As we know the structure of spacetime is valid to distances of the 

order ~10−17 − 10−19𝑚. We describe entanglement using the mathematical method of 

transformation in spacetime based on the behavior of the spin’s wave function of the corresponding 

fermions field and quantum entanglement of them in the curvilinear spacetime, using spatial 

quantized transformations: 

(�̂�𝜇)
𝐴,𝐵

−−− −−− 
𝐼𝑛𝑡𝑒𝑔𝑙𝑒𝑚𝑒𝑛𝑡 → (�̂�𝜇′)

𝐴,𝐵
 

�̂�𝜇 → �̂�𝜇′ = �̂�𝜇 + 𝑎�̂�𝜇 

Now, we explain quantum entanglement when we have a pair of non-interacting fermions. The 

interaction is very insignificant. We don’t need a very strong interaction between fermions to 105 

produce entanglement, the fermions. Here, these two fermions flying around and we suppose 

fermion A can be in any of these spin states |S1⟩A and |S2⟩A , and fermion B can be in spin 

states|S1⟩B and |S2⟩B. Now we want to determine the full quantized state of two fermions that are 

not interacting. The full quantized state should tell us what fermion A and B are doing. We 

supposed fermions A and B could be in the spin state |S1⟩B and |S2⟩B  therefore, we can say what 



 

107 

 

THE 1ST IRAN-KURDISTAN INTERNATIONAL 

CONFERENCE ON PHYSICS 2021(IR-KU-ICOP 202) 
University of Kurdistan, Sanandaj, 

Iran 

25-26 AUGUST 2021 

DOI: 

fermions are doing and what are the spin states. But mathematically, we want and like to make this 

look like  a new quantum state, so based on a coherent way and tensor product (tensor multiply) 

these two quantized spin states, because this multiplication is formed of vectors or spin states: 

|S1⟩A⊗ |S1⟩B- that is possible quantized spin states. We define a different quantized state. Fermion 

A and B could be indifferent spin states: |S ⟩ → ±|Sz ⟩ . We are determining what is the spin state 

of fermion A and then can determine the rules of tensor multiplication and define what is the spin 

state of fermion B. Now we have to determine the full quantized spin states of two fermions, in 

this case, we have to combine those states and never move the states across and read: 

(𝛼1|𝑆1⟩𝐴 + 𝛼2|𝑆2⟩𝐴)⊗ (𝛽1|𝑆1⟩𝐵 + 𝛽2|𝑆2⟩𝐵) = 

𝛼1𝛽1|𝑆1⟩𝐴⊗ |𝑆1⟩𝐵 + 𝛼1𝛽2|𝑆1⟩𝐴⊗ |𝑆2⟩𝐵 + 𝛼2𝛽1|𝑆2⟩𝐴⊗ |𝑆2⟩𝐵 + 𝛼2𝛽2|𝑆2⟩𝐴⊗ |𝑆2⟩𝐵                          (4) 

Equation (4) is a superposition of states and each term is a state. Then, we try to define another 

different state:  

|𝑆1⟩𝐴⊗ |𝑆1⟩𝐵 + |𝑆2⟩𝐴⊗ |𝑆2⟩𝐵                                                                                                        (5) 

As we know based on equation (5) we don’t seem to be able to determine that what is the quantized 
spin of fermion A and B separately. But we can define when fermion A has the quantized spin 
|𝑆1⟩𝐴, fermion B has the quantized spin |𝑆1⟩𝐵, and if when fermion A has the quantized spin |𝑆2⟩𝐴, 
fermion B has the quantized spin |𝑆2⟩𝐵. We can suppose the new equation from (4) 
|𝑆1⟩𝐴⊗ |𝑆1⟩𝐵 + |𝑆2⟩𝐴⊗ |𝑆2⟩𝐵  =

? (… )𝐴⊗ (… )𝐵                                                                               (6) 
Now from (4) and (5), we can define that either 𝛼1𝛽1 = 1, 𝛼2𝛽2 = 1  and 𝛼1𝛽2 = 0, 𝛼2𝛽1 = 0, the 
equation (6) is unfactorizable to  
|𝑆1⟩𝐴⊗ |𝑆1⟩𝐵 + |𝑆2⟩𝐴⊗ |𝑆2⟩𝐵 ≠ (… )𝐴⊗ (…)𝐵                                                                              (7) 

Therefore, equation (7) cannot be as a quantized spin state. The state that can be described by 

telling what is the state of fermion A  and B, i.e. what is the quantized spin of the fermion A 

depends on the fermion B. This is an entangled state and based on (7) we can build an entangled 

quantized spin state of two fermions, bosons, hadrons, and baryons. Also, we can determine the 

polarized entangled state of photons. Now, we can build an entangled state of two electrons with 

spin |𝑆𝑧 ⟩ 
 in the z-direction: 

|↑, 𝑧⟩𝐴⊗ |↓, 𝑧⟩𝐵 + |↓, 𝑧⟩𝐴⊗ |↑, 𝑧⟩𝐵                                                                                                (7*) 

 

III. Torsion Tensor of spin in QDs 

Tensor transformation of the affine connection is the mathematical method for the study of 

physical processes taking place in different coordinate spacetime in the QDs. The affine 

connection method is based on the constant velocity of light. A particle moving freely under 

external field and 106 

describing by 
𝑑2𝑓𝛼(𝑥𝜇)

𝑑𝑡2
= 0, where𝑓𝛼(𝑥𝜇) -is a coordinate system in quantized curvilinear spacetime 

𝑥𝜇,  and 𝑑𝑡 is as follows 

𝑑𝑡2 = 𝜂𝛼𝛽𝑑𝑓
𝛼(𝑥𝜇) 𝑑𝑓𝛽(𝑥𝜇),        {

𝜂00 = 1                                  
𝜂𝛼𝛽 = −1   𝛼 = 𝛽 = 1,2,3 

0                              𝛼 ≠ 𝛽
                                                        (8) 
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We suppose that there is another quantized curvilinear spacetime 𝑥𝜈 connected to the 𝑥𝜇, 

therefore, we can determine: 
𝑑 

𝑑𝑡  
(
𝜕𝑓𝛼(𝑥𝜈) 

𝜕𝑥𝜈 
𝑑𝑥𝜈

𝑑𝑡
) =

𝜕𝑓𝛼(𝑥𝜈) 

𝜕𝑥𝜈 
𝑑2𝑥𝜈

𝑑𝑡2
+

𝜕𝑓𝛼(𝑥𝜈)

𝜕𝑥𝜈 𝜕𝑥𝜇 
𝑑𝑥𝜈

𝑑𝑡

𝑑𝑥𝜇

𝑑𝑡
= 0                                                                      (9)   

Using another quantized curvilinear spacetime 𝑥𝜆, and multiplying equation (9) by  
𝜕𝑥𝜆

 

𝜕𝑓𝛼(𝑥𝜈) 
 and 

using the multiplication rule 
𝜕𝑓𝛼(𝑥𝜈) 

 

𝜕𝑥𝜈
𝜕𝑥𝜆

 

𝜕𝑓𝛼(𝑥𝜈) 
= 𝛿𝜈

𝜆 , then we find 

𝑑2𝑥𝜆
 

𝑑𝑡2
+ Γ𝜇𝜈

𝜆 𝑑 𝑥𝜇
 

𝑑𝑡  
𝑑 𝑥𝜈

 

𝑑𝑡  
= 0                                                                                                                (10) 

Γ𝜇𝜈
𝜆 - is the affine connection and defined by equation  

 Γ𝜇𝜈
𝜆 (𝑥𝜇 , 𝑥𝜈) =

𝜕 𝑥𝜆
 

𝜕𝑓𝛼(𝑥𝜈) 
𝜕2

 
𝑓𝛼(𝑥𝜈) 

𝜕𝑥𝜇𝜕𝑥𝜈
                                                                                                     (11) 

And the time in the arbitrary quantized curvilinear system reads:                                

 𝑑𝑡2 =
𝜕 𝑓𝛼(𝑥𝜈) 

 
 

𝜕𝑥𝜇 
𝜕 𝑓𝛽(𝑥𝜈) 

𝜕𝑥𝜈
𝜂𝛼𝛽𝑑𝑥

𝜇 𝑑𝑥𝜈 = 𝑔𝜇𝜈𝑑𝑥
𝜇 𝑑𝑥𝜈                                                                     (12) 

then quantized parameters in the (13) can describe: 

𝑑𝑡2 = 𝜂𝛼𝛽𝑑𝑥
𝜇 𝑑𝑥𝜈 = 𝑔𝜇𝜈(𝑥

𝜇 , 𝑥𝜈)𝑑𝑥𝜇 𝑑𝑥𝜈 → 𝑔𝜇𝜈(�̂�
𝜇, 𝑥𝜈)𝑑𝑥𝜇 𝑑𝑥𝜈 = 𝑔𝜇𝜈(�̂�

𝜇, 𝑥𝜈){𝑑𝑥𝜇 𝑑𝑥𝜈}        (13) 

where {𝑑𝑥𝜇 𝑑𝑥𝜈}- noncommutativity of the multiplication rule of quantized variables 𝑥𝜇 , 𝑑𝑥𝜈. 

This equation means that the affine connection method in the arbitrary quantized curvilinear 

system can determine physical particles and their geometrical wavefunction with coordinate 𝑥𝜇 →

𝑥𝜇 = 𝑥𝜇 + 𝑙𝛾𝜇.  Now, we connect the quantized curvilinear system 𝑥𝜈 and 𝑥𝜇, as we do in (11) and 

determined the affine connection of 𝑓𝛼(𝑥𝜈)  and 𝑥𝜈, therefore, the affine connection defines  

Γ𝜇𝜈
𝜆 (𝑥𝜇 , 𝑥𝜈) = (

𝜕 𝑥𝜆
 
 

𝜕𝑥𝛿
 
𝜕 𝑥𝛼

𝜕 𝑥𝜈
  ⋀ 

𝜕𝑥𝛽
 

𝜕𝑥𝜇
Γ𝛼𝛽
𝛿 ) +

𝜕 𝑥𝜆
 
 

𝜕𝑥𝛼
 

𝜕 2𝑥𝛼

(𝜕 𝑥𝜈⋀𝜕 𝑥𝜇)
                                                                (14) 

Where Γ𝜇𝜈
𝜆 (𝑥𝜇 , 𝑥𝜈)- is the affine connection and is determined by the relation 

Γ𝜇𝜈
𝜆 (𝑥𝜇 , 𝑥𝜈) = (

𝜕 𝑥𝜆
 
 

𝜕𝑓𝛼(𝑥𝜈)
 
𝜕 2𝑓𝛼(𝑥𝜈)

𝜕𝑥𝜇𝜕 𝑥𝜈
  ) 

We found the quantized spacetime, and now try to determine quantized spacetime of spinor such 

as an electron, for this reason, we consider the particle wave function Ψ(𝑥) or field 𝜑(𝑥)  (the field 

in quantum field theory are not unlike the waves function in quantum theory, in the sense that they 

do not consist of any particular physical material. They are more like carriers of information and 
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mathematics) and coordinate transformation  𝑥𝜇 → 𝑥𝜇 = 𝑥𝜇 + 𝑓𝜇(𝑥𝜇) , since spin has a rotation 

and  

act on the field. Therefore, we consider the affine connection, and from (14) and (16) after simple 

calculations define  

Γ𝜇𝜈
𝜆 (𝑥𝜇 , 𝑥𝜈) = Γ𝜇𝜈

𝜆 + 𝑙 (
𝜕 Γ 

𝜆  

𝜕𝑥𝜌
Γ𝜇𝜈
𝜌
−
𝜕 Γ 

𝛿  

𝜕𝑥𝜇
Γ𝛿𝜈
𝜆 −

𝜕 Γ 
𝛿  

𝜕𝑥𝜇
Γ𝛿𝜈
𝜆 −

𝜕 2 Γ 
𝜆 

𝜕𝑥𝜇𝜕𝑥𝜇
) + 𝑙2 (

𝜕 Γ 
𝜎  

𝜕𝑥𝜈
𝜕 Γ 

𝛿  

𝜕𝑥𝜇
Γ𝜎𝜈
𝜆 +

𝜕 Γ 
𝜎  

𝜕𝑥𝛼
𝜕 Γ 

𝛼  

𝜕𝑥𝜈
Γ𝜎𝜇
𝜆 ) +

(
𝜕 Γ 

𝜎  

𝜕𝑥𝛼
𝜕 Γ 

𝛼  

𝜕𝑥𝜇
Γ𝜎𝜈
𝜆 +

𝜕 2 Γ 
𝜆 

𝜕𝑥𝛼𝜕𝑥𝜇
𝜕 Γ 

𝛼  

𝜕𝑥𝜈
+

𝜕 2 Γ 
𝜆 

𝜕𝑥𝛽𝜕𝑥𝜈
𝜕 Γ 

𝛽  

𝜕𝑥𝜇
) − (

𝜕 Γ 
𝜆  

𝜕𝑥𝜌
𝜕 Γ 

𝜎  

𝜕𝑥𝜈
Γ𝜇𝜎
𝜌
−
𝜕 Γ 

𝜆  

𝜕𝑥𝜌
𝜕 Γ 

𝜎  

𝜕𝑥𝜇
Γ𝜈𝜎
𝜌
)               (15) 

Equation (15) describes the affine connection which has antisymmetric terms that is a tensor 

rotation of spinors in transformed the quantized curvilinear spacetime.  

 

V. SUMMARY AND CONCLUSIONS 

In this paper, we investigated spin interactions and entanglement in the framework of quanto-

relativistic theories of fermionic charged particles in QDs. Thus, we considered the matrix of 

transformations, presented them when based on relativistic spacetime of spin interactions. In the 

framework of the quanto-relativistic state, we took the most general form for the torsion source in 

QDs, whose constraints are imposed in agreement with the quanto-relativistic spacetime principle. 

We showed how the torsion tensor of entanglement in QDs can enable us to get an analytical view 

by quanto-relativistic spacetime connection.  
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This paper focused on the effect of adding graphene layers in prism and planar waveguide based 

surface plasmon resonance biosensors using angular interrogation mode. In this study proposed a 

biosensor configuration based on the excitation of surface electromagnetic waves in a graphene-

based one dimension photonic crystal (1ph.c) and analytically investigate the sensitivity of the 

configuration.  

This study has two parts: The first part is the proposed biosensor configuration system by two case 

the first case which is prepared in water and covers the whole photonic crystal and the second case 

which is prepared in air and covers the whole photonic crystal, in both cases the surface plasmon 

resonance biosensor by Graphene-based one dimension photonic crystal consists of alternating 

layers of graphene and PMMA layers with an additional graphene termination layer. Second part, 

Number of Graphene / polymethyl methacrylate (PMMA) layers, Number of bilayers, Resonance 

Angle and calculate sensitivity. All calculations are implemented using Matlab and all figures were 

drawn by Microsoft Excel program. 

The results of this study have two parts, the first of which is air and water that by taking 9 layers 

(N) of the photonic crystal that are represented by two important materials because it have a good 

optical properties such as graphene and polymer and take 10 bilayers for each layer, thus can be 

obtained results for resonance angles in certain regions of the layers, In general, there is a 

convergent increase in sensitivity when using water and air.  

It has been concluded that the increasing and decreasing of the sensitivity according to the sensing 

medium, the sensitivity is good when using a medium such as air and with a refractive index of 1 

the highest sensitivity reaches the biosensor at N = 8 and it is 4118.93 in L = 5 and thus it is The 

highest sensitivity can be get .Then the results by using a biosensor with water medium it have a 

very highest increasing in the sensitivity in two layers, including N7=3999.05, N8=3725.06  

Finally, The best sensitivity when using water medium in N7=3999.05, but the best sensitivity 

when using air medium in N8= 4118.93.In the last layers in water (N=8 and N=9) and in air 

medium (N=9), the sensitivity will decrease that the means we can content with (N=7 in water) 

and (N=8 in air). 

I. INTRODUCTION 

This study introduces a unique world of photonic crystals. They are artificial multi- dimensional 

periodic structures with a period of the order of optical wavelength. They have many analogies to 

solid state crystals. The most important one is the band of photons, which is a powerful theory for 
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the understanding of light behavior in a complex photonic crystal structure. It enables us to create 

the photonic band gap and the localization of light. They have great potentials for novel 

applications in optics, optoelectronics, μ-wave technologies, quantum engineering, bio-photonics, 

acoustics, and so on [1]. 

Photonic crystals are formed by structures with the dielectric constant periodically varying in space 

[2]. Electromagnetic waves in photonic crystals have a band spectrum and a coordinate 

dependence caused by this periodicity of the dielectric constant. Interestingly enough that the 

solution of Maxwell’s equations with a periodic dielectric constant, resulting in photonic band-gap 

structures, is similar to the solution to Schr¨odinger’s equation for a periodic potential, resulting 

in the electron energy band-gap structures in solids. Electromagnetic waves entreat in the photonic 

crystal similar to the Bloch waves of electrons in a regular crystal. The width of the photonic band 

gap depends on the geometrical parameters of the photonic crystal and the contrast of the dielectric 

constants of the constituent elements [3] [4]. 

II. PHOTONIC CRYSTAL BIOSENSOR CONFIGURATION SYSTEM 

There are two case used in this study. The summarized details as follow: 

1- Photonic Crystal Biosensor configuration system which is prepared in water and covers the 

whole photonic crystal as shown in Fig. (1 a).  

2- Photonic Crystal Biosensor configuration system which is prepared in air and covers the 

whole photonic crystal as shown in Fig. (1 b). 

 
Fig 1. Schematic diagram of proposed biosensor configuration which is prepared in (a) water and covers the whole 

photonic crystal (b) air and covers the whole photonic crystal  

Methodology of Work 

The proposed biosensor configuration based on circular prism coupling technique is shown in Fig. 

(1). the graphene-based (1D PC) is close fitting index matching to the water medium in the first 

configuration system on the top of the BK7 glass prism and the same steps applied on the gas-air 

medium configuration system. The binding layer ssDNA of thickness 200 nm and refractive index 

n3=1.462 with a density of 0.028 g/cm2, which prepared in air or water covers the whole photonic 

crystal. 

The graphene-based (1D PC) consists of alternating layers of high index refractive such as 

graphene and low index refractive materials such as (PMMA), put on the BK7 glass slide. The 

wavelength of excitation light source is taken as 633 nm.  The electronic, mechanical and optical 
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properties of Graphene, which may make it a material of great utility it has an ability to absorb 

approximately 2.3% of the white light. The refractive index of graphene calculated at 633 nm 

wavelength is   = 3+1.149 i [5]. The refractive index of BK7 prism , PMMA , and water

, is taken as 1.515, 1.49 and 1.33, respectively. The thicknesses of graphene and PMMA are 

taken as 0.34× L nm , (where L = 1, number of graphene bilayer) and 470 nm , respectively. 

The proposed periodic structure represents a Bragg grating with a Bragg wavelength of 1.4 µm 

(computed using . The designed (1D PC) consists of complete 10 bilayers 

of graphene / PMMA with an additional graphene termination layer [6].  

In order to compare the results of two proposed configuration in different medium one of them is 

water and the other is air. The remaining parameters are same as those in our study. In order to 

determine the sensitivity of both configurations, a differential phase sensitive method has been 

employed [7] [8]. In this method, a standard Mach–Zehnder interferometer setup can be used to 

extract the phase difference between the interfering signal of TM-polarization (signal) and TE-

polarization (reference). The phase difference between TM- and TE-polarization is given by,

 The values of and can be extracted from the Fresnel’s reflection 

coefficients of TM- and TE-polarization, , respectively. The reflectance 

of TM- and TE-polarization can be calculated by solving the Fresnel’s 

equations for N-layer model using transfer matrix method (TMM). Here, the reflectance (R) is a 

serial product of the interface matrix Ijk (j = 0, 1, 2, 3 and k = j + 1), and layer matrix , [9]. 

 
With  

 

Where  is the thickness of jth layer, and  

   
In th case of TM polarization 

 

 is the parallel wave vector, and given by , where λ is excitation wavelength 

and ϴ is the incident angle. 

The sensitivity of the biosensor is defined as 
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Where the first term (  represents the ratio of the change in the differential phase between 

TM- and TE-polarization ( ) to the change in the refractive index of the binding layer (sensing 

medium) . And the second term, E is the adsorption efficiency of the target biomolecule 

on the binding layer. We assume that the refractive index of binding layer (n3) increases from 

1.462 to 1.466 in an interval of 0.0001, when the adsorption of biomolecules occurs and hence the 

total refractive index change is given by ,∆n3=0.05.  

III. THE RESULT  

 Sensitivity Result for (N=4, 5 and 6) in two mediums  

By calculating the sensitivity values for the N=1, 2 and 3 layers, we got not good results and get 

low values for the both mediums configuration system, and thus they were not displayed in this 

paper.   

Then From table (1) it is shows the sensitivity values of a proposed biosensor configuration 

prepared in air that covers the photonic crystal wholes, in the (N = 4) the highest sensitivity value 

reached by the proposed biosensor is 438.65 at resonance angle equal 79.02 in  L=10. 

 When added a new layer is (N = 5) the highest sensitivity here is 598.41 at resonance angle equal 

79.51 in L =10 the sensitivity start to increase, then adding another layer (N = 6) the sensitivity at 

L=9 it was 1600.2879 at resonance angle 79.705.  If changing the medium from air to water, at (N 

= 4) it can be seen that the sensitivity starting increasing compared to the N=4 in air reserved to 

767.14 in resonance angle equal to 79.08 at L = 10 the same layer and the same resonance angle 

in the proposed biosensor configuration prepared in air. 

Then can be taken another layer which is (N = 5) the sensitivity is 1088.99 in L = 10 when the 

resonance angle is 79.54 there was a high increasing in the sensitivity in this layer in water.  After 

that, a sixth layer is added (N = 6) by using proposed biosensor configuration prepared in water 

the sensitivity increasing clearly is equal to 2843.94 at L = 9 with resonance angle equal 79.72, 

while when comparing between the two mediums it can be noticed that the second part of the three 

added layers of water sensitivity results better than air sensitivity results. 



 

114 

 

THE 1ST IRAN-KURDISTAN INTERNATIONAL 

CONFERENCE ON PHYSICS 2021(IR-KU-ICOP 202) 
University of Kurdistan, Sanandaj, 

Iran 

25-26 AUGUST 2021 

DOI: 

Table 1. Values (S) for the proposed biosensor configuration system when (N=4, 5 and 6) for L=1, 2…, and 10: (a) 

which is prepared in air and covers the whole photonic crystal. (b) Which is prepared in water and covers the whole 

photonic crystal. 

  (a): Air 

  

 (b):Water 

 N=4 N=5 N=6 N=4 N=5 N=6 

L ϴ S ϴ S ϴ S ϴ S ϴ S ϴ S 

1 78.24 171.36 78.68 180.26 78.95 318.79 78.29 154.59 78.71 397.83 78.97 570.92 

2 78.32 166.04 78.77 310.42 79.04 345.81 78.38 383.46 78.80 559.82 79.06 608.71 

3 78.405 254.93 78.86 330.21 79.13 379.59 78.46 494.58 78.89 588.19 79.15 659.04 

4 78.49 277.57 78.95 352.96 79.22 425.69 78.55 523.55 78.98 625.54 79.24 745.80 

5 78.575 286.61 79.04 382.79 79.32 486.04 78.63 538.37 79.07 675.93 79.34 854.78 

6 78.665 280.78 79.13 418.09 79.41 569.34 78.72 534.40 79.16 737.921 79.43 1015.07 

7 78.75 240.44 79.22 418.51 79.51 728.72 78.81 478.99 79.26 760.16 79.53 1324.83 

8 78.84 368.05 79.32 458.80 79.60 931.78 78.90 658.26 79.35 823.53 79.62 1785.94 

9 78.93 419.58 79.41 528.51 79.70 1600.28 78.99 732.83 79.45 947.81 79.72 2843.94 

10 79.02 438.65 79.51 598.41 79.80 1535.77 79.08 767.14 79.54 1088.99 79.82 2626.89 

Sensitivity Result for (N=7, 8 and 9) in two mediums. 

The values as shown in the table (2) represented the sensitivity values of a proposed biosensor 

configuration prepared in air that covers the photonic crystal wholes, in the N = 7 the sensitivity 

value reaches to 3739.79 at resonance angle 79.69 in L=7.Then putting another layer N =8 its 

sensitivity is 4118.93 at resonance angle equal 79.70 in L =5.  The sensitivity in N = 9 at L=10 it 

was 1381.35 at resonance angle 79.51. Can be changed the medium from air to water, at N = 7 it 

can be noticed that the sensitivity value in water configuration is 3999.05 in L=7 with resonance 

angle 79.70 its means the sensitivity in the both configuration (air, water) appears that they are 

very similar to them in the results .when taking N=8 with water medium the sensitivity is 3725.06 

L = 5 when its resonance angle 79.63. 

Then can be taken another layer which is N = 9 its sensitivity equal to 2718.86 in   L = 10 when 

the resonance angle is 79.18 it seems to be a little decreasing in the sensitivity in this layer in water 

configuration. While when comparing between the two mediums it can be notice that the results 

of the sensitivity in water configuration is convergent to air sensitivity results. 

Table 2. Values (S) for the proposed biosensor configuration system when (N=7, 8 and 9) for L=1, 2…, and 10: (a) 

which is prepared in air and covers the whole photonic crystal. (b) Which is prepared in water and covers the whole 

photonic crystal. 
  (a): Air 

  

 (b):Water 

 N=7 N=8 N=9 N=7 N=8 N=9 

L ϴ S ϴ S ϴ S ϴ S ϴ S ϴ S 

1 79.12 342.64 79.24 360.17 79.32 378.88 79.13 603.08 79.25 624.44 79.33 661.625 

2 79.21 378.08 79.33 426.81 79.42 524.60 79.23 656.66 79.34 742.14 79.425 941.971 

3 79.31 441.67 79.43 581.42 79.51 1238.95 79.32 782.10 79.43 1067.32 79.52 2660.23 

4 79.4 558.92 79.52 1111.37 79.61 1127.37 79.41 987.97 79.53 2203.11 79.615 1404.87 

5 79.49 783.65 79.62 4118.93 79.70 312.01 79.51 1454.78 79.63 3725.06 79.715 489.993 

6 79.59 1508.21 79.71 569.71 79.80 165.11 79.61 3342.36 79.72 816.74 79.81 249.816 

7 79.69 3739.79 79.81 288.76 78.87 587.96 79.70 3999.05 79.82 432.43 78.895 1055.01 

8 79.79 889.93 79.91 174.48 78.96 713.41 79.80 907.90 79.92 266.62 78.99 1270.39 

9 79.89 440.96 78.72 593.79 79.05 918.27 79.90 635.27 78.76 1041.14 79.085 1683.63 

10 79.99 273.63 78.81 671.79 79.15 1381.35 80.00 405.56 78.85 1191.23 79.18 2718.86 
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The Sensitivity Results  

According to figure (2) it shows the increasing and decreasing of the sensitivity according to the 

selection of the sensitive medium, where it appears in the first diagram the sensitivity is high and 

good due to the use of a medium such as air and with a refractive index of 1 as the highest 

sensitivity reaches the biosensor at N = 8 and it is 4118.93 in L = 5 and thus it is The highest 

sensitivity can be get. But when using a biosensor as a medium such as water, it can be noticed 

that the sensitivity the highest in N 7= 3999.05 in L = 7, it can be noticed that in N = 7 the sensitivity 

is the highest although increasing like N = 8 and N = 9. 

 

Fig 2. Shows the relationship between Sensitivity  and Number of Layer of the proposed biosensor 

configuration system when (N=4, 5… and 9) for bilayer L=1, 2…, and 10. (a) Which is prepared in water and covers 

the whole photonic crystal. (b) Which is prepared in air and covers the whole photonic crystal. 

IV. SUMMARY AND CONCLUSIONS 

Our conclusion is we can make a system with air or water configuration and taking only (8 layer). 

the best sensitivity reach to 4118.93 in N=8 in air medium and the sensitivity is 3999.05 in N=7 in 

water medium then there is no need to add another layers to our system because the sensitivity will 

decrease in N=9 in air medium also the sensitivity decreasing in N=8 and N=9 in water medium 

that means we have high drop in sensitivity then we can content with (N=7 in water) and (N=8 in 

air). 
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Magnetohydrodynamic (MHD) kink waves have been observed frequently in the solar coronal flux 

tubes which makes them a great tool for the seismology of the solar corona. Here, the effect of a 

twisted magnetic field on the evolution of kink waves in the presence of viscosity is studied. To 

this aim, we solve an initial value problem for the incompressible linearized viscous MHD 

equations in a radially stratified flux tube in the limit of long wavelengths. Using a modal 

expansion technique, the spatiotemporal behavior of the perturbations is obtained. We show that a 

twisted magnetic field can increases or decreases the rate of viscous damping of the wave. 

I. INTRODUCTION 

Aschwanden et al. (1999) [1] and Nakariakov et al. (1999) [2] were first to identify the spatially 

resolved kink oscillations of coronal loops. Kink oscillations in coronal loops damp fast usually 

within 3-5 periods. Ruderman & Roberts (2002) [3] analytically showed that the decay rate of the 

kink oscillation is independent of the Reynolds number 
vR   when 1vR .  They concluded that 

Reynolds number affects only the perturbations in the resonance layer. The perturbation in the 

inhomogeneous region of the flux tube are subject to phase-mixing [4]. In the phase-mixed regions 

the dissipation mechanisms become important even for small dissipation coefficients. Ofman & 

Aschwanden (2002) [5] suggested that the loop oscillations are dissipated by phase-mixing with 

viscosity of the order 5.3 3.5 2 110 m s  −=  that is anomalously many order of magnitudes higher than 

the classical coronal value of the shear viscosity, 2 11m s −=  [6]. Ebrahimi et al. (2020) [7] 

investigated the effect of viscosity on the resonant absorption of the kink MHD wave and phase-

mixing of its perturbations in coronal flux tubes. Using a modal expansion method, they showed 

that for Reynolds numbers of the order of 6 810 10−  the energy of the global kink oscillation of the 

flux tube is transformed into heat in the nonuniform boundary of the tube in two to eight periods 

of the kink oscillation. In this paper we aim to investigate the effect of a twisted magnetic field on 

the evolution of kink MHD waves in the presence of viscosity. Section II presents the model and 

equations of motion. In section III we give the mathematical method to solve to the equation of 

motion. The results are discussed in section IV. Finally, we summarize the paper in section V. 

II. MODEL AND EQUATIONS OF MOTION 

We model a typical coronal flux tube by a straight cylinder that has a circular cross section of 

radius R . A cylindrical coordinates , ,r z  is used in which the cylinder axis aligns in the z 

direction. The plasma density is assumed to has constant values i  and e  inside ( 1r r ) and 

II. FIRST SECTION 
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outside ( 2r r ) the flux tube, respectively. A sinusoidal density profile 

( ) ( ) ( )( )sin( ) 2 2i e i er r R l     −= + − −  connects these constant densities to each other in a 

transitional layer 1 2r r r  . Here 
1 / 2r R l= − , 

2 / 2r R l= +  where 
2 1l r r= −  is the width of the 

inhomogeneous region. The background magnetic field is assumed to be constant and aligned with 

the flux tube axis inside and outside the tube but it is twisted around the z-axis in the transitional 

layer, namely 

 

0

0 0

0

ˆ

ˆ ˆ( ) ( )

ˆ

z

B z

B r B r B z

B z

 




= +



 (1) 

where, 0 1 2( )( )B A r r r r = − − . Here 0zB and A are constant. Hence, the linearized MHD equation 

governing the radial component of Lagrangian displacement r  for an incompressible plasma with 

viscosity, neglecting gravity and resistivity with a zero background flow is obtained as 

 ( )
2 2

2

2 2

1
( ) ,A

A s r z r r d r

dLm
L L k r L

r dr t r r t
    

  
+ + +  =

  
 (2) 

where 
sL  is the surface wave operator (see [8] for more details). Here, 

AL , 
dL and    are the 

Alfvén, the viscous damping and the twist operators, respectively which are defined as follows 
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 (5) 

In Eq. (2)  and z dependency of the perturbed quantities are assumed to be ( )exp zi m k z +     

where m   is the azimuthal mode number and  
zk  is the axial wave number.  

III. SOLUTION 

In the limit of small viscosity which is the case in the solar corona, we neglect the effect of viscosity 

in the interior and exterior regions of the flux tube. So, following ST2015 in TT approximation, 

solutions of r  representing the surface kink waves in the constant density regions, are as follows 

 
1
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( , )

( ) , ,
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A t r r
r t

A t r r r


−
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where ( )iA t  and ( )eA t  are the time-dependent amplitudes. In the transitional layer, we perform a 

modal expansion of the radial component of the Lagrangian displacement ( , )r r t  as 

 
1

( , ) ( ) ( ).r n n

n

r t a t r 


=

=   (7) 

Functions ( )n r  are the orthogonal eigenfunctions of a regular Sturm-Liouville system defined by 

the Bessel differential equation and the appropriate boundary conditions (see ST2015). In order to 

calculate the time dependent coefficients ( )na t , we must truncate the infinite series of Eq. (7) to a 

finite number N of terms. Substituting Eq. (7) into (2), multiplying the resulting equation by 

' ( )n r  and integrating the final equation over the interval  1 2,r r  yields 

 ˆˆ ˆ( ) ( ) ( ) 0,Ma t Ga t Ha t+ + =  (8) 

where M̂ , Ĝ  and Ĥ are square matrices of order N  and ( )a t  is a column vector. The dot and 

double dot signs in Eq. (7) represents the first and the second derivative with respect to t , 

respectively. We use the solution of Eq. (8) to obtain the time dependent coefficients ( )na t  using 

the initial conditions introduced in Soler and Terradas 2015 [8] (for more details, see Ebrahimi et 

al. 2020 [7]). Once we obtain the perturbations, the total energy density of the wave is obtained 

from the following equation [9, 10] 

 
( )

22 2

0 0 0 02 2 2 2

0 0

1 1 1
( ) ,

2 2 2

r z
t r z r z z r

B dB B dB m
E r b b b B k B i

t t t r dr r dr r

    

  

 
   

              
 = − − + − + + + + − + +                          

(9) 

where, ,rb b and 
zb are the radial, azimuthal and axial components of the Eulerian perturbation 

of the magnetic field, respectively. Note that in the absence of the magnetic twist the last term in 

Eq. (9) is zero.  

IV. RESULTS 

In order to solve Eq. (8), we set 5, 0.2, 1, 100i e zl R m k R  = = = =  and 100N = . We obtain the 

results for three different values of twist parameter, 0 0( ) 0, 0.01, 0.01zB R B  = −  denoting a 

background magnetic field with zero twist, right handed and left handed twist, respectively. To 

consider the effect of viscosity, we use the viscous Reynolds number which is defined as 

v AiR lv = where 0 0Ai iv B  =  is the Alfvén speed inside the flux tube. Figure (1.a) illustrates 

the spectrum of eigenvalues obtained from Eq. (8) for 710vR =  and 0, 0.01, 0.01 = − . As shown 

in the figure, there is a singled out eigenvalue in each spectrum. This eigenvalue could be identified 

as the damped quasimode solution (global mode) of ideal MHD. It is clear from the figure that in 

both cases of 0.01 =  , the quasimode frequency,  , is greater than that of untwisted case 0 =

. Figure also shows that by increasing the twist parameter from 0.01 = −  to 0.01 =  the 

quasimode damping rate decreases. In other words, right handed and left handed twist profile have 
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different effects on the damping rate of the kink wave. Figure (1.b) shows the total energy of the 

kink wave versus time for 710vR =  and 0, 0.01, 0.01 = − . In the figure, the horizontal dotted 

line denote to the ideal case, 
vR =  . Time is in units of the period of the kink oscillation in a thin 

loop, 2k kP  = , where k  is the so-called kink frequency in the TT approximation. Figure (1.b)  

reveals that for the twisted cases 0.01/ 0.01 = + = − , the dissipation rate of the energy of the 

kink wave is smaller/ greater than that of the untwisted case. This result reveals that the rate of 

transforming of the energy of the kink wave to heat during the flux tube oscillation depends not 

only on the profile of the plasma density, but also on the profile of the azimuthal component of the 

background magnetic field.  

 

  (a)      (b) 

Figure 1. a) Spectrum of eigenvalues for 7/ 0.2, 10vl R R= = and three different values of the twist parameter 

0.01,0, 0.01 = − + . b) Total energy of the kink wave versus time for 7/ 0.2, 10vl R R= = and 0.01,0, 0.01 = − +

. The horizontal dotted line denote the ideal case, i.e. 
vR =  . 

V. SUMMARY 

Here we studied the temporal evolution of the total energy of kink MHD wave in a magnetic flux 

tube in presence of viscosity and a twisted magnetic field, by solving an initial value problem.  Our 

results showed that for the both cases of right handed and left handed twist profile, i.e. 

0.01, 0.01 = + − , the global mode frequency of the kink wave increases respect to the untwisted case. 

Also, by increasing the twist parameter, the global mode damping rate decreases. We calculated 

the total energy of the wave as a function of time and showed that magnetic twist can enhance or 

suppress the rate of transforming of the wave energy to heat.  
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In recent years, many researches have been done on graphene but less attention has been paid to 

other 2D carbon-based nanostructures. In the present study, we performed molecular dynamics 

(MD) simulation to investigate various mechanical properties for three predicted configurations of 

graphene-like BC6N sheet structure for both zigzag and armchair directions. In this study we 

employed Tersoff potential to model the interactions between carbon, boron, and nitrogen atoms.  

Subsequently we have a comparison between the results obtained from our molecular dynamics 

simulation and recent density functional theory (DFT) researches. Our results demonstrate 

isotropic elastic properties for all BC6N structures and anisotropic behavior of Poisson’s ratio, 

which it was 0.104 and 0.135 along zigzag and armchair, respectively. Our findings in this study 

reveal that the change in the direction of tensile test and the structure configuration cannot make 

dramatic changes in mechanical properties of the BC6N sheet, therefore, it can be assumed the 

BC6N structures fabricated experimentally to have the same mechanical response regardless of 

tension direction and the configuration they have. 

 

I. INTRODUCTION 

Following graphene discovery and observing its unique mechanical, thermal, and electrical 

properties, investigating and developing novel electronic devices utilizing two dimensional (2D) 

materials received a lot of attention [1]. Recent computational and experimental studies indicate 

that new two-dimensional sheet structures can be formed from Carbon and its two neighboring 

elements in the periodic table of elements, the Boron and Nitrogen, with the stoichiometry of BCN, 

BC3N [2], and BC6N [3] which have interesting physical properties and lead researchers for more 

studies in the fields of optical devices, electronic devices and their application in sensors.  

Among the structure mentioned earlier, there are some studies on BC6N physical properties and 

their application in diverse devices. Over the last two years it was shown that  BC6N sheet structure 

possesses semiconductor behavior, and it shows high thermal conductivity and superb mechanical 

properties as well [4]. Because of the fact that BC6N has a higher carbon concentration in 

comparison with BCN, BC2N, and BC3N, therefore it will be expected that BC6N has the physical 

and mechanical properties close to the pure two-dimensional carbon sheet structure such as 

graphene sheet [5]. In the most recent work, Li-Bin Shi et al. [6] proposed three different 

configurations of  BC6N (a, b, and c), and reported the BC6N(b) configuration as the most stable 

structure adopting a density functional theory (DFT) method. Moreover, they calculated the lattice 

constant of these structures, in which for BC6N it was in the range of 4.964 Å to 4.967 Å. In another 
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study by Pan Xiang et al. [7] Young’s modulus of the stable configuration (BC6N (b)) was 

calculated to 314 N/m and 317 N/m for armchair and zigzag direction respectively.  

In this study, we calculate main mechanical properties such as Young’s modulus, Poisson’s ratio, 

and fracture mechanism for three possible configurations of BC6N sheet structure in both zigzag 

and armchair direction, and also we determine the most energetically stable configuration between 

the three possible structures of BC6N. 

II. METHOD 

To investigate mechanical properties of  BC6N, the three possible configurations (BC6N(a), 

BC6N(b), and BC6N(c)) which earlier have been proposed by DFT studies [3,6,7] are considered 

in this work. For this purpose, the sheets with a size of 10 nm × 10 nm containing 3840 atoms (480 

unit cells) were generated. Fig 9 shows the unit sell of the give structures.  

A molecular dynamics simulation method carried out with Large-scale Atomic/Molecular 

Massively Parallel Simulator (LAMMPS) [8] simulation package to calculate structural and 

mechanical properties of BC6N sheets. The modified Tersoff potential was used to describe all 

interaction with optimized bonding potential parameters [9,10]  The equation of motion was solved 

using the Verlet algorithm with a time step of 1.0 fs. Periodic boundary condition was considered 

along both directions of the sheet to eliminate edge effects. We first equilibrated the structures at 

300 K temperature using the Nose-Hoover barostat and thermostat method in the NPT ensemble. 

Next, to investigate the mechanical properties, the uniaxial tension by deforming the simulation 

box with a constant strain rate of 108 s-1 was imposed individually on the zigzag and armchair 

directions of the sheets. Finally, the Young’s modulus, toughness and Poisson’s ratio have been 

calculated for all configurations.  

   

BC6N(a) BC6N(b) BC6N(c) 

Fig 9. The unit cell of three predicted configurations of BC6N. Carbon atoms colored with gray, boron with red, and 

nitrogen with blue. 

III. RESULTS AND DISCUSSION 

In this work, we first by calculating formation energy the stability of structural properties for all 

configurations have been investigated. The formation energy of BC6N(a), BC6N(b), and BC6N(c) 

were -7.322 eV/atom, -7.48 eV/atom and -7.327 eV/atom, respectively.  This result reveals that 

the BC6N(b) is the most stable structure between other two configurations which is in line with Li-

Bin Shi et al. [6] study. The lattice constants were calculated 5.045 Å, 5.033 Å, and 5.048 Å for 

BC6N(a-c) respectively. The lattice constant for all configurations, which are greater about 1.7% 

in comparison with DFT calculated values, and it can be considered as an effect of temperature. 
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To calculate Young’s modulus, toughness the stress-strain curve for both zigzag and armchair 

directions were obtained and presented in the Fig 10. All BC6N structures have brittle fracture 

because failure occurs immediately and a drop in the curve observed as indicated in Fig 10. The 

failure occurs first for BC6N(b), then for BC6N(c), and then for BC6N(a) for both zigzag and 

armchair directions. 

 
Fig 10. Stress versus uniaxial strain curve for three BC6N configurations distinct by color. The square and triangle 

symbols represent curves resulted from uniaxial tension imposed in zigzag and armchair directions respectively. 

To have better comprehension with high detail of failure mechanism of the three BC6N 

configurations, the trajectory of atomic motion under uniaxial tensile in two different directions 

are obtained and provided in Fig 11. These snapshots of atomic position and the information given 

from the stress-strain curve can be considered to determine the fracture points. 
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Fig 11. Snapshots of atomic trajectories during armchair and zigzag tensile test for BC6N(a-c) configuration. Three 

snapshots were chosen, one in zero strain and two near fracture points which were labeled at each snapshot. 

Eventually, the mechanical properties of these structures have been calculated from the tensile test 

and stress-strain curve and the results are summarized in Table 10. 
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Table 10. Calculated mechanical properties of BC6N(a-c) sheet structure for zigzag and armchair direction. The 

values in parenthesis mark with * are calculated with the DFT method by Pan Xiang and co-workers [7]. 

 
Young’s Modulus (N/m) Poisson’s Ratio 

Fracture Strength 

(N/m) 
Fracture Strain Toughness (J/m2) 

Zigzag Armchair Zigzag Armchair Zigzag Armchair Zigzag Armchair Zigzag Armchair 

BC6N(a) 
267 

(311*) 
273 (310*) 

0.104 

(0.177*) 

0.135 

(0176*) 
53 36 0.29 0.20 8.65 4.59 

BC6N(b) 
276 

(317*) 
282 (314*) 

0.112 

(0.182*) 

0.124 

(0.180*) 
43 32 0.22 0.16 5.92 3.42 

BC6N(c) 
272 

(312*) 
271 (317*) 

0.115 

(0.173*) 

0.124 

(0.175*) 
45 35 0.24 0.19 6.49 4.26 

As can be seen from Table 10, the Young’s modulus of all structures has very little differences in 

zigzag and armchair direction which is less than 6 N/m, so we can be concluded that the elastic 

properties of BC6N has are isotropic. Furthermore, the highest Young’s modulus for both 

directions was observed for the most energetically stable structure (BC6N(b)). In addition, the 

anisotropic Poisson’s ratio was observed in which for armchair direction is higher, Table 1 reveals 

that the fracture occurs between 0.16-0.20 with stress between 32-36 for armchair, while it happens 

slightly in higher strain between 0.22-0.29 and strength of 43-53 for zigzag structures. 

Interestingly, because of the higher fracture strain and fracture stress in zigzag, it has higher 

toughness than armchair direction, so we need more energies to reach the fracture point when 

zigzag structures are stretched. 

IV. SUMMARY AND CONCLUSIONS 

Molecular dynamics simulation was carried out to investigate the mechanical properties of BC6N 

sheet configurations. The results show that the BC6N(b) is energetically stable with highest 

Young’s modulus of 282 N/m along armchair. The Young’s modulus possesses isotropic and on 

the other hand, Poisson’s ratio shows anisotropic due to tensile direction. The differences in 

findings of MD simulation and the DFT can be a result of temperature effects. Our findings reveal 

that the room temperature can influence on the mechanical properties of BC6N sheets, and the 

effect of temperature should be considered to achieve more accurate results 
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