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Abstract 
 

In the present work, the structural, electronic properties, thermodynamic stability and 

adatom surface movements of oxygen and sulfur adsorption on the Fe surface were studied 

based on the ab initio method. 

Firstly, the oxygen adsorbed on the iron (100) surface is investigated at the three 

adsorption sites top, bridge and hollow sites, respectively. Adsorption energy, work 

function and surface geometries were calculated, the hollow site was found to be the most 

stable adsorption site, which is in agreement with the experiment. In addition, the 

difference charge density of the different adsorption system was calculated to analyze the 

interaction and bonding properties between Fe and O. It can be found out that the charge 

redistribution was related to the geometry relaxation. 

Secondly, the sulfur coverage is considered from a quarter of one monolayer (1ML) to a 

full monolayer. Our calculated results indicate that the most likely site for S adsorption is 

the hollow site on Fe (100). We find that the work function and its change Df increased 

with S coverage, in very good agreement with experiment. Due to a recent discussion 

regarding the influence of charge transfer on Df, we show that the increase in Df can be 

explained by the increasing surface dipole moment as a function of S coverage. In addition, 

the Fe-S bonding was analyzed. Finally, the thermodynamic stabilities of the different 

structures were evaluated as a function the sulfur chemical potential. 

Finally, a two dimension (2D) gas model was proposed to simulate the surface active 

elements, oxygen and sulfur atoms, movement on the Fe(100) surface. The average 

velocity of oxygen and sulfur atoms was found out to be related to the vibration 

frequencies and energy barrier in the final expression developed. The calculated results 

were based on the density function and thermodynamics & statistical physics theories. In 

addition, this 2D gas model can be used to simulate and give an atomic view of the 

complex interfacial phenomena in the steelmaking refining process. 

Keywords: sulfur, oxygen, surface adsorption, iron surface, ab initio calculations, 

adsorption energy, work function, difference charge density, thermodynamic stability, 

average velocity 
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1. Introduction 
 

In view of the increasing demands on improved steel quality, an understanding of the 

mechanisms of steel refining reactions needs attention in order to optimize the process. A 

detailed knowledge of iron and its interaction with the effect of surface active elements, 

such as oxygen and sulfur, is very important. In steelmaking refining processes, the 

interaction between the surface active element and the iron surface will decrease the 

surface tension, which is an important impact factor in the processes. Important properties 

such as surface tension, adsorption energy, electronic properties and thermodynamic 

stability can be expected to depend sensitively on the microscopic structure of the surface. 

A pertinent question therefore is how the surface active element is adsorbed on the iron 

surface at the atomic level – which adsorption site is preferred and what structure the 

adsorption layer attains, and how this depends on the amount of surface active element 

adsorbed. 

During the last decade, several theoretical and experimental studies of the oxygen 

adsorption on iron surface have been performed [1-4]. Legg [5] used LEED to show that O 

atom is adsorbed 0.53 0.06 Å above the surface in a hollow site, and the spacing between 

the first and second iron layers is increased by about 7.5% to 1.54 0.06 Å at room 

temperature. In one theoretical work, Błoński [2] obtained the height of oxygen atoms 

above on the hollow sites, 0.45 Å, using the spin-polarized generalized gradient 

approximation.  

±

±

The sulfur adsorption on the iron surface has been studied extensively, both 

experimentally [6-9] and theoretically [10, 11]. Legg and Jona [7] seem to be the first to 

have observed the c(2 2) low-energy electron diffraction (LEED) pattern of sulfur 

adsorbed on the Fe(100) surface. Their measurements indicate that the S-Fe interlayer 

distance is 1.09 0.05 Å and that the shortest distance between S and Fe is 2.30 Å. In the 

work of Nakanishi and Sasaki [6], a coverage of 0.67 ML was observed and the presence 

of a p(2 2) structure was suggested at low coverages (~0.2 ML). Further, their 

×

±

×
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experimental results indicate the formation of a thin epitaxial layer of FeS2 (pyrite). In a 

theoretical investigation, Nelson et al. [10] studied the 0.5 ML c(2x2) arrangement of 

sulfur adsorption on the Fe (100) surface. Since the work function f is a very important 

parameter in the understanding of the electronic properties of surfaces, it has been widely 

investigated for the Fe-S system, both experimentally and theoretically. Nakanishi et al. [6] 

measured the change of work function and found that Df significantly increases as S 

coverage increases from 0 ML to 0.5 ML. Generally, the increasing Df after adsorption 

indicates a transfer of charge from the substrate to the adsorbate. However, in the study of 

Michaelides et al. [12], it was found that the work function decreased upon the adsorption 

of a negatively charged adatom. Migani et al. [13] pointed out that the change on the 

surface work function induced by the presence of the adsorbed halide can actually be 

either positive or negative. This indicates that the work function change cannot be directly 

used as a measure of the charge transfer between an adsorbate and a metal surface.  

In addition, while it is common knowledge that the refining reaction occurs at the slag-

metal interface, very little attention has been paid to the interfacial phenomena that occur 

at the slag-metal boundary in most of the numerical simulations of refining processes, 

Hence, the surface velocity of surface active element and surface viscosity are very 

important properties with respect to an understanding of the interfacial phenomena. Very 

few reports are found in literature presumably because of the difficulties in designing 

experiments for the measurements of these properties or developing simulations. In the 

present laboratory, an attempt was made to experimentally evaluate the surface velocity of 

oxygen in the Al2O3-CaO-SiO2-FeO slag and iron drop at 1873K [14]. The surface 

velocity of sulfur on the iron drop surface was investigated after the injecting of SO2 in the 

Al2O3-CaO-SiO2 slag above an iron drop [15]. A critical survey of the interfacial 

phenomena at the atomic level reveals that the surface velocity of surface active elements 

may be induced by the movement of the surface active elements on the Fe surface. 

In the present work, the adsorption of O in the top, bridge and hollow sites of Fe (100) in a 

p (1x1) arrangement, and the related energetics, surface geometry and difference charge 

density of the system were examined. Our calculated results are compared with the 

available experimental and theoretical results. The adsorption of sulfur atoms on the 
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Fe(100) surface at different coverages and arrangements was systematically investigated , 

using density functional theory (DFT). For coverages ranging from 0.25 ML to 1 ML in 

different arrangements, the adsorption energy and geometry, work function and difference 

charge density of sulfur adsorbed on the Fe (100) were studied. Finally, the 

thermodynamic properties of the surfaces were evaluated by ab initio thermodynamics 

calculations [16]. Our results were compared to the available experimental and theoretical 

results. In order then to understand the behavior of Df, we found it appropriate to analyze 

the surface dipole moment as a function of S coverage. To the best of our knowledge, the 

behavior of Df as a function of S coverage on Fe(100) has not been studied theoretically 

before, which is an important motivation for the present study.  In addition, a 2D gas 

model was proposed to simulate the surface active elements movement as the first step 

towards the development of a comprehensive model. The average velocities of oxygen and 

sulfur atoms were calculated based on the density function and thermodynamics and 

statistical physics theories. The calculated results were compared with the experiment 

results. 
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2. Calculation method 
 

2.1 Density function theory 
 

Density functional theory (DFT) is nowadays one of the most successful theories for an ab 

initio description of materials properties. For a variety of applications ranging from 

structural properties to electronic and optical properties this theory gives very good 

agreement with experiment, even though some excited state properties may not be given 

accurately with the standard LDA frame-work. The only input parameter is the atomic 

composition of the system. Several program packages have been developed for 

calculations from first principles based on the density functional theory. In the present 

work, all calculations were performed by the Vienna Ab-initio Simulation Package 

(VASP), which is based on DFT and the plane-wave basis pseudopotential method [16-18]. 

In this chapter the theory and the approximations introduced in the density functional 

theory, which yields the total energy for the system in its ground state, are briefly 

described. 

DFT theory is a theory of correlated many-body systems. It is included here in close 

association with independent-particle methods, because it has provided the key step that 

has made possible development of practical, useful independent-particle approaches that 

incorporate effects of interactions and correlations among the particles.  The remarkable 

successes of the approximate local density (LDA) and generalized-gradient approximation 

(GGA) functional within the Kohn-Sham approach have led to widespread interest in 

density functional theory as the most promising approach for accurate, practical methods 

in the theory of materials. 

The modern formulation of density functional theory originated in a famous paper written 

by P. Hohenberg and W. Kohn in 1964 [19]. Their work showed that all properties of the 

system can be considered to be unique functional of the ground state density. Shortly 

afterwards, in 1965, the other classic work of this field by W. Kohn and L. J. Sham [20] 

came up. The formulation of density functional theory by these authors has become the 
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basis of much of present-day methods for treating electrons in atoms, molecules, and 

condensed matter.  

The total energy function can be written as 

1/2
| |

         (1) 

where the first term is the kinetic energy, the second term is the external potential energy, 

the third term is the Coulomb interaction energy of the electron density with itself and the 

last term is the exchange-correlation energy. Kohn and Sham proposed a method for 

computing the contributions to the energy functional with good accuracy. Since the 

dependence of kinetic energy on  is unknown, Kohn and Sham used the earlier 

Thomas-Fermi model to substitute T with T0 which is the kinetic energy of a non-

interacting electron gas. 

The many-body Hamiltonian is mapped onto an effective one-electron Hamiltonian 

                                                                                     (2) 

where the effective potential  can be expressed as a functional of the electron 

density and includes the effect from all the other electrons. This mapping is in principle 

exact. 

| |
                                                         (3) 

The different terms correspond to the same terms for the energy functional with this 

Hamiltonian, the Kohn-Sham equation and can solve for the one-electron wave 

 functions,  :

                                                                                                    (4) 

From thes av  fun

∑ | |                                                                                                    (5) 

e w e ctions, the electron density can be obtained as 
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Then, the solved Kohn-Sham wave functions can give us the ground-state electron density, 

thus solving the ground state problem. 

 

2.1.1 The exchange-correlation energy 

 

The exchange-correlation interaction is a purely quantum mechanical effect due to the fact 

that electrons are indistinguishable fermions. The Pauli principle implies that electrons 

with the same spin cannot occupy the same region in space. This means that electrons with 

the same spin will be separated and thus the Coulomb energy will be reduced.  

The simplest approximation for the exchange-correlation energy within DFT is the local 

density approximation (LDA) [21, 22]. The exchange-correlation energy for an electron at 

point  is assumed to be equal to the exchange-correlation energy of a homogenous 

ectro  a ith t e electron density  el n g s w he sam

d                                                                                         (6) 

where  is a known quantity. 

The LDA approach based on the homogenous electron gas does not account for gradients 

in the electron density and therefore it is less accurate for systems where the density varies 

rapidly. Improvement over LDA has led to the generalized gradient approximation (GGA), 

where the density gradient is included in the approximation; hybrid functional, in which 

the exchange energy is combined with the exact energy from Hartree-Fock theory [23, 24, 

25]. 

 

2.1.2 Pseudopotentials 

 

The core states do not contribute much to chemical bonding, nor to solid-state properties. 

Hence one may treat the core electrons as frozen in their atomic states and replace the 
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atom by a pseudoatom with only valence electrons. The pseudopotential [26] in which the 

valence electrons reside has a Coulomb attractive potential plus a repulsive potential to 

mimic the effect of the core electrons. The eigenvalues and the wave functions outside a 

cut-off radius for the valence electrons have to be the same for the pseudopotential as the 

physical ones. This approximation greatly decreases the computational cost compared to 

all-electron methods. This is due to reduction of the basis set size and reduction of the 

number of electrons. Especially for heavy atoms the number of degrees of freedom is 

reduced by orders of magnitude. This enables simulation of larger systems and 

investigation of more complex phenomena. 

 

2.1.3 Relaxation of atomic positions 

 

DFT finds the ground state electron density for the given configuration of the atoms. This 

configuration however need not be the equilibrium positions for the atoms. If the 

equilibrium positions are desired these can be found from the DFT calculations by a 

procedure called structural optimization or relaxation. 

For an infinite system, one must distinguish between atomic displacements within the unit 

cell, which corresponds to atomic forces. These two different optimizations have to be 

done separately. For a finite system in a supercell, this distinction doesn’t have to be 

considered. 

In order to optimize all the atomic positions one has to find the minimum of the total 

energy as a function of atomic positions. This can be achieved by calculating the 

derivative of the total energy with respect to small displacements of the nuclei, the so-

called Hellman-Feynman forces [27]. These are used to move the atoms towards their 

equilibrium positions. Here several algorithms exist for the update of the positions. A 

coordinate optimization by conjugate gradients has been used in the present work. 
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2.2 Adsorption energy 
 

The adsorption energy Ead for different coverages (coverage is defined as the ratio of the 

number of adsorbed atoms to the number of atoms in an ideal substrate layer) of on-

surface sulfur was calculated using the expression 

(1
ad slab Fe S )E E E NE

N
= − −                                                                                          (7) 

where N is the number of sulfur atoms per unit cell, Eslab is the total energy of the sulfur 

atoms and the Fe slab, EFe is the total energy of the clean Fe surface, and ES is the isolated 

total energy of sulfur atom. A positive Ead indicates that adsorption is unfavorable, while a 

negative value indicates adsorption is likely, with the lowest value being the most stable. 

 

2.3 Electronic properties 
 

2.3.1 Work function 

In solid state physics, the work function is the minimum energy(usually measured 

in electron volts) needed to remove an electron from a solid to a point immediately outside 

the solid surface (or energy needed to move an electron from the Fermi energy level into 

vacuum). Here "immediately" means that the final electron position is far from the surface 

on the atomic scale but still close to the solid on the macroscopic scale. The work function 

is a characteristic property for any solid face of a substance with a conduction band 

(whether empty or partly filled). For a metal, the Fermi level is inside the conduction band, 

indicating that the band is partly filled. For an insulator, the Fermi level lies within the 

band gap, indicating an empty conduction band; in this case, the minimum energy to 

remove an electron is about the sum of half the band gap, and the work function. In the 

present work, the work function was calculated from the standard expression 

vac FV EΦ = −                                                                                                                 (8) 
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where Vvac is the electrostatic potential in the vacuum region and EF is the Fermi energy of 

the slab. 

 

2.3.2 Difference charge density 

 

The difference charge density ∆ρ gives an important insight into the bonding properties 

and the electron redistribution due to the O or S adsorption. The difference charge density 

 d ined as is ef

∆ρ ρA/F ρF ρA                                                                                   (11) 

Where A represents oxygen or sulfur,  ρA/F  is the density of the adsorption system, 

and ρF  and ρA  are the densities of the isolated clean Fe(100) surface and adatoms, 

respectively. 

 

2.3.3 Planar averaged charge density changes 

 

We ca culated r avera rge den

∆ /                                                              (12) 

l  the plana ged cha sity changes, Δρ(z), defined as 

 where z is perpendicular to the surface plane, /  is the density of the 

adsorption system, and  and   are the densities of the isolated clean 

Fe(100) surface and S atoms, respectively, each in the optimized positions in the 

adsorption system. 

 

2.3.4 Dipole moment change 
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The dipole moment change (Δm) induced by S adsorption on either side of our symmetric 

slab is defined as 

∆ ∆                                                                                                          (13) 

where ∆  is the density change upon S adsorption, a is the distance from the bottom of the 

slab, b is the total height of the slab and the vaccum. 

 

2.4 Thermodynamic stability 
 

The relative stability of the S/Fe phases with different sulfur contents depends on the 

chemical potential of sulfur above the iron surface. The appropriate thermodynamic 

potential is the Gibbs free energy G (T, P, NFe, NS), which is related to the number of Fe 

and the number of S atoms. The most thermodynamically stable surface can be found by 

minimizing the surface free energy, γ(T, P), which can be expressed as [16] 

[ ]),(),(),,,(
2
1),( PTNPTNNNPTG
A

PT SSFeFeSFe
Slab μμγ −−=                                  (9) 

 

In this equation,  Feμ  and Sμ  are the chemical potentials of Fe and S atom, respectively. 

And NFe and NS are the numbers of Fe and S atoms in the system, and A is the area of the 

surface unit cell.  is the Gibbs free energy of the system. In the present 

approximation, the vibrational contributions to the enthalpy and entropy are ignored, and 

thus,  is represented by the total energy of the system (we also assume 

constant pressure). For a surface in equilibrium, the chemical potential of Fe, 

),, SFe NT

)S

, NP(slabG

,Fe NN,,(slab PTG

Feμ , may  be 

replaced by the cohesive energy of bcc bulk Fe. In the calculation, the minimum limit 

boundary of the chemical potential S is defined as the point where the formation of bulk 

iron sulfide is energetically favored, defined as,  
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Sμ min= )(
2
1

2

bulk
Fe

bulk
FeS GG −                                                                                                   (10) 

Here, the free energy of FeS2 and of bulk Fe may be approximated by their respective 

cohesive energies.  These approximations will lead to a small shift of the limiting values of 

the chemical potential and the free energies of systems with different sulfur contents. In 

our calculation these shifts are neglected.  

 

2.5 Average velocity 
 

In the present work, the 2D model developed was based on the following assumptions.  

1) The system was simplified so that only iron and oxygen or sulfur atoms were assumed 

to be present on the iron surface.  

2) Simultaneous presence of oxygen and sulfur is not considered in the present model. 

3) The oxygen or sulfur atoms on the Fe surface were treated as independent systems.  

4) A possible driving force was not considered in the present model – the oxygen and 

sulfur atoms moved randomly. 

 

Statistical distribution of nearly independent of atomic systems is usually described by 

Boltzmann distribution,  

       ni=gi                                                                                                          (14) 

where  is atomic energy level; gi is the degeneracy of ; ni is the number of atoms with 

energy ; 1/ , where kB is the Boltzmann constant and T is the absolute 

temperature. , where μ is the chemical potential.  
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In order to investigate the movements of the atoms adsorbed on the surface, two 

assumptions were made.  

1) Adsorbed atoms have the diffusion energy barrier ε ; atoms which have a lower energy 

vibrate harmonically near the balance position, and do not diffuse. On the contrary, the 

atoms which have a higher energy will participate in the diffusion process. 

2) If the atom energy , then the kinetic energy is  , where p is the 

momentum, m is the mass of the adatom (=adsorbed atom).  

 

The im

Z β ∑ g e βε                                                                                                            (15) 

portant statistical variable of the Boltzmann distribution is the partition function: 

Total n mber o a

N ∑ n e αZ                                                                                                           (16) 

u f toms 

So 

                                                                                                                          (17) 

The partition function of the adatoms has two parts, one for the atoms with energy lower 

than the diffusion energy barrier, and one for the atoms with energy higher than the 

diffusion energy barrier: 

                                                                                                          (18) 

In the equation (18), the zero potential energy point was defined as the O adsorbed on the 

balance position. 
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Let us start with considering the first term in Eq. (18). The adatoms with energy lower than 

the diffusion energy barrier have three vibration frequencies near the balance position: v1 

v2 and v3. For harmonic vibration, the energy level is , h is Plank constant. 

Hence,  

∑ ∑ ∑∞∞∞   

  

∏ 1/                                                                                     (19) 

 

where NFe is the number of possible adatom positions on the Fe surface, which in our case 

is the same as the density of Fe atoms on the surface. 

When ε>ε , using the free particle distribution for two dimension gas, density of state is  

                                                                                                                 (20) 

Now, according to the assumption, the energy level of adatom can be written as 

                                                                                                                      (21) 

So, 

/   

 /∞
∞

∞
∞   

                                                                                                                  (22) 
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where A is the surface area of the substrate. 

C m ining Eq.(19) and Eq.(22) o b

∏                                                             (23) 

 

The partition unction per unit area is  f

∏                                                                 (24) 

 

Because momentum , v is the velocity, so the velocity (or momentum) distribution 

of the adatoms becomes 

                                                                                            (25) 

 

where Z is the per unit area partition function in Eq.(24) 

The average velocity for an adatom moving in x direction is  

  

  

√
/                                                                                                               (26) 

 

The final expression of the average velocity is  
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√ / ∏                                             (27) 

 

After nume

                                                                                                                (28) 

rical calculation, it is found that 

 

So the second part of the right hand side of Eq.(24) could be ignored. And if  is very 

small, we could use the first-order approximation,  

1                                                                                                        (29) 

 

Hence, the horizontal vibration frequencies vh are the same. Then, according to the 

approximation above the partition function will be 

                                                                                                                   (30) 

where vv is the vertical vibration frequency. 

Using Eq.(30) in Eq. (26), we find our final expression for the average velocity 

√ /
                                                                                               (31)   
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3. Results and discussions 
 

Vienna Ab-initio Simulation Package (VASP), which is based on DFT and the plane-wave 

basis pseudopotential method, was performed for all calculations [17-18]. The spin-

polarized version of the generalized gradient exchange-correlation function proposed by 

Perdew and Wang (PW91) [29] was used. We may mention here that only the generalized 

gradient approximations (GGA) correctly describe the structure and magnetic ground-state 

of iron [30, 31]. The electronic wave functions were expanded as linear combinations of 

plane waves, using an energy cutoff of 300 eV. Core electrons were represented by ultra-

soft pseudopotentials to enhance efficiency [32]. For the calculation of fractional 

occupancies, a broadening approach by Methfessel-Paxton [33] was used with a smearing 

width of 0.2 eV.  

 

3.1 Oxygen adsorbed on the Fe(100) surface 
 

3.1.1 Bulk bcc Fe 
 

As a test of the reliability of the calculations, total energy and the lattice parameter a of 

bulk bcc iron were evaluated. Using the converged parameters, the bulk properties were 

calculated using GGA functions. The calculated results are summarized in Table 1, where 

we also compare with experimental results. From Table 1, it can be seen that the lattice 

parameter a is 2.884Å, which is 0.06% higher than the experimental values [34].   

Table 1: Structure and properties of bulk bcc Fe. 

 Lattice constant a(Å) Cohesive energy (ev) Magnetic moment (μB) 

This work 2.884 4.893 2.52 

Expt. [29]  2.866 4.28 2.22 
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3.1.2 Three adsorption sites 
 

With regard to the results of the surface calculations, surface relaxations are performed in 

the present work. The Fe (100) surface is cleaved from a crystal structure of bcc Fe, 

corresponding to the (100) Miller plane and modeled in 5 layers, which is evaluated by the 

convergence test, shown in Fig. 1. A vacuum spacing of 11.4 Å was inserted in the z-

direction between surface slabs. This vacuum size was seen to be sufficient to avoid the 

nonphysical interactions between slabs in the setup. A lattice constant of 2.884 Å was used 

in the calculations (the bulk cell lattice constant obtained from GGA). The oxygen atoms 

lie 1Ả above the Fe (100) surface. In our calculation, the adsorption energy of oxygen 

atom is evaluated in the three different sites, top, bridge and hollow, as shown in the Table. 

2. In agreement with experiment [5], the hollow site on the Fe (100) surface is found to be 

the most stable site. This also agrees with the ab initio calculation [2]. Having the 

geometry optimized for each structure one can calculate the electronic properties and, in 

particular, the work function of each system. 
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Fig.1. Models of oxygen atoms adsorbed on the Fe (100) surface. Top view of (a) top, (b) 

bridge and (c) hollow adsorption sites. The solid lines indicate directions of the charge 

density slices presented in Fig. 2. 

In Table 2 the values of the work function obtained from the calculations are summarized. 

The work function increases as the adsorption site varies from hollow, bridge to top site. 

This means an adlayer of oxygen increases the Fe surface dipole layer and hence the work 

function. For the hollow site, the calculated work function is 4.51 eV, which is in 

agreement with Ref [2], 4.62 eV. 

Table 2: Adsorption energy of O atom adsorbed on the Fe (100) surface in the top, bridge 

and hollow sites, the value with the star was from Ref [3]. 

 

 Top site Bridge site Hollow site 

Adsorption energy (eV) 

Work function(eV) 

-5.585 

7.68 

-6.632 

7.04 

-7.577 

4.51,4.62* 

3.1.3 Relaxation geometries 
 

For a mono layer (1 ML) coverage, a summary of the calculated adsorption site geometries 

is presented in Table 3. In the hollow site, the oxygen atom lies 0.413 Å above the first 

iron layer, which is in agreement with the experimental results 0.53± 0.06 Å and Ref [2] 

0.45 Å, while 2.081 Å from its neighbors in the first iron layer and 2.04 Å above the 

second iron layer. The distances between the oxygen atom and its five nearest iron atoms 

are almost the same, closely corresponding to the value of 2.15 Å in the bulk FeO, which 

indicate the formation of oxide-like bonds upon sufficient exposure of Fe (100) to oxygen 

[35]. The height of O atom above the Fe (100) surface decreases for the top, bridge and 

hollow sites, respectively. It can be seen that, from the calculated D12 and D23, compared 

with the clean Fe surface, the oxygen atom induces an expansion of the distance between 

the first and second Fe layer and reduces the distance between the second and the third Fe  

 

18 
 



Table 3: Calculated geometry values of clean Fe (100) surface and O/Fe (100) obtained for 

the Fe (100) surface. DO is the height of the O atom above the first layer, D12 is the 

distance of the first and second layers, and D23 is the distance between the second and the 

third layers. 

site DOÅ D12Å D23Å Reference  

Clean surface - 1.218 1.479 Present work  

bridge 1.053 1.609 1.420 Present work 

top 1.589 1.361 1.443 Present work 

hollow 0.413 1.629 1.452 Present work 

 0.53 

0.45 

1.54 

1.66 

1.43 

1.436 

Experiment [5] 

Cal. Ref[2] 

 

Interestingly, in the top site, the distance between the first Fe layer and the second Fe layer 

is much smaller compared to the bridge and hollow sites, whereas the height of O on the 

top site is the largest in the three sites. In order to understand the change of geometries 

after relaxation, the difference charge density was investigated. 

 

3.1.4 Difference charge density 
 

The difference charge density values are plotted for oxygen atom adsorbed in the three 

different sites, hollow, bridge and top, respectively, as shown in Fig. 2. The cleaved slice 

directions have been indicated in Fig. 1. First, it can be observed that in all three sites, the 

interaction between the first Fe layer and O appears significantly larger than that between 

the second Fe layer and O. O semicore electrons are polarized. Charge is depleted from 

between and outside the O nuclei and accumulates between O and the first Fe layer. From 

the shape of the difference charge distribution around the Fe and O, it can be seen that the 

charge accumulation around Fe is mostly d-type, and p orbital occupation for O. 
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Fig.2. Difference charge density plots of oxygen atom adsorbed on the Fe (100) surface in 

(a) hollow, (b) bridge and  (c) top adsorption sites, the directions of the cleave slice were 

marked in Fig. 1. 

 

Fig.2 (a) shows an accumulation of charge between the oxygen atom and the five nearest 

neighbor Fe atoms in the first and second layers. In the Fig.2 (b), the difference charge 

density for the bridge site indicates that O atom is directly bonded to its two nearest 

neighbor Fe atoms, and charge accumulation between these atoms. As shown in Fig. 2 (c), 

an accumulation of the charge can be seen between the O atom and the nearest Fe in the 

first layer, which may make the first iron layer move to the second iron layer. This is also 

consistent with our conclusions above.  
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The adsorption of oxygen on an iron surface and energy calculations have significance in 

modeling the slag-metal reactions using the above calculation methods. Oxygen is a 

surface active element and in oxidic melts, there is likely to be an oxygen accumulation on 

the Fe surface. The situation is akin to the metal-gas interface with respect to the surface of 

metallic Fe.  The present work is expected to be the first step towards an understanding of 

the slag-metal interfaces and the energies involved by means of ab initio calculations. 

 

3.2 Sulfur adsorbed on the Fe(100) surface 
 

Slabs consisting of five Fe layers separated by a 10 Å thick vacuum layer were repeated in 

the whole space. We checked that this configuration was sufficient to avoid interaction 

between adjacent surfaces. The sulfur atoms were initially placed 1 Å above one surface of 

the slab. The top two Fe layers and all the sulfur atoms were then allowed to relax. The 

occupation numbers were calculated assuming an atomic radius of 1.42 Å for Fe and 0.85 

Å for S.  

 

Fig. 3. Model of sulfur atoms adsorbed on the Fe (100) surface. (a) Top perspective view 

of hollow, bridge and top adsorption sites, the solid line indicates the direction of the 

charge density slices presented in Fig. 9. (b) Side view of the model of the hollow site on 

the surface.  Fe-I is the first layer of Fe atoms, Fe-II indicates the second to fifth layer of 

the Fe atoms.  
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Fig. 4. Top perspective view of models for S adsorbed on the Fe (100) surface from 

0.25ML to 1ML coverage. The grey atoms are the first Fe layer. 

3.2.1 Geometry of the sulfur layer  
 

First, the adsorption energy of a sulfur atom adsorbed in one unit cell was calculated for 

three different sites: top, bridge and hollow (see definitions in Fig. 3). The adsorption 

energies were found to be -4.18 eV, -5.25 eV and -5.73 eV, respectively. All three values 

are negative, indicating that sulfur adsorption is energetically favorable at all three sites. 

From these results we also conclude that the hollow site is the most favored one, in 

agreement with experiments [7]. 
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We now turn to a more detailed analysis of the geometries of the possible different 

arrangements (hollow site only) of the adsorbed sulfur layer. Fig. 4 shows different 

possible arrangements of the sulfur atoms adsorbed on the Fe (100) surface from 0.25 ML 

to 1 ML coverage. At 0.5 ML coverage, two different configurations were studied – with 

the adsorbed sulfur atoms in their final positions, either a p(2×1) or a c(2×2) structure 

may be formed at this coverage. The surface relaxations are indicated by the changes in 

D1-2, DS and DS-Fe, see Table 4.  D1-2 stands for the first Fe interlayer distance, DS is the 

distance to the sulfur atoms from the top Fe layer, and DS-Fe means the shortest S-Fe 

distance. For 0.5 ML coverage in the c(2×2) configuration (the only configuration for 

which experimental data is available), our calculated D1-2, DS and DS-Fe are in a very good 

agreement with experiment [7]. From the data in Table 4, it can be seen that at higher 

coverage, the equilibrium positions of the adsorbed sulfur atoms tend to be closer to the Fe 

surface. For example, for a 1 ML coverage, DS is about 5% smaller than that at 0.25 ML. 

At the same time, the interlayer distance between the first and second Fe layers increases 

from 1.42 Å (at 0.25 ML) to 1.51 Å (at 1 ML). Hence, higher coverage causes an 

expansion of the first interlayer Fe-Fe distance, in contrast to what is seen for the clean Fe 

surface where surface relaxation causes the corresponding interlayer distance to contract. 

In this case, the bonding interaction between S and the first Fe layer increases as the S 

coverage increases, resulting in weaker bonding between the two top Fe layers and thus a 

larger equilibrium distance. Further, we see from Table 1 that the shortest distance 

between the S and Fe atoms, DS-Fe, decreases when going from 0.25 ML to 1 ML. We will 

analyze the S-Fe bonding as a function of S coverage further in the section “Difference 

Charge Density”. Finally, at 1 ML coverage, DS-Fe is 2.28 Å, which is very close to the 

corresponding distance in FeS2 (pyrite), 2.27 Å, thus indicating the formation of a thin 

epitaxial layer of FeS2. This result is in agreement with experimental observations [6].  

Table 4. Calculated geometries for the clean Fe (100) and S/Fe (100) surfaces. D1-2 stands 

for the first Fe interlayer distance, DS is the distance to the sulfur atoms from the top Fe 

layer, and DS-Fe means the shortest S-Fe distance. The values marked with * are 

experimental results [7]. 
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Coverage (ML) Structure D1-2(Å) DS(Å) DS-Fe (Å) 

0 - 1.272 - - 

0.25 p(2x2) 1.420 1.078 2.372 

0.5 p(2x1) 1.433 1.045 2.336 

0.5 c(2x2) 1.435,1.43* 1.035, 1.09* 2.288, 2,30* 

1.0 p(1x1) 1.510 1.025 2.282 

 

3.2.2 Adsorption Energy 
 

Further, we studied the effect of sulfur coverage on the adsorption energy Ead. The sulfur 

coverage was varied from 0.25 ML to 1 ML (with S always in the hollow site on the Fe 

surface). The results of the model calculations are shown in Fig. 5. From this Fig., we see 

that the magnitude of the adsorption energy per sulfur atom decreases with increasing 

coverage – the magnitude of the adsorption energy at 1 ML is about half of that at 0.25 

ML.  It also can be seen that the adsorption energy per atom appears to have a close to 

linear dependence on sulfur coverage. 
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Fig. 5. The adsorption energy per adatom, Ead, calculated as a function of S coverage on 

the Fe (100) surface. The circle is the value for the 0.5 ML p(2×1) structure. 
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3.2.3 The Change Df of the Work Function 
 

The calculated Df as a function of S coverage is shown in Fig. 6, where we have also 

plotted experiment results for Df as a function of the deposition time. Df is defined as the 

difference of the work function between the S adsorbed surface and the clean iron surface.  

 

Fig. 6. Df calculated as a function of S coverage on Fe (100) surface in hollow site. The 

star is the calculated value for S adsorbed on Fe (100) in the p(2x1) structure. The white 

and black circles are the work function change measured experimentally at 300K and 

673K, respectively [6]. The solid line binding together the calculated data points is drawn 

only to enhance visibility. 

For comparison, we mention that our calculated clean Fe(100) surface work function is 

3.80 eV (Nelson’s calculated value is 3.94 eV [10] and the experimental value is 

4.67±0.03 eV [36]). From Fig. 6, it can be seen that our calculated Df increases as the S 

coverage increases from 0.25 ML to 1 ML. We also see that the trend in our results 

(calculated at absolute zero temperature) is very similar to that in both the experimental 
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data sets [6], measured at room temperature and 673K, respectively. From the two 

experimental curves, it appears that Df decreases somewhat with increasing temperature.  

Thus, due to temperature effects, one may expect the calculated Df to be slightly larger 

than the experiment results. Df is an interesting property related to the nature of the 

bonding between the surface and the adsorbed species. Thus, Df may give us an idea of 

how charge is reorganized upon adsorption.  In general, an increase in the work function 

after adsorption indicates a charge transfer from the substrate to the adsorbate. Recently, 

however, in  the works of Michaelides et al. [12] and Migani et al. [13], it is pointed out 

that in reality the relation between charge transfer and work function change is more 

complex. Therefore, in this study, in order to understand the behavior of Df, the changes in 

the charge redistribution at the surface are investigated.  

 

Fig. 7. Planar average charge density changes Δρ(z) for S adsorbed on Fe(100) surface 

from 0.25ML to 1ML. The fat lines indicate the S adsorption position upon the Fe surface. 
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Fig. 7 shows the planar averaged charge density change upon S adsorption. A large charge 

accumulation region is clearly seen just above the Fe surface. The peak of the curves are 

almost at the position of the S adatom, whereas for the 0.5 ML c(2x2) coverage the largest 

change is concentrated in the interface region. The accumulation of charge just above the 

Fe surface increases as the S coverage goes from 0.25ML to 1ML. This implies an 

increase in the surface dipole upon S adsorption.  ∆  is calculated by integrating over the 

Fourier transform grid in the z direction of our system, and is plotted in Fig. 8 as a function 

of S coverage. Comparing with Fig. 6, it can be seen that the trends in ∆  and Df are the 

same, i.e, Df increases as the surface dipole moment goes up, in accordance with our 

expectations.  

 

Fig. 8. The dipole moment change, (∆ ), as a function of S coverage. The star is the value 

for the p(2x1) arrangement. 

 

3.2.4 Difference Charge Density 
 

The difference charge density ∆  gives further insight into the bonding properties and the 

electron redistribution due to the S adsorption. In Fig. 9, difference charge densities are 

shown for the four relevant cases. First, we observe that in all cases, the interaction 

between Fe1 and S appear significantly larger than that between Fe2 and S although the 
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Fe1-S and Fe2-S distances are almost the same (for definitions of Fe1 and Fe2, see Fig. 9).  

Judging from Fig. 9(a-b), the Fe1-S bonding appears to be covalent with metallic character. 

We draw this conclusion based on the strong charge accumulation in the interface region, 

mainly along the Fe1-S directions. 

 

 

 

 

 

 

 

Fig. 9. The difference charge density from 0.25ML to 1ML coverage of S adsorbed on the 

Fe (100) surface. The charge density is shown along the (110) plane of the system, as 

marked in Fig. 3. 

Table 5. Orbitally resolved and total electron occupation numbers for the Fe1, Fe2 and S 

atoms (see Fig. 9 for definition of Fe1 and Fe2). 

 
Fe 1 

   
Fe 2 

   
S 

   

 
s p d total s p d total s p d total 

clean Fe surface 0.502 0.386 6.409 7.298 0.559 0.61 6.335 7.503 - - - - 

0.25ML_p(2x2) 0.493 0.462 6.287 7.243 0.498 0.59 6.413 7.501 0.779 1.271 0.024 2.074 

0.5ML_p(2x1) 0.48 0.536 6.388 7.404 0.503 0.599 6.411 7.514 0.792 1.257 0.031 2.081 

0.5ML_c(2x2) 0.474 0.569 6.411 7.455 0.514 0.623 6.433 7.57 0.778 1.277 0.033 2.088 

1ML_p(1x1) 0.48 0.685 6.613 7.777 0.52 0.61 6.375 7.505 0.809 1.231 0.041 2.081 
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It can be seen that the first layer of Fe atoms experiences a charge polarization and that 

there are delocalized electrons accumulated between the S atom and the first layer Fe 

atoms. Interestingly, in Fig. 9(c), for the 0.5ML c(2x2) arrangement, the S semicore 

electrons are polarized. Charge is depleted from between and outside the S nuclei and 

accumulates between S and the first Fe layer. This seems to suggest that the Fe-S bonding 

in panel c in Fig. 9 has more ionic character than the Fe-S bonding in panels a and b. For 

the 1ML-case (panel d in Fig. 9), the charge accumulation around Fe1 appears 

significantly increased.  It is interesting to relate these changes in bonding to changes in 

the occupation numbers (see Table 5). In Table 5, it can be seen that the S and Fe2 total 

occupation numbers are basically independent of S coverage, whereas the Fe1 total 

occupation number increases with about 0.5 electrons as coverage increases from 0.25 ML 

to 1 ML. The Fe2-S bonding is clearly stronger for the c(2x2) structure (Fig. 9(c)) than for 

the p(2x1) structure (Fig. 9(b)). This fits well with the fact that the c(2x2) structure is the 

experimentally observed structure of the two and it also fits with the fact that our 

calculated adsorption energy for the c(2x2) structure is lower than that of the p(2x1), see 

Fig. 5. Finally, we note that the change of the charge density inside the Fe slab is 

insignificant compared to that at the interface, as expected.  

It is also interesting to analyze the influence of S coverage on the difference charge density 

around the Fe and S atoms using the orbitally resolved (s, p, d) electron occupation 

numbers. To this end, we calculated the orbitally resolved occupation for the Fe1, Fe2 and 

S atoms for the four relevant S coverages, see Table 5. It can be seen that the main 

contribution to the total occupation number comes from the d orbitals for Fe1 and Fe2, and 

the p orbitals for S, respectively. The charge accumulation around Fe1 is mostly of p and d 

type, whereas the s orbital occupation decreases. In effect, this changes the orbital 

character around Fe1 from predominantly d (Fig. 9(a) to more of a combination of p and d 

(Fig. 9(d)), probably because the relative increase in p occupation is much larger than the 

relative increase in d occupation. The Fe1 s electrons appear to reside mostly in the 

interstitial, making up the major part of the Fe-S bonding. Compared to Fe1, the total 

occupation numbers of the Fe2 and S atoms are basically independent of S coverage, as 

already mentioned.  
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3.2.5 Thermodynamic Stability of the System 
 

Of utmost importance for the chemical properties of the sulfur-coated iron surface is its 

thermodynamic stability, for instance, how energetically stable the various configurations 

are relative to each other. Therefore, we also investigated the thermodynamic stability of 

the different Fe/S phases with varying S content. To determine the most stable 

configuration at a particular sulfur chemical potential, the surface energy g was calculated 

for different S coverages of the Fe surface and plotted as a function of the sulfur chemical 

potential, as shown in Fig. 10. At a given chemical potential of sulfur, the most stable 

surface structure is the one with the lowest energy. A general result from our calculations 

is that the (negative) slopes become increasingly steep with increasing S coverage. 

 

Fig. 10. Surface energy of several S/Fe systems as a function of sulfur chemical potential 

μS. “clean” indicates the clean Fe(100) surface. 

As shown in Fig. 10, for all the calculated arrangements, the surface energy decreased (to 

various extents) as S coverage increased, which is in agreement with experimental 

observations [36]. Fig. 10 also shows that, at reductive conditions, i.e. at a low chemical 

potential of sulfur (low partial pressure of S), the most thermodynamically stable structure 
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is the clean iron surface. As Sμ  increases, the most thermodynamically stable structure 

becomes c(2×2) at around -4.6 eV followed by the p(1×1) structure at around -4.4 eV.  

The most favorable adsorption structure was found to be c(2x2) in the experiment [6].  

 

3.3 Average velocity  
 

3.3.1 Potential energy surface 
 

In order to find out the Minimum Energy Path (MEP) for adsorbed atoms and the active 

energy barrier ε0 on the iron surface, the Potential Energy Surface (PES) of Fe (100) for 

oxygen or sulfur adsorbed atom was calculated, respectively. In the PES calculations, all 

the Fe atoms are fixed. The unit surface was divided in to 5x5 grids. When inducing an 

oxygen or sulfur atom on the surface grid, the adatom was only allowed to move on the z 

direction to find out the most stable adsorption position. Fig. 1 shows the PES of oxygen 

atom adsorbed on the Fe(100) surface. It can be seen that the point A or B is the most 

stable adsorption position. We compute the energy barriers associated to the diffusion 

paths that connect the identified adsorption sites by applying the Nudged Elastic Band 

(NEB) algorithm [38, 39]. From the calculated results, the MEP for oxygen atom diffused 

on the Fe(100) surface from point A to B is marked in Fig. 11.  
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Fig. 11. The potential energy surface of O adsorbed on the Fe(100) surface. Points A and 

B are the minimum energy position. The dash line shows the Minimum Energy Path (MEP) 

from Point A to B.   

 

3.3.2 Vibration frequency 
 

An adatom staying in the potential well will vibrate – to a good approximation 

harmonically. The vibration frequencies for an adatom have three different directions, v1, 

v2 on the horizontal direction and v3 on vertical direction. Here, we assume the horizontal 

frequencies v1 and v2 are the same. In order to find out the energy barrier ε  and the 

horizontal frequencies, the potential energy profile was calculated along the MEP from 

point A to B. In addition, the vertical frequency can be calculated from the potential 

energy profile as a function of distance of adatoms adsorption on the hollow site on the Fe 
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(100) surface. The obtained results for the horizontal and vertical frequencies for oxygen 

or sulfur are summarized in Table 6.         

Table 6. The horizontal and vertical vibration frequencies and energy barrier of oxygen or 

sulfur on Fe(100) surface.  

Adatom  Horizontal 

frequency(s-1) 

Vertical frequency(s-1) Energy barrier 

 (eV) 

Average velocity at 

1873K (m/s) 

Oxygen 2.57x1011 6.81x1011 0.894 3.0x10-2 

Sulfur  1.85x1011 4.02x1011 0.504 1.5x10-1 

 

3.3.3 Average velocity 
 

Now, using the calculated vibration frequencies and energy barrier, the average velocities 

of oxygen and sulfur atoms on the Fe(100) surface were calculated. In Fig. 12, the average 

velocities of the adatoms in terms of the natural logarithm are plotted as a function of 

energy barrier at 1873K. It can be seen that the average velocity decreases as the energy 

barrier increases, as expected. In the present work, the average velocity of oxygen atoms 

on the Fe(100) surface was 3x10-2 m/s at 1873 K, and 1.85x10-1 m/s for sulfur atoms. 

Comparing the energy barriers of O and S, it can be seen that the energy barrier of O is 

higher than that of S, which indicates that sulfur atoms may escape the potential well much 

more easily than oxygen. In our previous calculations [40, 41], after the relaxation of the 

adatom on the hollow site of Fe(100) surface, the height of O atom above the Fe surface is 

0.41 Å, whereas it is 1.02 Å for S. This means that the interaction between O and the first 

iron layer is stronger than that of S and the first iron layer. Thus, the average velocity of S 

is larger than that of O. If one considers the slag phase above iron, the energy barrier of 

oxygen will be affected, which may also influence the final average velocity.  
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Figure 12. The average velocities (m/s) of the O and S in terms of the natural logarithm as 

a function of energy barrier at 1873K. 

It is admitted that the assumptions in the present model may influence the final calculated 

results; however, the present work can give an atomic view of the atom’s movements on 

the iron surface, which forms an important foundation for further development of the 

model for application to slag / iron interface. In the future work, more effect factors, for 

instance surface tension gradient and the impact of the slag phase will be considered.   
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4. Conclusion 
 

In the present work,  the structural, electronic properties, thermodynamic stability and 

adatom surface movements of oxygen and sulfur adsorption on the Fe surface were studied 

based on the ab initio method. The following conclusions can be drawn: 

(1) After oxygen or sulfur adsorbed on the Fe(100) surface, the most stable adsorption 

site is the hollow site, followed by the bridge and top sites, which is in agreement 

with experimental results reported in literature. 

(2) For oxygen adsorbed on the Fe(100) surface, from the difference charge density 

calculations, it can be seen that the adsorbed O was bonded to its nearest one Fe 

atom on the top site, whereas it bonded to its nearest two and five Fe atoms on the 

bridge and hollow sites, respectively. The adsorbed oxygen atom induces an 

expansion of the distance between the first and second Fe layers and reduces the 

distance between the second and the third Fe layer. On the top site, the interaction 

between O and the first Fe layer atom is very strong, which may force the first Fe 

layer move to the second Fe layer. The charge redistribution was found to be 

related to the relaxation in geometries relaxation. 

(3) In the case of S adsorbed on the Fe(100) surface, for S coverages varying from 

0.25 ML to 1 ML, the adsorption energy per atom decreases almost linearly with 

coverage. At the same time, the distance between the sulfur atoms and the top Fe 

layer decreases and the top Fe interlayer distance expands. Further, our calculations 

suggest that at 1 ML coverage, a thin epitaxial layer of pyrite, FeS2, is formed. 

(4) Another important result of our study is that we find that Df (the difference in work 

function between a clean Fe surface and one with sulfur adsorbed) increases as the 

S coverage increases. The calculated trend in Df as a function of S coverage is in 

excellent agreement with experimental results, as is the magnitude of Df, if we take 

temperature effects into account. Our analysis shows that Df increases as the 

surface dipole moment increases. 

(5) We also studied the charge density, occupation numbers and bonding in the 

S/Fe(100) system in some detail. Our analysis gives a plausible explanation for 
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why the c(2x2) configuration is more stable than the p(2x1) configuration for 0.5 

ML – put simply, in the c(2x2) structure, the S atoms bind to more Fe atoms than 

in the p(2x1) structure. 

(6) The stability of the different adsorption configurations was studied as a function of 

sulfur chemical potential. At a low chemical potential of sulfur (e.g. at low sulfur 

partial pressure), the clean iron surface is the thermodynamically most stable. The 

c(2 2) structure becomes stable in the region -4.6 eV <  < -4.4 eV. As  

increases further, a higher S coverage, p(1

×

× 1) becomes the most favorable 

configuration. Thus, it can be concluded that, by increasing the partial pressure of S, 

a higher S coverage should as a result become more favorable, just as expected. In 

our future work, we find it relevant to consider S adsorbed on an S-precovered Fe 

surface, in order to find the most stable surface configuration in many realistic 

situations. 

(7) A 2D gas model was proposed to simulate the oxygen and sulfur atom movement 

on the Fe(100) surface. The average velocities of oxygen and sulfur atoms were 

found out to be related to the energy barrier and vibration frequencies in the final 

developed expression. The calculated oxygen average velocity on the Fe(100) 

surface is 3x10-2 m/s at 1873K, whereas it is 1.85x10-1 for sulfur atoms. The 

average velocity of oxygen and sulfur decreases as the energy barrier increases. 
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5. Future work 
 

In the future, more calculations and experiments need to be carried out in order to 

understand the surface and interfacial phenomena between slag and iron drop in 

steelmaking refining process. 

(1) Other impact factors, for example surface tension gradient and slag phase, will be 

considered in simulations of the adatom movement on the iron surface. 

(2) The molecular dynamic method will be used to investigate the surface velocity and 

surface viscosity in the slag/steel interface. 

(3) The measurement of the surface velocity and surface viscosity will be carried out 

in the present lab by performing X-ray radiographic experiments. 

(4) The bridge between the calculation results acquired by ab initio calculations and 

molecular dynamic simulation and experimental results will be explored. 
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