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for encut in encut_values: 
filename = '%dx%dx%d_%d_Ag.traj' % (nk, nk, nk, encut) 
configs = read('%s@:' % filename)  # read all states from    
trajectory file 
energies = [] 
a = [] 
for atoms in configs: 
a += [atoms.cell[0,2]*2] 
energies += [atoms.get_potential_energy()] 
a = np.array(a) 
energies = np.array(energies) 
#pylab.plot(a, energies, 'o') 
x = np.linspace(a.min(), a.max(), 100000) 
Fourth order 
functions = np.array([a**0, a**1, a**2,a**3,a**4]) 
p = np.linalg.lstsq(functions.T, energies)[0] 
p0 = p[0] 
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Abstract 

In this diploma work the diffusion of dehalogenated organic molecules on a 
metal surface was studied. More specifically the benzene tri-radical (BTR) on 
Ag(111) surfaces has been computationally studied using density functional 
theory calculations. The diffusion of organic molecules on metal surfaces is one 
of the key parameters in the on-surface synthesis of covalent materials. 
Transition-states of different diffusion paths were calculated with the nudged 
elastic band (NEB), climbing image nudged-elastic band (CI-NEB)  and Dimer 
methods. During the diffusion process, bonds are subsequently broken and 
forming between the molecule and the surface. The diffusion mechanisms were 
carried out between different adsorption sites, and the diffusion type with lowest 
barrier was identified.  
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Notation 

a( ) function                                                         T kinetic energy 

a[ ] functional                                                      V potential energy 

a�    Operator 

a vector                                                                                                   

operators 

Ĥ   Hamiltonian operator                      V�  Potential operator 

T�   Kinetic energy operator 

Constants 

e    elementary charge 

ħ    reduced Planck constant 

εo    vacuum permittivity 

Coordinates 

r electron coordinate 

R atom or nucleus coordinate 

v velocity 

a acceleration 

Wave functions 

Ψ  many-body wave function 

φ  single-particle wave function 

n   electron density 
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Abbreviation 

DFT Density Functional Theory 

LDA Local Density Approximation 

BTR  Benzene Tri-Radical  

NEB Nudged Elastic Band  

HF  Hartree-Fock  

xc  Exchange-Correlation  

PAW  Projector Augmented Wave  

GGA  Generalized Gradient Approximation  

TST  Transition State Theory  

CI-NEB  Climbing Image Nudged Elastic Band  

PES  Potential Energy Surface  

VASP Vienna ab initio Simulation Package  

vdW  van der Waals  

MEP                Minimum Energy Paths  

IS                     Initial State 

TS                   Transition state 

FS                    Final State 
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1. Introduction 

    Metal-organic interfaces may be utilized in a wide range of applications, e.g. 
chemical sensors, coating, optoelectronics and catalysts in organic electronics 
such as organic light-emitting diodes, organic screen, organic photovoltaic cells 
and organic field effect transistors [1,2,3,4,5]. The interest of studying covalent 
materials compared to supramolecular organic materials is due to the chemical 
and mechanical stability of the former. In recent years, on-surface synthesis has 
played a  prominent role in the atomically precise fabrication of various covalent 
nano-structures. In this approach the targeted material is formed by assembling 
and coupling molecular building blocks. 

Traditionally, Ullman coupling is done by coupling aryl halides with the aid of 
Cu ions [2]. In this work we will concentrate on the on-surface Ullmann 
coupling, which has become a common expression for reactions on surfaces, also 
those different than copper, where molecular building blocks with halogen atoms 
are used. The basic principle of the on-surface Ullmann coupling is that the 
carbon-halogen bond is more easily dissociated than other bonds in the 
molecular building blocks. This makes it possible to selectively scission the 
carbon-halogen bonds. The dehalogenated molecules diffuse on the surface until 
they find another molecule with which it can form a new carbon-carbon bond. 

Grill and coworkers [3] studied the formation of covalently bound molecular 
nanostructures, and smaller networks, on Au(111) surface upon thermal 
activation of porphyrin building blocks, such as the tetra(4-bromophenyl) 
porphyrin. Furthermore, by controlling the chemical structure of the building 
blocks they can control the nanostructures topology. Another example was 
presented by Cai and coworkers [4], who studied the formation of graphene 
nanoribbons, which electronic properties make them prosperous for the 
fabrication of nanoscale electronic devices. In their work, it was studied how to 
fabricate graphene nanoribbons  from bianthryl monomers thermally activated by 
annealing at 200o C, which the dehalogenated intermediates have sufficient 
energy to diffuse along the surface and form individual covalent C-C bonds 
between each monomer to produce a polymeric chain. In addition, they can 
control the topologies and widths by using surface-assisted coupling of 
molecular precursors into linear polyphenylenes and their subsequent 
cyclodehydrogenation. Eventually, they can investigate experimentally the 
properties of exciting class of materials.  

Bieri and coworkers [5], studied the fabrication of regular two-dimensional 
polyphenylene networks; a porous graphene with single-atom wide pores and 
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sub-nanometer periodicity. This illustrated the possibility to design low-
dimensional materials with tunable electronic properties. Further studies in the 
same field of Gourdon [6] reported the formation of 2D nanostructures through 
self-assembly on surfaces in ultrahigh vacuum. This work demonstrated that on-
surface reactions can not only provide new molecules, but also allow the 
formation of self-assembled structures not obtainable by standard ex situ 
synthesis/deposition methods. Another study by Eichhorn and coworkers [7] 
focused on the different kinetic reaction parameters and defect density of 
covalent networks obtained by on-surface Ullmann coupling on Au(111) using 
halogens precursor. In this work the C-Br and C-I bond breaking was studied in 
different polymerization protocols.  

Several studies have pointed out the importance of organo-metallic intermediates 
in the on-surface Ullmann coupling. For example, Wang and coworkers [8] 
studied the organo-metallic intermediate of a surface-supported Ullmann 
coupling reaction from 4,4"-dibromo-p-terphenyl to poly(para-phenylene) by 
combination of scanning tunneling microscopy and spectroscopy and DFT  
calculations. Consequently, to build one-dimensional molecular wires, 
nanoribbons, or two-dimensional covalent organic networks, one needs to 
deposit halogen aromatic on a surface in ultrahigh vacuum conditions. Another 
study of Fan and coworkers [9], studied the synthesis of covalent organo-
metallic and halogen-bonded nanomeshes based on different types of 
tetrabromo-para-terphenyl precursors, by utilizing a selective temperature-
controlled surface-assisted reaction. In this work, they studied the formation of 
C-Cu-C, C-Br and C-C irreversible bonds. In addition, it has been suggested to 
the precursors undergo surface-assisted reaction to form a large conjugated 
hydrocarbon.   

Other examples where the on-surface Ullmann coupling has been used 
experimentally include Eichhorn and coworkers [10], who studied the role of 
organo-metallic intermediates during on-surface polymerization by Ullmann 
coupling on Ag(111).  Due to the relatively strong C-Cu bonds, they instead 
recommended to use Ag because of its intermediate reactivity. The organo-
metallic C-Ag-C bonds become reversible at certain temperatures and they are 
irreversibly converted into covalent C-C bonds when increasing the 
temperatures. Also, the study shows that the on-surface Ullmann polymerization 
leading to 2D porous covalent networks on Ag(111) may go through an 
intermediate organo-metallic network. As a result, on copper and silver surfaces, 
the surface-stabilized radicals directly form a meta-stable organo-metallic 
structure based on C-metal-C bonds, but on gold, the organo-metallic bonds are 
not always observed. Similarly Gutzler and coworkers [11] studied Ullman 
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reaction dehalogenation and C-C coupling of brominated tetrathienoanthracene 
TBTTA on Cu(111), Cu(110) and Ag(111), Ag(110), that was from single 
molecule towards the formation of 2D organo-metallic and polymeric structures. 
Particularly, the adsorption of TBTA on Ag(111) and subsequent annealing at 
300 oC for 10 minutes leads to the formation of both covalent polymeric and 
organo-metallic network, in contrast with the deposition of TBTTA on Cu(111) 
leads to the formation of irregular patterned networks in different temperatures.  

There have only been a few theoretical studies considering the mechanisms of 
the on-surface Ullmann coupling. For example, Björk and coworkers [12] 
studied the reaction mechanisms of halogen-based covalent self-assembly on the 
coinage metal surfaces, focusing on the formation of biphenyl as a small model 
system on Au(111), Ag(111), and Cu(111). In particular, this work described the 
dehalogenation, recombination, and diffusion processes, as well as how diffusion 
and coupling barriers affect recombination rates. In addition, this work 
distinguished between two types of diffusion processes for the phenyl radical on 
the three surfaces: sliding and flipping diffusion. It was also illustrated that the 
metal surfaces effectively reduce the barrier to split-off halogens, with the largest 
barrier for Au(111) and smallest one for Cu(111). Another related study was 
presented by Nguyen and coworkers [13] about the coupling process of phenyl 
radicals on Cu(111) and how the important intermediates in the prototypal 
Ullmann reaction, using DFT. In that work they described two different 
pathways of phenyl group diffusion  on Cu(111) with indirect and direct 
transitions. 

Bieri and coworker [14] studied the barriers for diffusion, coupling of molecules 
and introduced the coupling probability parameter. That work presented a 
combined experimental and computational study of the effect of the substrate on 
the formation and connectivity of a two-dimensional polymer. They found the 
diffusion barriers for cyclohexa-m-phenylene radical (CHPR) on Cu(111) and 
Ag(111) to be 2.2 eV and 0.8 eV, respectively, and that the difference in the 
diffusion barrier is a result of  the strength of  the metal - CHPR bond according 
to the chemical activity of each coinage metal.  

Moreover, Bieri and coworkers defined the probability of coupling between two 
molecules as a function of the coupling rate (νcoupling) and diffusion rate (νdiffusion) 

P = νcoupling /(νcoupling + νdiffusion)    with 0 ≤ P ≤ 1. 

For instance, the network clusters of a few hundred molecules of polyphenylene 
were studied by using coupling probabilities P =1 and 0.01, respectively. This 
resulted in compact network formation when P = 0.01, but gives single 
molecule-wide branches when P = 1. This implies that a fast molecular diffusion 
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relative to the coupling, which is known as a coupling limited process, is a 
prerequisite to form a well-ordered two-dimensional covalent network [14]. 

Therefore, it is important to study on-surface diffusion and understand how the 
diffusion can be controlled, to improve material properties. As in the previous 
works, by using on-surface diffusion method, they had the ability to tailor a new 
material from the bottom up method with chemical and mechanical stability. 
After that, make use it to produce new electronic devices. 

In this work, we study the diffusion of benzene tri-radical (BTR) on  Ag(111) 
using DFT and transition state theory. The BTR molecule can be seen as a model 
component of a molecular component with several radical sites, and is a natural 
continuation of the work that has been performed for the phenyl radical [3,12]. In 
reality, one could imagine this compound to be created by the adsorption of, for 
instance, 1,3,5 tri-iodo-benzene for which the BTR is formed following the 
abstraction of three iodine atoms. We will consider different adsorption sites of 
BTR on Ag (111), as well as, different diffusion pathways between these sites. 
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3. Computational Details 

The calculations were performed within the periodic DFT framework by using 
the Vienna ab initio Simulation Package (VASP) [35] code interfaced to the 
Atomic Simulation Environment (ASE) [36]. First, we calculated the lattice 
constant for the bulk Ag (111) 5x5 with four layers, each slab was separated by a 
15 Å vacuum. Then, we used on grid of 13x13x13 k-points to sample the 
Brillouin zone. After that we found out the lattice constant of bulk metal with 
respect to the cohesive energy. The cutoff energy was figured out from Figure 
10, with the optimal value was 400 eV. During geometry optimization of the 
metal slab, the bottom two layers of the Ag(111) slab were kept fixed to their 
bulk position to represent the semi-infinite bulk crystal, while the two top-layers, 
as well as the atoms in the adsorbed molecule, were allowed to relax until the 
forces on these atoms were smaller than 0.01 eV/Å.  

The exchange-correlation functional in the equation (13), and after applying the 
variational principle, leads to find Veef. After that, by the self-consistent field 
method to find the electron density. 

Finally, we used a combination of three different approaches in the present work 
to calculate the transition-state using: (1) The nudged elastic band (NEB), (2) 
Climbing Image Nudged-Elastic Band (CI-NEB)  and (3) The Dimer method.  
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4. Results 

    4.1 Bulk Ag 

Figure 7 illustrates a plot of the Ag lattice constant with respect to energy, 
obtained with a 13x13x13 k-point sampling and 400 eV kinetic energy cutoff. 
We performed interpolation between these data points using two different 
methods, namely second and fourth order polynomial fits. The fourth order gives 
us the best fit . The calculated lattice constant and cohesive energy is 4.12 Å and 
-2.82 eV/atom, respectively, which compare quite well with the experimental 
values of 4.08 Å and -2.95 eV/atom "See p. 50 in Charles Kittel. Introduction to 
Solid State Physics, 8th edition. Hoboken, NJ: John Wiley & Sons, Inc, 2005". 
In the next we will see how the lattice constant and the total energy of the bulk 
bulk Ag converge with respect to kinetic energy cutoff and k-point sampling.   

  

     Figure 7.  The cohesive energy of bulk Ag with respect to the lattice constant  

We investigated how the lattice constant for bulk Ag, as well as the total energy 
at the lattice constant, depends on the k-point sampling for a kinetic energy 
cutoff of 400 eV as in the Python program 2 for a0 and E0 lattice constant and 
ground state energy respectively, program 3 for job submission. Figure 9 
illustrates the values obtained from VASP calculations. 
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                 Figure 8. Lattice constant and total energy affected by different k- 
                points samplings, with the k-point sampling given by nk x nk x nk. 

 

Second, we changed the values of the cutoff energies from (300 to 1000) eV, 
using a k-point sampling of  13x13x13 according to the Python program 4 for 
VASP calculations and program 5 for a0 and E0 lattice constant and ground state 
energy respectively. Program 6 for job submission. 
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Figure 9. Illustrates the values calculated from lattice constant and total energy 
affected by different cutoff energies 

The total energy is converged within 10 meV for a k-point sampling of 13x13x13 
and an energy cutoff of 400 eV. The lattice constant is converged well below 
0.01 Å. In all calculations we will use a kinetic energy cutoff of 400 eV. The k-
point sampling will be further discussed for the system under study as it is 
system-size dependent. 
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4.2 Ag(111)  Surface 

The Ag(111) surface was modeled using a 5x5 unit cell, in a slab geometry 
consisting of four layers. We used the calculated lattice constant of 4.12 Å, as 
obtained in the previous section. 

4.3 Benzene Tri-Radical (BTR) 

The benzene-triradical considered in the present study is essentially a benzene 
molecule with three of its hydrogen atoms removed. One can also imagine, in the 
spirit of on-surface Ullman coupling, that is can be obtained through 
dehalogenation of, for example, tribromobenzene C6H3Br3. The tentative 
benzene triradical formation is illustrated in Figure 10. 

 

  

 

 

 
               

 Figure 10. Tentative on-surface synthesis route of the benzene-tri-radical C6H3   
 from the tri-bromo-benzene C6H3Br3molecule  

 

4.4 Adsorption of the benzene tri-radical (BTR) on Ag(111) 

We calculate the adsorption energy for the  molecule on the metal surface by the 
following equation: 

Eads = Emol-Ag(111) - Emol - EAg(111)                                                     (28) 

where Emol-Ag(111) is the total energy of the molecule on Ag(111), Emol is the total 
energy of the molecule in the vacuum,  and EAg(111) is the total energy of the bare 
Ag(111) surface.   

                                

 

 

 

Dehalogenation . . 
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4.4.1  Adsorption Sites 

Figure 12 depicts the seven different adsorption sites of BTR considered in this 
study. We found that site 2, 3 and 7 are the most stable ones, because they have 
the highest adsorption energy value because the large number of the bonds and 
beneficial bonding geometry. Site 2 and site 3 are centered above hollow sites of 
the surface, and site 7 is centered above a top site.  

                               Site 1                                 Site 2                             Site 3 

 

 

 

 

                   - 1.5 eV                          - 2.02 eV                    - 2.01 eV   

              Site 4                          Site 5                         Site 6                            Site 7 

 

 

- 1.49  eV                 - 0.91 eV                        -1.6 eV                          -1.98 eV 

Figure 11. Energies with respect to the molecule sites 
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Figure 12. The difference between Eads(Site3) - Eads(Site1) with respect to 
different k-point samplings nk x nk 

To describe the diffusion correctly, it is important that the energy difference 
between the different sites is converged with respect to the k-point sampling. We 
compare the energy difference between site 3 and site 1 to give an indication of 
how converged our results are, as shown in Figure 13. 

                                   

Site 2 to Site 3 

ETot (TS) = - 0.11630107 x 103 eV (calculated by dimer method) 

Eads (TS) =  ETot (TS) - EAg(111) - Emol 

                       =  - 0.11630107 x 103 + 0.5783376 x 102 + 0.56825 x102 

 Eads (TS)    = - 1.64231  eV 

Ebarrier  = - 1.64231  + 2.02  = 0.3777 eV 

Ereaction = - 2.01 + 2.02  = 0.01 eV 
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                                          (IS)                         (TS)                          (FS) 

 

 

 

 

 

Figure 13. Energy diagram representing the energy of molecule diffusion 
between site 2 to 3 on Ag(111),      = Ag atom bonded to C atom in the initial 
state. 

This diffusion path is a rotation of the molecule between site 2 and 3 on the 
metal and in this diffusion path, we observed that none of the C-Ag bonds stay 
intact through the rotation of the molecule, all three bonds are broken.  

 

Site 3 to Site 1 

Eads (TS) =  ETot (TS) - EAg(111) - Emol 

                       =  - 0.11616309 x 103 + 0.5783376 x 102 + 0.56825 x102 

 Eads (TS)   = - 1.50439 eV 

Ebarrier  = - 1.50439 + 2.01 = 0.50561 eV 

Ereaction = - 1.5 + 2.01 = 0.51 eV 
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                                 (IS)                          (TS)                         (FS) 

Figure 14. Energy diagram representing the energy of molecule diffusion 
between site 3 to 1 on Ag(111),     = Ag atom bonded to C atom in IS. 

This diffusion path is a translation of the molecule between site 2 and 3 on the 
metal and in this diffusion path one C-Ag bond stays intact through the transition 
of the molecule, while the other two bonds are broken, and new bonds are 
formed between the molecule and other Ag atoms.  

By using the dimer method the transition state comes closer to in geometry to the 
final state, indicates that the FS is the same TS/saddle point in this diffusion 
path. 

 

 

Site 3 to Site 7 

Eads (TS) =  ETot (TS) - EAg(111) - Emol 

                       =  - 0.11631753 x 103 + 0.5783376 x 102 + 0.56825 x102 

Eads (TS)   = - 1.65877 eV 

Ebarrier  = - 1.65877 + 2.01 =  0.35123  eV 

Ereaction = - 1.98 + 2.01 = 0.03 eV 
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                 (IS)                           (TS)                              (FS) 

Figure 15. Energy diagram representing the energy of molecule diffusion 
between site 3 to 7 on Ag(111),       = Ag atom bonded to C atom in IS. 

This diffusion path is a rotation of the molecule between site 3 and 7 on the 
metal and In this diffusion path one C-Ag bond stays intact through the rotation 
of the molecule, while the other two bonds are broken, and new bonds are 
formed between the molecule and other Ag atoms. 
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5. Discussion  

In this work, we found the smallest barrier energy of BTR on Ag(111) occurred 
in the molecular diffusion between site 3 to site 7 and it is equal to 0.35 eV. The 
energy barrier for the site 2 to 3 diffusion path  similar to the site 3 to 7 path. But 
we have 0.51 eV barrier energy between site 3 to 1. The barrier energy difference 
due to the difference in the formation and breaking bonds during the diffusion 
process. 

The barrier for BTR  is larger compared to the energy barrier for the diffusion of 
the phenyl radical on Ag(111), which equals to 0.06 eV [11]. This  is due to that 
the phenyl radical only have one radical site. Therefore, for the diffusion of the 
phenyl radical (C6H5) we only need to break one molecule-surface bond at a 
time. Also, since it only has one bond to the surface, it is allowed to stand up-
right on the surface, which also makes its diffusion easier. 

On the other hand, BTR (C6H3) has three chemical bonds to the surface. In the 
most favorable diffusion path we need to break two of these bonds. Also, due to 
the three anchors-sites on the surface, it is not allowed to stand-up on the surface, 
and cannot follow the same type of diffusion path as the phenyl radical. 
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6. Conclusion and outlook 

We have computationally studied the fundamental mechanism of dehalogenated 
organic molecule diffusion on a metal surface. Electronic structure calculations 
of benzene-triradical (BTR) over the close-packed Ag(111) surface has been 
performed. Using the DFT method with the VASP code we found out the 
adsorption energies for different molecular sites in different coordinates and 
orientations. Three diffusion paths between different molecular sites were 
investigated and then described. Transition states were calculated using a 
combination of  the  nudged elastic band method, climbing image nudged elastic 
band method and dimer method. From the results, we conclude that different 
diffusion in different sites has different barrier and reaction energies depending 
on the number of molecule-surface bonds one need to break in the diffusion. The 
favorable and lowest barrier diffusion pathway occurred between site 3 to site 7, 
figure 17.  

 

Having in mind recent experimental results, where organo-metallic structures 
form prior to the covalent bond formation, a natural next step would be to study 
how the diffusion is affected when the molecules interact with Ag adatoms and 
under what circumstances these adatoms will play a role. 
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Appendix  Python programs 

 

program 1 
 

 

Ag_fit.py 

from ase.all import * 

import numpy as np 

from numpy import sqrt 

import pylab 

 

encut = 400 

nk_values = 
[4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,
28,29,30] 

E0_values = [] 

a0_values = [] 

for nk in nk_values: 

 filename = '%dx%dx%d_%d_Ag.traj' % (nk, nk, nk, encut) 

  

 configs = read('%s@:' % filename) 

 energies = [] 

 a = [] 

  

     for atoms in configs: 

  a += [atoms.cell[0,2]*2] 

  energies += 
[atoms.get_potential_energy()] 

 a = np.array(a) 

 energies = np.array(energies) 

 

 #pylab.plot(a, energies, 'o') 
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 x = np.linspace(a.min(), a.max(), 100000) 

  

 # Fourth order 

 functions = np.array([a**0, a**1, a**2,a**3,a**4]) 

 p = np.linalg.lstsq(functions.T, energies)[0] 

 

 p0 = p[0] 

 p1 = p[1] 

 p2 = p[2] 

 p3 = p[3] 

 p4 = p[4] 

 print '4th order solution:' 

 energies_4 = p0 + p1*x + p2*x**2 + p3*x**3 + p4*x**4 

 print 'a0:', x[np.argmin(energies_4)] 

 

 print 'E0: ', energies_4.min() 

  

 a0_values += [x[np.argmin(energies_4)]] 

 E0_values += [energies_4.min()] 

 

  

#pylab.plot(x, energies_4) 

#pylab.show() 

 

#pylab.plot(nk_values, a0_values) 

pylab.plot(nk_values, E0_values) 

pylab.xlabel('nk') 

pylab.ylabel('E0') 

 

#pylab.xlabel('nk') 

#pylab.ylabel('a0') 

#pylab.axis([2, 20, -1.0, -0.5]) 

pylab.show() 
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program 2 
 

 

Ag_dft.py 

from ase.all import * 

import numpy as np 

from ase.calculators.vasp import Vasp 

from ase.io.trajectory import PickleTrajectory 

a0 = 4.09 

nk_values = 
[4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,
28,29,30] 

#nk = 3 

encut = 400 

def fcc(symbol, a): 

    cell1 = [[0, a/2, a/2], 

             [a/2, 0, a/2], 

             [a/2, a/2, 0]] 

    atoms = Atoms(symbol,  

                  positions = [[0, 0, 0]], 

                  cell = cell1, 

                  pbc=True) 

    return atoms 

atoms1 = fcc('Ag', a0) 

#view(atoms1) 

eps = 0.05 

for nk in nk_values: 

 filename = '%dx%dx%d_%d_Ag.traj' % (nk, nk, nk, encut) 

 traj = PickleTrajectory(filename, 'w') 

 # VASP calculator 

 for a in a0*np.linspace(1 - eps, 1 + eps, 21): 

  atoms = fcc('Ag', a) 

  calc = Vasp(prec='Normal', 
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 xc='PBE', 

 gamma=True, 

 kpts=[nk,nk,nk], 

 encut=encut, 

 ediff=1E-6, 

 nelmin=5, 

 algo='Fast', 

 lreal=False, 

 ismear=1, 

 sigma=0.1, 

 lwave=False, 

 ibrion=-1, 

 luse_vdw=True, 

 zab_vdw = -1.8867, 

 aggac=0.0, 

 gga='MK', 

 param1=0.1234, 

 param2=0.7114,) 

  atoms.set_calculator(calc) 

  atoms.get_potential_energy() 

  traj.write(atoms) # Write atoms (with 
energy) to trajectory 

  calc.clean() 

 traj.close() 
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program 3 
 

#!/bin/bash  

   

#SBATCH -o output.relax 

#SBATCH -N 1 

 

#SBATCH -t 168:00:00 

 

export EXEC=/home/x_jonbj/opt/vasp/vasp.5.2.12-vtst/vasp 

 

mpprun $EXEC 

 

# End of script 
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program 4 
Ag_fit.py 

from ase.all import * 

import numpy as np 

from numpy import sqrt 

import pylab 

encut_values = [300,400,500,600,700,800,900,1000] 

E0_values = [] 

a0_values = [] 

nk=13 

for encut in encut_values: 

 filename = '%dx%dx%d_%d_Ag.traj' % (nk, nk, nk, encut) 

 configs = read('%s@:' % filename)  # read all states 
from trajectory file 

 energies = [] 

 a = [] 

 for atoms in configs: 

  a += [atoms.cell[0,2]*2] 

  energies += 
[atoms.get_potential_energy()] 

 a = np.array(a) 

 energies = np.array(energies) 

 

 #pylab.plot(a, energies, 'o') 

 

 x = np.linspace(a.min(), a.max(), 100000) 

  

 # Fourth order 

 functions = np.array([a**0, a**1, a**2,a**3,a**4]) 

 p = np.linalg.lstsq(functions.T, energies)[0] 

 p0 = p[0] 

 p1 = p[1] 

 p2 = p[2] 
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 p3 = p[3] 

 p4 = p[4] 

 print '4th order solution:' 

 energies_4 = p0 + p1*x + p2*x**2 + p3*x**3 + p4*x**4 

 print 'a0:', x[np.argmin(energies_4)] 

 

 print 'E0: ', energies_4.min() 

 a0_values += [x[np.argmin(energies_4)]] 

 E0_values += [energies_4.min()] 

pylab.plot(encut_values, a0_values) 

pylab.xlabel('encut') 

pylab.ylabel('a0') 

pylab.show() 

pylab.plot(encut_values, E0_values) 

pylab.xlabel('encut') 

pylab.ylabel('E0') 

pylab.show() 
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program 5 
 

Ag_dft.py 

from ase.all import * 

import numpy as np 

from ase.calculators.vasp import Vasp 

from ase.io.trajectory import PickleTrajectory 

a0 = 4.09 

nk = 13 

encut_values= [300,400,500,600,700,800,900,1000] 

def fcc(symbol, a): 

    cell1 = [[0, a/2, a/2], 

             [a/2, 0, a/2], 

             [a/2, a/2, 0]] 

    atoms = Atoms(symbol,  

                  positions = [[0, 0, 0]], 

                  cell = cell1, 

                  pbc=True) 

    return atoms 

atoms1 = fcc('Ag', a0) 

#view(atoms1) 

eps = 0.05 

for encut in encut_values: 

 filename = '%dx%dx%d_%d_Ag.traj' % (nk, nk, nk, encut) 

 traj = PickleTrajectory(filename, 'w') 

 # VASP calculator 

 for a in a0*np.linspace(1 - eps, 1 + eps, 21): 

  atoms = fcc('Ag', a) 

  calc = Vasp(prec='Normal', 

 xc='PBE', 

    
 gamma=True, 
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 kpts=[nk,nk,nk], 

    
 encut=encut, 

    
 ediff=1E-6, 

    
 nelmin=5, 

    
 algo='Fast', 

    
 lreal=False, 

    
 ismear=1, 

    
 sigma=0.1, 

    
 lwave=False, 

    
 ibrion=-1, 

    
 luse_vdw=True, 

    
 zab_vdw = -1.8867, 

    
 aggac=0.0, 

    
 gga='MK', 

    
 param1=0.1234, 

    
 param2=0.7114, 
    
 ) 
  atoms.set_calculator(calc) 
  atoms.get_potential_energy() 
  traj.write(atoms) # Write atoms (with 
energy) to trajectory 
  calc.clean() 
 traj.close() 
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program 6 
 

from ase.all import * 

import os 

from interpolate import multi_interpolation 

 

N_images = 10 

 

initial = read('CONTCAR_site3') 

final = read('CONTCAR_site7') 

 

z_axis= np.array([0, 0, 1]) 

 

images = multi_interpolation(initial, final, N_images, range(100, 
100+9), center=range(100, 100+9) ,z_axis=z_axis) 

 

view(images) 

 

for n in range(len(images)): 

    os.system('mkdir %02d' % n) 

    write('%02d/POSCAR' % n, images[n]) 

    print n 

 

 

 

 

 

 

 

 


