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Abstract 

We use Newns-Anderson model to study the chemisorption of alkali atoms (Na and K) on 

perfect graphene. The self-consistent solutions for  alkali atoms occupation levels show that the 

physical solution (for K atom) is nonmagnetic for all normal distance values from the graphene sheet, 

while for Na atom, it is nonmagnetic at small distance and magnetic for relatively large distance . 

Accordingly, the type of magnetization determines the dominant part of the chemisorption energy on 

the adatom. The ionic part of the chemisorption energy is the dominant one at graphene sheet, which 

gives the obvious description to the type of alkali bonding formed with the graphene. 
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1: Introduction 

Graphene are made out of carbon atoms arranged in hexagonal structure. The structure can be 

seen as a triangular lattice with a basis of two atoms per unit cell (1) . 

As graphene has an unusual band structure that leads to interesting effects and potentially to useful 

electronic devices (2). It becomes an excellent candidate for the next generation of electronic materials 

due to its amazing electronic and transport properties. An ideal graphene is semi-metallic and 

nonmagnetic (3). 

The adsorption of atoms or molecules on solid may undergo phase transitions. The adsorption process 

may involve the motion of the adsorbed atom or molecule coupled to all the degrees of freedom of 

solid surface. Most of the problems involved have counterparts in surface physics or molecular 

physics or chemistry, but the presence of adatoms or molecules on solid surface increases the 

complexity of them, both from experimental and a theoretical point of view (4).  

The rapid experimental development of nano science provides us with more observation on 

chemisorption of species on solid. 

Theoretically, two different approaches are taken into consideration. The first one is to include 

everything in the electronic structure calculations of the electronic structure. Most of these are in the 

sense that they do not require any input about the system under study except the charges and 

geometrical arrangement of the constituent atoms. All of the calculations make approximations in 

their treatment of the electron – electron interactions (5). The second is to devise simple models that 

can capture only the essential physics. This approach is very well suited to bring out the important 

concepts and physical pictures. 

In our study, we shall use one of the second type models  to study the time – independent 

chemisorption process on graphene incorporating the spin on the adsorbed atom, this model is Newns 

– Anderson model (6,7).

Our model calculation takes the following (adatom/graphene) system physical features into 

consideration, 

1. All the parameters that concerned to the type of atom which adsorbed on graphene sheet, i.e. the

ionization energy of the atom, the correlation energy on the adsorbed atom and the position of the 

image plane. 

2. The system electronic structure and then the quantum coupling effects which are expressed by the

broadening chemisorption function and the quantum shift. Both are related to the strength of 

interaction between the adsorbed atom and the graphene sheet. 
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Our study comprises three main lines of investigation. The first is the calculation of the broadening 

and the quantum shift as a function of energy and the normal distance between the atom and the 

graphene sheet, then accordingly the adsorbate density of states on the graphene sheet. The second is 

the calculation of the net charge and the magnetization on the adsorbed atom. While the third is to 

calculate the ionic and the metallic parts of the chemisorption energy. 

The Chemisorption of species on solid surface can be defined as the bonding of atoms or molecules 

to a solid surface and refers to bonds of chemical strength, as opposed to physisorption which refers 

to weaker bonds that can only be stabilized on the surface at low temperatures. Because chemisorption 

involves energies that are sizable on chemical scale the chemisorption process is often associated 

with the breaking of bonds. The description of the chemisorption bond on solid requires a detailed 

understanding of the electronic structure of atoms and molecules outside solid surface. The 

determination of the geometrical structure of solid surface with chemisorbed species is developing 

into an enormous industry related to surface crystallography. 

The adsorption of atoms or molecules on solid may undergo phase transitions. The adsorption process 

may involve the motion of the adsorbed atom or molecule coupled to all the degrees of freedom of 

solid surface. Most of the problems involved have counterparts in surface physics or molecular 

physics or chemistry, but the presence of adatoms or molecules on solid surface increases the 

complexity of them, both from experimental and a theoretical point of view (4).  

The rapid experimental development of nano science provides us with more observation on 

chemisorption of species on solid. 

2. The Theoretical Treatment

In the second quantization form, the model Hamiltonian of the combined system is (6,7,8), 

   
 







k k

akkakaakaaaakk CCVCCVnnUnEnEH )(    ...(1) 

Where, 

kE  and 


kn  are the energy levels with set of quantum numbers 𝑘 and the corresponding 

occupation numbers in the surface energy band respectively for spin   . 

aE is the spin dependent 

effective energy level of the adsorbed atom and 

an  is the corresponding occupation number. 

It is well known that there is a difference in energy between the atom`s ionization 𝑉𝑖 and the affinity 

𝑉𝐴 energy levels (far away from a surface) due to electron-electron interaction. This difference is 

given by (5), 

Ai VVU     …… (2) 
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As the atom approaches to a surface, the ionization and affinity energy levels are shifted towards each 

other, which means that the value of U (i.e. its effective value , which will be denoted as Ueff) 

decreases as the atom moves towards the surface due to the electron-electron correlation interaction(9). 

The treatment of Ueff problem, i.e. its formulation and its dependence on distance from surface 𝑍, is 

one of the difficulties that faced by researchers. The Columbic correlation energy U on the atom may 

be assumed for simplicity to be infinite, zero or as a constant (= 𝑉𝑖 − 𝑉𝐴), in spite of taking it into 

considering provide high accuracy in describing the charge exchange processes between the atom and 

the surface in particular at the closest approach. 

And as our study is concerned to the chemisorption of atom on graphene sheet, the intra-atomic 

correlation interaction will be taken into consideration in our model calculation.  

The correlation energy can be calculated, as a function of the vertical distance (Z) between the adatom 

and the surface, by using the following relation (10), 

)(2)( ZEVVZU Aieff  … (3)

With, ∆𝐸(𝑍) is the image shift which takes the image effect into consideration. 𝑈𝑒𝑓𝑓 is 𝑍-dependent 

through out the image shift ∆𝐸(𝑍). 

The image interaction between the electrons in the adatom and the surface (at certain separation, i.e. 

normal distance which represents by Z) is given by (11) , 

)](4/[)( 0

2 ZZeZE                  ...... (4) 

Then by taking image effect and the orrelation effect, the atomic energy level 𝐸𝑎
𝜎  (𝐸𝑎

−𝜎) with spin

up ( spin down) is written as (12,13), 

 
aeffaa nUZEEZE  )()( 0

     .... (5) 

0

aE  is equal to (∅0 − 𝑉𝑖) , ∅0 is the surface work function, 𝑛𝑎
𝜎 is the occupation number of the

atomic energy level of spin up (𝑖. 𝑒. 𝐸𝑎
𝜎),

dEETEfn
u

ada )(),(






   …… (6) 

With u is the energy of the band bottom.
ad  is the local density of states on the adatom (which

will be highlighted extendedly) and ),( TEf  is the Fermi distribution function for the graphene sheet, 

)1/(1),(
)/( TkE BeTEf       ...... (7) 

Bk  is the Boltizman constant and T  is the temperature.

The local density of states associated with each atomic level of spin 𝜎 (−𝜎) is a Lorentzian 

distribution centered at 𝐸𝑎
𝜎(𝐸𝑎

−𝜎) as,
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𝜌𝑎𝑑
𝜎 (𝐸) =

1

𝜋

∆𝜎(𝐸)

[𝐸−𝐸𝑎
𝜎−Ʌ𝜎(𝐸)]2+[∆𝜎(𝐸)]2  …(8) 

Where 𝐸𝑎
𝜎 is the effective energy level of the adsorbate atom with spin 𝜎. ∆𝜎(𝐸) and Ʌ𝜎(𝐸) are the

energy dependent chemisorption functions (the adatom energy level broadening and the quantum 

shift due to coupling interaction between the adsorbate atom and the surface respectively), 

 
k

kak EEVE )()(
2

 
  … (9)

where(14),  


0VvV kak    and, 

 
k

kkG EEvE )()(
2
         …… (10) 

)(EG  is the graphene sheet density of states. 

Then equation (9) can be rewritten as, 

∆𝜎(𝐸) = 𝜋|𝑉0
𝜎|2𝜌𝐺(𝐸)                      ……(11)

𝑉0
𝜎 is the strength of interaction between the adatom and the graphene sheet. The quantum shift can

be rewritten as, 

Ʌ𝜎(𝐸) =  
1

𝜋
 𝑃 ∫ 𝑑�́�

∆𝜎(𝐸)́

𝐸−�́�
         ……(12) 

We get use of the density of states for the perfect graphene (15) (see fig.(1)) to study and investigate 

the chemisorption process of atoms on graphene sheet. According to the best fitting, we get the 

following formula, 





13

1

2 ])([)(
n

pnnG n
EEbaE  … (13)

n refers to the best fitted regions. The best fitted graphene density of states is presented in Fig. (2), 

with , 

2)/(
nn pfnn EECb          …… (14) 

The coefficients 
nn fpnn EECa ,,, are all presented in Table. (1). 
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Fig.(1): The DFT graphene density of states(15 

Fig.(2): The fitted graphene density of states 

Table (1) : The fitting parameters for graphene density of states shown in Fig.(2) 

 The self-energy due to coupling interaction between (perfect) graphene sheet and an adatom can be 

written as(16), 
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By substituting eq.(13) in eq.(15) one can solve the integration analytically to get, 

  )()()( EEiE 
      …… (16) 

)(E  and )(E  represent the chemisorption functions , i.e. the adatom energy level broadening 

and its quantum shift (due to coupling interaction) respectively. 

Now, we write, 
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Which is solved analytically to get , 
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3.The Chemisorption Energy 

The chemisorption energy can be defined as the change in the ground state energy on 

switching on the coupling between the graphene sheet and the adatom. It is well-known that the bond 

formed between the adatom and the metal surface can be divided into an ionic part and metallic part. 

This bond energy might be called a delocalization energy, results from allowing the valence electron 

of the adatom to spread throughout the graphene and the graphene electrons to spread into the region 

of the atom. In this way the kinetic energies of all electrons are reduced by relaxing slightly the 

geometric confinement of both the graphene sheet and atomic electrons. The bond formed between 

the atom and the graphene sheet can be divided into metallic part and ionic part. 

The expression for the metallic chemisorption energy is given by (12), 

 










u
ananeffUdEEadTEfEZmE )(),()( .(20) 

The initial state (at Z ) is an atom and a graphene sheet separated by "infinite" distance, 
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With   is unit step function. 
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While the final state is an interacting adatom and graphene sheet separated by an equilibrium distance 

Z . 

As the atom is brought to the graphene sheet , the sharp state broadens and overlaps with the graphene 

band energy levels such that the effective charge number of the atom is a function of distance and 

temperature(10),  

)()(1)( ZnZnZZ aaeff

     …(24) 

The attractive force between the effective charge )(ZZe eff  and its image is 
2

22

)(4

)(

ZZ

ZZe eff


  with Z  is 

an adjustable parameter which determines the position of the image plane.The work to bring the 

effective charge from Z to ZZ   is  
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       … (25)

This integration must be solved numerically. 

Now, the chemisorption energy can be calculated by using the following relation, 

)()()( ZWZEZE mch         … (26)

and the bonding energy , 

)()(  chchbond EZEE    …… (27) 

Since, 0)( W  and )(mE is given by eq. (22), then, 

)()()(   iichbond VVZEE o
   ... (28) 

4. The Calculations and the Results

In order to achieve all these calculations, eq. (5) and (6) are solved self-consistently. The work 

function is given by the energy difference between the Fermi level EF and the vacuum level. The 

work function of graphene sheet used in our calculation can be approximately given by 5.0 eV(15). 

The electronic levels are filled using Fermi-Dirac statistics with a value of temperature T=300K. All 

the parameters that used in our calculations are presented in table (2). 
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Table (2): The adatom/graphene system parameters. 

Since Ri represents the atom radius and Z0 is the closest approach and V0 is the strength of 

hybridization. The values of  V0 and Z0 are considered as adjustable parameters. 

Our model calculation is used to investigate and study the chemisorption of alkali atoms (Na and K) 

on the graphene sheet. The alkali adatom/graphene system is also modeled by having an alkali atom 

on graphene sheet. The charge on the alkali adatom will be analyzed to evaluate the amount of 

electron transfer between the alkali adatom and the graphene layer. The calculation of the 

chemisorption energy is the most important because it provides useful information for a better 

understanding of the growth behavior of metal nanostructures formation on graphene. 

The hybridization function and the quantum shift are presented in fig. (3) and fig. (4) respectively as 

a function of the energy system at Z=Z0 for the alkali atoms used in our study. The values of Z0 used 

in our calculations are presented in table (1), these values are not chosen arbitrary. The over 

mentioned note is also right to the values of the coupling interaction strength which are also presented 

in table (1), both are considered to be adjustable parameters. Accordingly, at Z=Z0 , the adsorbate 

density of states for each atom will be spin independent , i.e. )()( EE adad

    , see fig.(5). In fig. 

(5), the energy peaks are shifted towards the positive higher energy as the ionization energy decreases. 

Fig. (3): The broadening function as a function of  E  for the systems alkali atom/graphene calculated at  Z=Z0 . 
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Fig. (4): The quantum shift as a function of  E  for the systems alkali atom/graphene calculated at  Z=Z0 . 

Fig. (5): The adsorbate density of states calculated at  Z=Z0 for the  alkali atom/graphene systems 

Fig. (6) shows the occupation numbers 


an  as a function of distance. The self-consistent solution 

for Na  atom at relatively large distance is magnetic, then at certain distance (Z=Zch) the solution is 

changed to nonmagnetic one. While for the other alkali atom K, the solution is nonmagnetic for all 

distances. The values of  Zch for Na  atom is 14.3001Ao . The values of  Zch  for Na  atom can be 

controlled experimentally by several effects such as the effect of magnetic field on the atom. The 

corresponding energy levels 


aE  are shown in fig. (7), where 
  aa EE  for the nonmagnetic 

state. As the state is nonmagnetic , i.e. there is no net spin on the adsorbed atom, the magnetization 

is zero (see fig. (8)). For Na, as the atom moves towards the graphene sheet , i.e. for (0 ≤ Z0 ≤ Zch) , 

the local magnetic moment is non-vanishing. Since the condition to form a magnetic moment on the 

adatom is determined by calculating the spin-dependent occupation numbers. It is evident from eq.(6) 

that the determination of the spin-dependent occupation numbers requires the self-consistent 

calculation for the adsorbate density of states, which incorporates the broadening of the atatom energy 

level due to the hybridization with the sea of Dirac electrons in graphene. A localized moment is 
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formed at the adatom whenever these is an imbalance in the spin dependent occupation numbers at 

the level. 

 

 

Fig. (6): The occupation numbers on the alkali adatoms as a function of distance 

Fig. (7): The alkali adatoms energy levels as a function of distance. 

Fig. (8): The total charge and the magnetization on the alkali adatoms as a function of 

distance. 
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The effective charge on the adatoms is shown in fig. (9). The value of Zeff = 1 means that 

0 
aa nn (the solution is nonmagnetic) and the value of Zeff = 0 means 0,1  

aa nn

(the solution is magnetic).  

The portions of the chemisorption energy for the alkali/graphene systems are also presented in 

fig.(10). The ground state energy of the system Na/graphene is metallic for  Z > 14.3001Ao and it is 

ionic for  Z < 14.3001Ao , where (Ø - Vi) value is negative for the Na  atom. Which means that the 

atom energy levels of Na atom at relatively large distance, are lying below Fermi energy. For  K atom, 

the ground state energies are ionic where (Ø - Vi) are positive. Our calculations show that the alkali 

adatoms chemisorption on graphene release their valance electron easily and act as good agents for 

n-doping of graphene. Therefore the interaction between alkali adatoms and graphene is mainly ionic 

(see table (3)). The total chemisorption energies are shown in fig. (11). 

The values of the metallic and ionic chemisorption energies at Z=Z0 are presented in table (2) where 

the ionic portion is larger than the metallic portion for all alkali atoms. One can get use of the 

adjustable parameters  V0  and  Z0  to find the experimental data of the chemisorption energy.    

Fig. (9): The effective charge on the alkali adatoms as a function of distance. 

Fig. (10): The metallic and ionic portions of the chemisorption energy as a function of  Z for 

the alkali atoms/graphene system. 
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Table (3) : The metallic and the ionic portions of the chemisorption energy for the 

alkali/graphene system at Z=Z0 with V0=0.5 (eV)  . 

 

Fig.(11):The total chemisorption energy for the alkali atoms as a function of distance. 
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adatom/graphene system by using the following equation : 
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The density of states of the imperfect graphene is 

calculated for alkali atom/graphene systems (fig. (12)) at  Z=Z0 . 

 

 

 

Fig. (12): The density of states of the imperfect graphene for the alkali atom/graphene 

systems. 
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Ø-Vi (eV) -0.14 0.66 

Z0 (A
0) 3.6 4.5 

Em(Z0) (eV) -0.04829 -0.0401 

W(Z0) (eV) -0.8319 -0.76437 

Ebonding (eV)[17] -0.7 -0.8 

Ebonding (eV) 

in our work 

-0.74019 -0.80447 
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The Conclusions 

The Magnetic and Nonmagnetic Solutions: The self-consistent solution for  Na  atom at 

relatively large distance is magnetic, then at certain distance (Z=Zch) the solution is changed to 

nonmagnetic one. While for the K atom, the solution is nonmagnetic for all distances. The value of  

Zch  for Na  atom is 14.3001Ao. The value of  Zch  for Na  atom can be controlled experimentally by 

several effects such as the effect of magnetic field on the atom. 

As 

an  is equal to


an  the state of alkali's atoms is nonmagnetic, i.e. there is no net spin on the 

adsorbed atom, the magnetization is zero. 

The Chemisorption Energy: Our calculations show that the alkali adatoms chemisorption 

on graphene release their valance electron easily and act as good agents for n-doping of graphene. 

Therefore the interaction between alkali adatoms and graphene is mainly ionic. 

This confirms that the metallic chemisorption energy is vanished. The ionic energy is the dominant 

one for all Z values, which gives the obvious description to the type of bonding formed with the 

graphene. 

Notably, we use the perfect density of states in our calculation. However, another formulism, 

presented will be in the next future work for the deformed graphene sheet that is useful for 

investigating the mechanical properties of the system under consideration. 

REFERENCES 

(1) Castro Neto, A. H. Guinea, F. N. Peres, M. R. Novoselov, K. S. and Geim, A. K. January–March 

(2009). The electronic properties of graphene. Reviews of Modern Physics, V.81.  

(2) Das Sarma, S. Shaffique Adam. Hwang, E. H. Enrico Rossi. April–June (2011). Electronic 

transport in two-dimensional graphene. Reviews of Modern Physics, V.83.  

(3) Shulai Lei, Bin Li, Erjun Kan, Jing Huang, Qunxiang Li, and Jinlong Yang, (2013). Carrier-

tunable magnetism of graphene with single-atom vacancy. Journal of Applied Physics 113, 213709.. 

(4) Giovanni Viola, Tobias Wenger, Jari Kinaret and Mikael Fogelström, (2017). Graphene plasmons 

in the presence of adatoms. New J. Phys. 19: 073027.  

(5) Weiss, A. W. (1968). Theoretical Electron Affinities for Some of the Alkali and Alkaline-Earth 

Elements. Phys. Rev. 166, 70.  

(6) Anderson, P. W. (1961). Localized Magnetic States in Metals. Phys. Rev. 124, 41.  

(7) Newns, D. M. (1969). Self-Consistent Model of Hydrogen Chemisorption. Phys. Rev. 178, 1123. 

(8) Grimley, T. B. (1967). The indirect interaction between atoms or molecules adsorbed on metals. 

Proceedings of the Physical Society, Vol. 90, No.3.  

http://iopscience.iop.org/journal/0370-1328
http://iopscience.iop.org/volume/0370-1328/90
http://iopscience.iop.org/issue/0370-1328/90/3


44  ,  2018 -Basrah Journal of Science ( A )      Vol.36 (1),   29 

43

(9) Kjöllerström, B. Scalapino, D. J. and Schrieffer, J. R. (1966). Energy and Specific Heat Due to an 

Impurity Atom in a Dilute Alloy. Phys. Rev. Vol.148, No.665.  

(10) Al-Mukh, J. M. and Easa, S. I. (2000). The Chemisorption Energy of Impurity (Na-adatom) and 

its contribution to the specific heat as a function of a Ni-Surface Crystallography.  Basrah J. Science, 

19, 1.  

(11) Dekker, A. J. (1971). in "Solid State Physics", edited by The Macmillan Press LTD, P.228-230. 

(12) Gadzuk, J. W. Hartman, J. K. and Rhodin, T. N. (1971). Approach to Alkali-Metal 

Chemisorption within the Anderson Model.Phys. Rev. B, Vol.4, No.241.  

(13) Al-Mukh, J. M. and Easa, S. I. (2000). Study in the Chemisorption Theory: Adatom's Parameters 

Model Calculation. Basrah J. Science,  18,145.  

(14) Al-Naser, Thikra S. Dh. (2003). MSc. Thesis, Department of physics, University of Basrah, 

Basrah, Iraq. Charge Exchange Process in the Scattering of Ions off Adsorbate-Covered Surface. 

(15) Duplock, Elizabeth J. Scheffler, Matthias. and Lindan, Philip J. D. (2004). Physical Review 

Letters, Vol. 92, N.22. Hallmark of Perfect Graphene. 

(16) Al-Badry, Lafy Faraj. (2013). Ph.D. Thesis, Department of physics, college of Education for 

Pure science, University of Basrah, Basrah, Iraq. Theoretical Study of the Thermoelectric Properties 

and Performance Efficiency for Some Nanostructured Systems.  

(17) Kengo Nakada and Akira Ishii, (2011). chapter for Graphene Simulation, Edited by Prof. Jian 

Gong, ISBN 978-953-307-556-3, Published in print edition August, in DFT Calculation for Adatom 

Adsorption on Graphene.  



Theoretical Study in the Chemisorption ……. .  .  et alEbady, A.R-Al

44

*الكرافيندراسة نظرية في الالتصاق الكيميائي للذرات القلوية على شريحة 

، جنان مجيد المخ و شاكر ابراهيم عيسى *أباذر رحمن العبادي

قسم الفيزياء ، كلية التربية للعلوم الصرفة ، جامعة البصرة ، البصرة ، العراق

abathra2011@yahoo.com 

 المستخلص 

اندرسون لدراسة الالتصاق الكيميائي للذرات القلوية )الصوديوم و البوتاسيوم( على الكرافين التام. الحل  -استخدمنا نموذج نيونز 

أن الحل الفيزيائي )لذرة البوتاسيوم( هو غير مغناطيسي لكل قيم المسافة التوافقي الذاتي لمستويات اشغال الذرات القلوية يبين 

بينما لذرة الصوديوم ، فإن الحل غير مغناطيسي عند المسافات الصغيرة ومغناطيسياً عند المسافات يحة الكرافين ، الاعتيادية من شر

ً  الكبيرة الجزء الآيوني من طاقة الذرة الملتصقة. من طاقة الالتصاق الكيميائي على  سائد. وفقاً لذلك ، نوع التمغنط يحدد الجزء النسبيا

  عند شريحة الكرافين ، والذي يعطي وصفاً واضحاً عن نوع التآصر للذرات القلوية مع الكرافين.  سائدلالالتصاق الكيميائي هو ا

نانوتكنولوجي . تمغنط ، الكلمات المفتاحية : كرافين ، التصاق كيميائي ،

 جزء من اطروحة دكتوراه للباحث الاول •
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