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Using ab-initio calculations, the interaction of lead adatom on both the clean and doped iron (100) surfaces has
been investigated. The adsorption energies show that the hollow site provides a more stable configuration with
respect to the top and bridge sites, and, in this position, the lead adatom is more energetically favourable than
the iron adatom. On the other hand, lead adsorbed in the hollow site of the iron (100) surface doped with
chromium, provides more stable system than the nickel doped surfaces with an iron atom adsorbed in the same

position. Detailed investigations of inter-layer distances, bonding mechanisms in terms of the projected density of
states, magnetic behaviours, and charge density differences are also presented. Our results give insights in the
role of the doping the interaction between lead adatom and iron surface, and then, this study may be exploited in
the analysis of the corrosion process due to liquid lead.

1. Introduction

Due to their thermo-physical and chemical properties, such as low
melting point, high thermal conductivity, and good chemical stability,
Heavy Liquid Metal (HLM) alloys, as Pb-Bi eutectic (LBE) are promising
materials as primary coolants in the Lead-cooled Fast Reactors (Gen-IV
LFRs) and Accelerator Driven Systems (ADSs) proposed for high-level
radioactive waste transmutation [1-4].

One of key limiting factors for lead-based alloys usage in LFRs is their
high corrosiveness to structural materials, such as ferritic/martensitic
steels (e.g., EP823, T91, etc.) and austenitic stainless steels (e.g.,304,
316 L, 15-15Ti, etc.), when in direct contact. At temperatures below
500 °C, a balanced LBE oxygen concentration enables the formation of a
self-healing Fe-Cr oxide layer above steel surfaces, acting as a barrier at
the lead-steel interface which reduces the corrosion of steel and the
release of corrosion products in the HLM. Above 500 °C the oxide layer
becomes non-protective, and oxidation or dissolution of steel constitu-
ents occur depending on temperature and on oxygen concentration in
the liquid metal [2,5-7].

In the last years, thanks to experience gained from studies in nuclear
power systems, and due to their high thermal conductivity and chemical
stability at temperatures up to 900 °C and above, HLM alloys have also
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been proposed as advanced high-temperature heat transfer fluids for the
next generation of Concentrated Solar Power (CSP) systems to provide
increased overall efficiency at reduced specific costs. To increase effi-
ciency, next generation CSP systems will work at higher temperatures (>
1000 °C) and with higher heat fluxes, for this reason Solar Central
Receiver Systems (CRS) are considered one of the best choices [8-10].
Lead-Bismuth has a calculated thermal efficiency greater than 90 % [11]
and several storage systems, using LBE as storage medium, are investi-
gated to increase the efficiency [12]. However, a technical limit for the
adoption of molten lead as a storage material and heat exchange fluid, is
represented by the poor corrosion resistance of most commercial Ni-rich
high-strength steels, for which a corrosion phenomenon occurs that
preferentially attacks the nickel sites contained in the solid solution in
structural steels [13].

The so-called liquid-metal corrosion (LMC) phenomena have been
investigated in many types of steels in many experimental studies.
However, to explore how the liquid atoms deposit onto the surface, and
how the deposited atoms affect the escape of iron (Fe) atoms from the
steel surface, more detailed knowledge of the atomic-scale physico-
chemical processes should be gained. To this end, in this work, we
investigated in detail the interaction between lead (Pb) atom and the Fe
surface in different configurations using accurate ab-initio
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computations. Moreover, the role of lead, chromium and nickel doping
is also investigated highlighting that the Ni alloying can hinder the
corrosion process due to lead adatom. Although some works have
investigated the alloying effect of several elements including Ni [14,15],
it has not been clearly stated if Ni can have or not a beneficial effect
against the corrosion.

Firstly, we developed a reliable physical model of both Fe-bulk and
Fe(100)-surface. To check the ability of the models to reproduce
experimental data, ab-initio calculations were performed to obtain lat-
tice parameters, bulk modulus, elastic constants, surface energy and the
change of the surface relaxation percentage for the interlayer spacing
perpendicular to the clean Fe(100)-surface. Secondly, based on total
energy calculations, Pb adsorbed surfaces are investigated by comparing
the systems in which a Pb or Fe atom is adsorbed at different sites on the
Fe(100) surface. Then, the role played by alloying elements are analysed
considering the Fe(100) surface doped with Pb, chromium (Cr), or nickel
(Ni) and their effect on the Pb and Fe adatom. For each system the
binding energy evaluation is further checked by measuring the inter-
layer distances and considering the nearest-neighbours analysis.
Finally, for each system, the projected density of state (PDOS) is
examined to understand how the electronic structure, modified by the
composition changes, affects the binding of the adatom. Moreover, the
charge density difference and the magnetic behaviour are calculated and
analysed.

2. Computational details

Ab-initio calculations based on Density-Functional Theory (DFT)
with the Plane-Wave Self-Consistent Field (PWSCF) code were per-
formed using the Quantum ESPRESSO suite [16,17] to accurately
characterize the structural and electronic properties of the systems
under investigation. PWscf performs different kinds of self-consistent
calculations of electronic-structure properties within DFT [18,19]
using a Plane-Wave (PW) basis set and Pseudo-Potentials (PP).

The Vanderbilt ultrasoft pseudopotentials [20-22] were used to
describe the electron-ion interaction while the exchange-correlation
energies were treated with the Perdew-Burke-Ernzerhof (PBE) func-
tional [23] in the generalized gradient approximation (GGA) taking into
account the spin polarization. 16, 14, 14 and 18 electrons were explicitly
considered in the wave functions for Fe, Pb, Cr and Ni, respectively
(semi-core state in valence and scalar relativistic). The electronic wave
functions were expanded in a plane-wave basis set with a kinetic energy
cut-off of 540 eV (the charge density cut-off was ten times greater) and a
k-point mesh of 12 x 12 x 12 Monkhorst-Pack [24] for bulk reference
system was employed. Moreover, a Marzari-Vanderbilt smearing [25]
with a width of 0.04 Ry was used. All the calculations were performed
using the supercell approximation with periodic boundary conditions
(PBC) meant to mimic an infinitely extended system.

Preliminary calculations on pseudopotentials were performed to
optimize the kinetic energy cut-off, the k sampling, and the smearing
width. Total energy, forces and stress were checked with respect to
0.001 Ry/atom, 0.0001 Ry/Bohr and 0.1 Kbar, respectively. The energy
minimization was performed by using conjugate gradient (CG) mini-
mization energy method, with a convergence threshold for self-
consistency of 10”7 Ry. The geometry optimization was performed
using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) quasi-newton al-
gorithm. Ionic relaxation was done when the energy changes between
two consecutive self-consistent field (SCF) steps was less than 1074 Ry,
and the minimal force acting on an atom became less than 5 x 10~ Ry/
Bohr.

The Fe-bulk crystal system is modelled with a 2 x 2 x 2 array of bec
conventional cells (16 atoms). The Fe(100)-surfaces are cleaved from
the crystal structure of bee Fe corresponding to the (100) Miller plane.
Experiments have shown that this is the most likely cleavage plane of
iron [26]. A vacuum space of 15 A is inserted in the z-direction to mimic
a 2D surface. Such distance has been checked to eliminate the iterations
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between mirror images in z-direction due to the PBC [27]. To determine
the number of layers required to reach convergence for the surface ge-
ometry and surface energy, slabs with different number of layers (from 3
up to 15) were modelled. All models used a 2 x 2 crystal unit cell as
surface slab in the supercell, with the lattice parameter ay calculated
from the relaxed bulk system (Ly = Ly = 2 x ap) and employing a 12 x
12 x 1 Monkhorst-Pack k-point mesh. To achieve the semi-infinite
crystal below the surface, all surfaces are optimized by keeping the
bottom three layers of atoms fixed. In the surface systems the dipole
correction [28] calculation in the vacuum region of the supercell was
employed to avoid the artificial electric field associated to the periodic
boundary conditions along the z-direction.

To characterize the surface, the surface energy and the percent
change of the surface relaxation were calculated [29,30]. The surface
energy o is the energy required to cleave a bulk in two, that is the
amount of energy required to create a new surface. This quantity is
extracted considering the Fiorentini and Methfessel formula E}; ; ~ 26 +
nEpy,k, where the total energy of the slab systems, Ej; ;, depends linearly
on the slab thickness (number n of layers) and then ¢ and Ep, can be
extracted from the intercept and slope. Increasing the number of n, the
intercept and then o, tends to an asymptotic value (see the aforemen-
tioned references and the discussion therein). Surface relaxation is
characterized as the percent change A;; of the spacing between layers i
and j versus the equilibrium layer spacing dy.

In addition, the structural analysis of the systems was enriched
inspecting the nearest-neighbours (NNs) of the adatom and the atom in
position S on the surface.

To quantify the energy required to remove a substitutional atom
from a surface, the binding energy, Ej, was calculated as:

E[‘, = E;lab - Eslab+v - E (1)

where Ej, and Egq, 4 , are the energies of the relaxed Fe(100) system
with a substitutional atom, and with one missing Fe atom on the surface,
respectively; and E’ is the total energy of an isolated substitutional atom.
To evaluate the interaction of an added atom (adatom) with the surface,
we calculated the binding energy, E}, by using the following equation:

E} = Egup — Esiap — E° @)
where EJ, is the total energy of the relaxed Fe(100) system with an
adatom on the surface, Egqp is the total energy of the relaxed clean
surface, and E% is the total energy of an isolated adatom. A more negative
binding energy indicates a more favourable structure. To quantify the
energy required to replace one atom of Fe from the surface with an
alloying atom, we calculated the formation energy of a defect AE, that
can be computed by the difference between energy of the system with
and without a defect, as follow:

AE = [E},,(Fe) + E*(Fe)]

- [Eslub + E\] (3)

where Ej , (Fe) is the total energy of the relaxed Fe(100) surface with one
Fe atom substituted by an alloying atom, Egq, and E° are defined as
before. The formation energy of a vacancy on the surface (AE,) was
calculated using the following formula:

AE\’ = EslabJrv - Eslab[(n - 1) /n] (4)

where Egqp, 1 y and Egqp, are defined as before and n is the total number of
atoms in the slab. A deeper analysis of the action of an adatom/alloying
atom on the surface was made calculating the projected density of states
(PDOS) of the bulk iron, Fe(100) surface and several adatom/alloying
atom on Fe(100) surfaces. The electron charge density (p), the difference
of the spin-up and -down electron charge densities, i.e. the spin polari-
zation, (pyp — Pdown), and the electron charge densities difference of the
adatom + Fe(100) systems (psiab + ada — Psiab — Pada) Were calculated,
where the separated systems are kept in the same frozen geometry as the



S. Giusepponi et al.

whole system.

3. Bulk and surface model

To ensure the reliability of the model, the lattice parameters, the bulk
modulus and elastic constants of crystalline Fe were determined by
performing total energy calculations of a 2 x 2 x 2 array bcc conven-
tional cells. Considering the trend of the total energy curve with respect
to the side dimension and to the volume of the supercell, the following
values of the equilibrium lattice parameter, ag, and bulk modulus, B,
have been derived: ag = 2.866 A (eight first NNs (1NNs) at ao\/ 3/2 =
2.482 A and six second NNs (2NNs) at ag) and B = 166 GPa. Repeating
the calculations with a denser k-point mesh (16 x 16 x 16), the same
numerical values were obtained. According to the method proposed by
Mehl et al. [31], we calculated the following set of elastic constants for
bulk iron: C;; = 224 GPa, Cy5 = 137 GPa, and C44 = 89 GPa. These
values clearly satisfy the mechanical stability criterion for the cubic
structure, (C11 — C12) > 0, (C11 + 2C12) > 0, C11 > 0 and Cqq > 0. The
calculated values are consistent with experimental [32,33] and nu-
merical [34-37] results as reported in Table 1. We also calculated the
PDOS for the bulk iron in agreement with other numerical results [38,
39]. We found that the ground state is ferromagnetic with total
magnetization of 2.45 pB /atom.

For the relaxed Fe(100) clean surface we calculated the surface en-
ergy per unit area, y = 6/2A, where A is the area of the surface unit cell,
while the factor of half arises from the 2 free surfaces of the slab; the
obtained value, y = 2.31 J/m?, is in good agreement with other theo-
retical works [35,39-41]. The energetic evaluation is further checked by
calculating the binding energy of an Fe atom on the surface Ej(Fe) =
—5.02 (Eq. (1)), and the formation energy of a vacancy on the surface,
AE, = 0.90 eV [42] (Eq. (4)).

For this system we evaluated the surface relaxation calculating the
percentage change in inter-layer distances, Ajj, along the direction
perpendicular to the surface of systems with an increasing number of
layers (from 3 to 15). Aj; = (djj-do)/do, where dj; is the distance between
the i and jth atomic layers after structure relaxation, and dg is the
interplanar spacing in the bulk, (for the Fe(100) surface dy = ap/2 =
1.433 A). A positive value of A;; indicates an expansion, or upwards
movement (towards the surface), whereas a negative value indicates a
contraction, or downwards displacement (towards the bulk). The results
show that a good trade-off between reliable results and computational
resources is provided by the Fe(100) surface with 9 layers (36 Fe atoms)
for which we found A1y = —3.5 %, Aoz = 2.2 %, Azq = 0.65 %, and Ays
= 0.13 % (see Table 2 and Fig. SM1a). Indeed, these results are in very
good agreement with experimental data [43,44] and theoretical [39,41,
45] studies based on different DFT functionals. Similar expansion-
s/contractions sequences were observed without any significant varia-
tions for systems with higher number of layers. Therefore, in the
remaining of the present work, the 9 layers slab is used to model the Fe
(100) surface. Inspecting the nearest-neighbours of the iron atom on the
relaxed surface (see atom in position S in Fig. SM2), it was found that
there are four 1NNs at 2.45 A, five 2NNs at 2.86 A and eight third NNs
(3NNs) at 4.04 A. As expected, due to reduced coordination on the

Table 1

Calculated values of the lattice parameter a,, bulk modulus B and elastic con-
stants Cy1, C12 and Cy4, compared with experimental [32,33] and numerical
[34-36] results.

g B Cn Ci2 Caq

(A) (GPa) (GPa) (GPa) (GPa)
This work 2.866 166 224 137 89
Exp. Ref. [32] 2.866 166 229 134 115
Exp. Ref. [33] 170 240 136 121
Num. Ref. [34] 2.864 173 243 138 122
Num. Ref. [35] 2.831 178 247 143 105
Num. Ref. [36] 2.842 191 274 149 97
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Table 2
Percentage change Aj; in interlayer spacing for clean surface Fe(100) and for
clean surface with a vacancy Fe(100)y,c.

Fe(100) Fe(100)yac
A1z (%) -35 6.4
Az (%) 2.2 2.3
Asq (%) 0.65 0.22
Ays (%) 0.13 0.12

surface, the magnetic state of the system was modified, and the total
magnetization of the clean surface is increased from 2.45 (bulk) to 2.65
pB/atom. Moreover, the performed calculations for denser k-point mesh
16 x 16 x 1, given small values of the uncertainty for both the surface
energy (< 0.5 mJ/m?) and relaxation geometries (< 0.1 %). These
agreements demonstrate the reliability of our DFT calculations for the
surface.

Taking this as reference model, we calculated the Ajj for the system
Fe(100)y,c with one vacancy on the surface. In this case we found: A1y =
—6.4 %, Agz = 2.3 %, Ass = 0.22 %, and Ags = 0.12 % (Fig. SM1b).
These values exhibit that a greater contraction of the outer layer occurs
with respect to the clean surface. However, the total magnetization of
the surface with and without a vacancy is 2.64 uB /atom, almost the
same of the clean surface.

4. Energetic and structural analysis of the clean/doped Fe(100)
surfaces plus Pb/Fe adatom

4.1. Clean Fe(100) surface plus adatom

To investigate the interaction between lead and the iron surface,
using a 9-layers Fe(100) surface as reference model, we studied two
systems, indicated as Fe(1 00)Pb and Fe(lOO)Fe, in which a Pb adatom
and a Fe adatom is adsorbed on the surface, respectively. To this end,
three different high-symmetry adsorption sites were considered for the
Pb and Fe adatom: on top (T) site directly above a Fe atom, on bridge (B)
site between two Fe atoms, and in hollow (H) site in the centre of Fe
atoms (see Fig. SM2). Using Eq. (2) we calculated the binding energies of
each system. Since a more negative binding energy implies a more
favourable structure, the results, reported in Table 3, indicate that Pb
and Fe atoms can be stably adsorbed on Fe surface from the liquid phase,
and Pb is more stable than Fe. Moreover, for both Fe(lOO)Pb and Fe
(100)Fe, is Ef(H) < Ej(B) < E{(T) < 0. Therefore, the hollow adsorption
site represents the most stable configuration, followed by the bridge and
top sites. Others numerical calculations report the same stability order
for both Pb adatom and for S adatom [14,15,46].

For the six configurations, we calculated the surface relaxation per-
centage for the interlayer spacing perpendicular to the surface, A (see
Fig. SM3 panels a, b, c for Pb adatom and panels d, e, f for Fe adatom). In

Table 3

Calculated values of the binding energy of the Fe(100) surface with Pb and Fe
adatom on three different adsorption sites: top (T), bridge (B) and hollow (H);
surface relaxation percentage for the interlayer spacing perpendicular to Fe
(100) surface; distances of the Pb and Fe adatoms from the underlying surface;
and number (in bold) and distances of the 1NN and 2NN atoms.

Fe(100)"" Fe(100)"®

T B H T B H
E} (eV) —2.83 —3.14 —-3.73 -1.68 —2.51 -3.61
A (%) -1.9 2.7 -15 —0.04 —2.4 ~0.30
Agz (%) 1.7 2.2 1.3 1.4 2.0 1.1
Azq (%) 0.79 0.80 0.79 1.1 0.85 0.52
Ass (%)  0.28 0.37 0.17 0.43 0.40 0.42
dist. (&)  2.42 2.07 1.77 2.08 1.53 1.26
INN (&) 1(252) 2(265 4(278) 1(215) 2(225) 4(2.39)
2NN (A) 4(3.71) 2(3.70) 1(3.11) 4(3.50) 2(3.21) 1(2.69)
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all cases we found the first layer contracts, while the inner layers
expand, and the magnitude of the relaxation is bigger for the first inter-
layer. Comparing these results with those calculated for the clean Fe
(100) (Table 2), we can see the same contraction/expansion sequence
occurs. However, the magnitude of the A5 and A3 of the six adatom
systems tends to be less than the corresponding interlayers of the clean
Fe(100) surface, while variations of the remaining interlayers show
slightly higher values. All the A,z values of Fe(100) are slightly smaller
than those of Fe(lOO)Pb. Moreover, we calculated the distance of the
adatom from the surface (computed by averaging the heights z of surface
atoms, this procedure is always considered hereafter in this work).

As show in Table 3, dist.(T) > dist.(B) > dist.(H) and the Pb values
are higher than the corresponding ones for Fe adatom. This is likely due
to the larger atomic radius of Pb with respect to Fe.

As a further analysis, we inspected the number and distance of the
1NNs and the 2NNs of the adatoms for Fe(1 00)Pb and Fe(100)F¢ systems.
As reported in the Table 3, we found that at the T site, both the adatoms
have one 1NN and four 2NNs atoms; at B site the adatom in the two cases
has two 1NNs atoms, and two 2NNs atoms; at H site there are four 1NNs
and one 2NN atoms.

For the systems with adatom in H site we analysed the surrounding
environment of the atom in substitutional S position. When the Pb
adatom is in H site, the Fe atom in position S on the surface has four
1NNs at mean distance of 2.47 A and six 2NNs at mean distance of 2.85 A
(the Pb adatom at 2.78 f\, two Fe at 2.69 f\, one Fe at 2.86 A and two Fe
at 3.03 A). When the Fe adatom is in H site, the Fe atom in position S on
the surface has five 1NNs at mean distance of 2.46 A (the Fe adatom at
2.39 10\, and four Fe at 2.48 10\) and five 2NNs at 2.86 A.

4.2. Doped Fe(100) surfaces and doped Fe(100) surfaces plus adatom

In the following, we examine the role of the major alloying elements
in steel in doping iron. We considered the three completely relaxed
systems in which one (in position S) of the Fe-surface atoms is replaced
with a lead (Pb), chromium (Cr), or nickel (Ni) atom. In panels a;, by,
and c; of Fig. SM4, the fully optimized Fe(100)pp, Fe(100)c;, and Fe
(100)y; surfaces are shown and in Table 4 results are reported, respec-
tively. To evaluate the energy required to substitute one Fe-surface atom
with an atom of Pb, Cr or Ni, the change in the total energy, AE, due to
the formation of a defect was calculated (Eq. (3)). We found AE (Pb) =
0.11 eV, AE (Cr) = 0.90 eV, and AE (Ni) = —0.26 eV. Based on these
results it should be noted that the Fe(100) surface doped with Ni atom is
the only energetically favourable process, while the doping with a Cr or
Pb atom requires energy to be provided, especially for Cr.

Using the Eq. (1) we calculated the following values of the binding
energy of each substitutional atom on the surface: E; (Pb) = —4.91 eV, Ej
(Cr) = —4.12 eV, and E} (Ni) = —5.28 eV. These results show that the
energy required to remove a Pb, or Cr atom from the surface is slightly
lower than the corresponding one for Fe atom on the clean Fe(100)
surface (E} (Fe)= —5.02 eV), while is slightly higher in the case of Ni
atom.

Table 4
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The comparison between the interlayer percentage relaxation of
doped Fe(100) surfaces (Table 4) and the clean Fe(100) surface (Table 3)
shows significant differences for the top interlayer variations, and slight
differences for the underlying layers variations, especially in case of Fe
(100)pp (the mean z position of the atoms on the surface were consid-
ered). App contracts in both Fe(100)¢, and Fe(100)y;, while expands in
Fe(100)pp. Indeed, the larger dimension of the Pb atom, compared to the
Fe atom, entails a change in the shape of the outer layer, this induces a
sharp variation in the percent change of the surface relaxation.

The variations in the number and distances of the 1NNs and 2NNs of
the doped atom on the Fe(100)¢, and Fe(100)y; surfaces remain almost
unvaried compared to those observed for the atom in position S on the
clean Fe(100) surface for which there are four 1NNs at 2.45 A and five
2NNs at 2.86 A. Indeed, Cr atom on Fe(100)c; presents four 1NNs at
2.47 A and five 2NNs at 2.86 ;\, while Ni atom on Fe(100)y; has four
1NNs at 2.41 A and five 2NNs: one at 2.78 A and four at 2.86 A. The Cr
atom is slightly outward from the surface, whereas the Ni atom slightly
inward (see panels b; and c; in Fig. SM4). In contrast, Fe(100)pp, presents
the distances of 1NNs and 2NNs atoms stretched with eight 1NNs atoms
at a mean distance of 2.94 A (four atoms at 2.92 A and four atoms at
2.95 10\), and only one 2NN at 3.59 A (panels a; in Fig. SM4).

The energetic and structural characterizations of doped Fe(100)
systems with a Pb or Fe adatom in the hollow site were investigated. The
results are reported in Table 4. For both Fe(100)p, and Fe(100)¢, we
found E® < Ef* which means that for these systems the Pb adatom
provides a more stable configuration than Fe adatom. However, for both
the adatoms, the Fe(100)c; surface exhibits more negative binding en-
ergies than those of Fe(100)pp, with values close to the corresponding
ones of the clean Fe(100) surface (see Table 3). Therefore, the Fe and Pb
adatom adsorption is more stable on Fe(100)¢, than on Fe(100)py,. For
the Fe(100)y; surface we found E;¢ < Ef?, keeping the system with the Fe
adatom more stable than that with the Pb adatom.

With respect to the clean Fe(100) surface plus Pb(Fe) adatom in H
site, the relaxed Fe(100)p;, surface with Pb(Fe) adatom exhibits an in-
crease of both Ay, and Ajs, this effect is due to the larger dimension of
the Pb atom compared to the Fe atom. As for the Fe(100)¢, and Fe(100)y;
surfaces, in which the doping causes a contraction of the outer interlayer
of the slabs, also for the systems with adatoms this effect is kept. For Fe
(100)¢; and Fe(100)y; plus Pb(Fe) adatom we found that App is —2.7
(—1.3)% and —3.0(—0.89)%, respectively. These values exhibit an in-
crease of the outer layer contraction compared to that of the Fe(100)
surface with Pb(Fe) adatom in H site, for which is Aj; = —1.5(—0.3)%.
The remaining Aj;, as well as the distances of the adatoms from the
underlying slab, with changes less than ~0.1 A, show slight variations
with respect to the Fe(100) plus adatom.

In Table 4, the number, and the mean distances of the NNs from
adatom are reported. For all the six systems, the Pb(Fe) adatom has four
1NNs and one 2NN, as for the Fe(100) clean surface with Pb(Fe) adatom
in H site. With regard to the environment of the substituted atom on the
surface, in the Fe(100)c, with Pb adatom, Cr atom has four 1NNs at a
mean distance of 2.48 A, six 2NNs in the range of 2.70 - 3.02 A at a mean

Calculated values of the binding energy E; of the Pb/Fe adatom in the hollow (H) site on the three different surfaces doped with Pb [Fe(100)p], Cr [Fe(100)¢;], and Ni
[Fe(100);]. Surface relaxation percentage, Aj; for the interlayer spacing with and without Pb/Fe adatom. Distances of the Pb/Fe adatom from the underlying surface

(in bold), number and distances of the 1NN and the 2NN atoms.

Fe(100)pp Fe(100)c, Fe(100)y;
Adatom Pb Fe Pb Fe Pb Fe
Ej (eV) -3.19 -2.99 —3.69 -3.63 —3.46 —3.68
A1 (%) 7.9 9.2 11.8 —4.5 —-2.7 -1.3 —4.6 -3.0 —-0.89
Aoz (%) 1.9 2.3 1.5 1.9 1.5 0.42 2.1 0.39 1.4
Asq (%) 0.52 0.68 0.38 0.26 0.78 0.07 0.31 —0.68 0.50
Ags (%) 0.46 0.82 0.44 —0.05 0.44 —-0.07 0.03 —0.93 0.61
dist.(A) 1.88 1.16 1.81 1.26 1.73 1.24
1INN(A) 4(2.90) 4(2.44) 4(2.81) 4(2.40) 4(2.77) 4(2.40)
2NN(A) 1(3.44) 1(2.74) 1(3.12) 1(2.67) 1(3.04) 1(2.64)
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distance of 2.87 1?\, and with the Pb adatom at 2.89 A. In the Fe(100)c,
with Fe atom the Cr has five 1NNs in the range of 2.38 - 2.51 A atamean
distance 2.46 Io\, and with the Fe adatom at 2.38 A and five 2NNs at a
mean distance 2.86 A. In the Fe(100)y; systems with Pb adatom, Ni atom
has four 1NNs at a mean distance 2.44 A and six 2NNs in the range of
2.62 - 3.10 A at a mean distance of 2.82 A and with the Pb adatom at
2.67 f\; in the Fe(100)y; systems with Fe adatom, Ni atom has five 1NNs
in the range of 2.34 - 2.45 A at a mean distance 2.42 A and with the Fe
adatom at 2.34 A and five 2NNs at a mean distance 2.82 A.

Due to the size of the Pb atom, the analysis of the Fe(100)p}, surfaces
is more complex. The Pb atom on the surface has nine 1NNs in the range
of 2.83 - 3.09 A at a mean distance of 2.96 [D\, two 2NNs at a mean
distance of 3.76 [o\, and with the Pb adatom at 3.04 A. Similar results are
found for the Fe adatom. The Pb atom on the surface has nine 1NNs at
mean distance 2.94 A and two 2NNs at mean distance 3.76 ;\, but in this
case the 1NN varies in the range of 2.64 - 3.13 A, while the Fe adatom is
at 2.64 A.

5. Electronic structure of the clean/doped Fe(100) surfaces plus
Pb/Fe adatom

5.1. Clean Fe(100) surface plus adatom

Since the bond strengths of adatom can be correlated to the local
density of PDOS at the Fermi level and to the number of empty states in
p-bands [47,48], we analysed the PDOS of both Pb and Fe adatoms on T
(Fig. SMba and Fig. SM6a), B (Fig. SM5b and Fig. SM6b), and H
adsorption sites (Figs. 1a and b) in order to compare the bond strengths
of adatom on the Fe(100) iron surface. In our analysis we considered
that the surface d-orbitals coupling gives trends in bonds energy and
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contributes to the bonding geometry [49]. The vanishing of the
spin-down component of Pb’s d-orbitals at the Fermi level in the H po-
sition (Fig. 1a; binding energy —3.73 eV) agrees with the fact that the
adsorption in H is stronger than that at the top and bridge sites
(Fig. SM5a, b; binding energy —2.83 eV and —3.14 eV, respectively) for
which PDOS (Eg) is non-zero for both spin components, and therefore
the systems are more reactive. The electron charge rearrangement is
shown on the top of each panel in Fig. 1 and Fig. SM5. It is possible to
observe that in the more stable configuration (H site), Pb adatom max-
imizes its number of bonds forming four bonds with iron surface, while
Pb adatom in T and B sites, forms one and two bonds, respectively
(Table 3). All the isosurfaces shown in the following figures (Figs. 1 and
3 and Figs. SM5-SM8) correspond to 10 % of the maximum value of the
featured field.

PDOS(Ey) of Fe adatom d-orbitals has a peak for the T configuration
(Fig. SM6a), this implies high reactivity and low stability. Indeed, the
binding energy reaches its highest value (—1.68 eV), i.e. Fe adatom in T
configuration compared to Fe adatom in H configuration is less bound of
—1.93 eV. On the other hand, PDOS(EF) of Fe adatom in H site (Fig. 1b)
is very low, so that the surface is more stable and the adatom has the
lowest binding energy (—3.61 eV). However, for the system with Fe-
adatom on B site (Fig. SM6b), both the PDOS(EF) of d-orbitals, and the
binding energy, present intermediate values between those for T and H
sites.

The s- and p-orbitals of Fe adatom are low in energy, and the
coupling to the orbitals from the surface atoms gives a strong contri-
bution to the total bond energy and a lesser contribution to the trends
from one configuration to the next [50].

The charge density difference, reported on the top of each panel of
Fig. 1b and Fig. SM6, shows that, in the H configuration, electrons

b) Fe(100) + Fe in H site
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Fig. 1. Projected density of states of Pb (a) and Fe (b) adsorption on Fe(100) surface in hollow site. Dashed and dotted lines are used for s-, p- and d-orbitals, and
black, blue and red lines indicate Fe atom, adatom and substituting atom (or Fe atom to be substituted), respectively. On the top of each panel the corresponding
difference of charge density (on the left) and spin polarization (on the right) are shown (positive (negative) values are in red (blue), yellow is for only positive values).
The isosurface values are set to 0.0015 e for the difference of charge density and to 0.12 e for the spin polarization.
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rearrange to form four bonds between the Fe adatom and the four 1NNs
Fe atoms, tending to recover the eight-fold coordination of Fe atoms in
the bulk iron. In the T and B configurations, electron charge redistributes
around the Fe adatom to form one and two bonds with the 1NNs Fe atom
(s), respectively.

5.2. Doped Fe(100) surfaces and doped Fe(100) surfaces plus adatom

To analyse the PDOS of both Fe and Pb adatoms adsorbed on doped
iron surface, we firstly compared the PDOS of the clean and doped iron
surfaces. As shown in Fig. 2a the contribution to the total DOS of the top
layer Fe atom in S position is separated from the others. This Fe atom is
substituted by Pb, Cr or Ni atoms in the doped surfaces.

The PDOS of substitutional Pb is very low, the contributions from s-
and p-orbitals at Fermi level replace the contributions from substituted
Fe atom d-orbitals (Fig. 2b). The p-shell of Pb is full and the s- and p-
orbitals of Pb are not as reactive as d-orbitals of Fe. Therefore, the sur-
face reactivity decreases when Fe is substituted with Pb. Indeed, the
binding energy of Fe (Pb) adatom increases from —3.61 (—3.73) to
—2.99 (—3.19) eV with respect to adsorption on clean surface. The PDOS
(Ep) not zero for Fe (Pb) adatom, indicates the reactivity of the adatom
(Fig. SM7). The intensity of PDOS at Fermi level for substitutional Cr is
comparable with that of the substituted Fe atom (Fig. 2c). The main
difference is that spin-up and spin-down states are inverted, and this is
evidenced by the anti-ferromagnetism of substitutional Cr. Therefore, Cr
doping does not change the surface reactivity of iron. Indeed, the PDOSs
and the binding energies of Fe(Pb) adatom on Fe(100)c; and clean Fe
(100) are similar (Fig. SM8).

PDOS of Fe(100)y; is shown in Fig. 2d where we observe that PDOS
(Ep) for substitutional Ni atom is increased, while the number of empty
p-states is decreased with respect to substituted Fe. In this way the
surface reactivity is increased. Nonetheless, when Fe atom is adsorbed
on Fe(100)n;, PDOSs of substitutional Ni and Fe adatom, shown in
Fig. 3a, are resonant at Fermi level so that the surface is stabilized.
Therefore, the binding energy of Fe adatom decreases from —3.61 to
—3.68 eV after Ni doping. The PDOS of Pb adatom on Fe(100)y;, shown
in Fig. 3b, is quite low around Fermi level and not resonant. The reactive
Ni doped surface is not stabilized by low reactive Pb adatom s- and p-
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orbitals and it remains more reactive than clean surface. This agrees
with the binding energy value (—3.46 eV) calculated for the Pb adatom
adsorbed on Fe(100)y; that is greater than that of the Fe(100)py, (—3.73
eV).

The total magnetization of the Ni, Cr and Pb doped surface is 2.59,
2.43 and 2.55 pB /atom, respectively. By analysing the spin polarization
(top of Figs. 3, SM7 and SM8), it can be observed that the large decrease
of magnetization for Cr doping (with respect to the total magnetization
of 2.65 pB /atom for clean surface) is due to the anti-ferromagnetic
behaviour of Cr, while Pb atom is not magnetic, and Ni atom is ferro-
magnetic. Indeed, the spin polarization of Pb is very low, and Ni has spin
polarization lower than Fe atoms.

The spin polarization of Fe(Pb) adatom in the hollow site of the clean
Fe(100) surface is 3.09 (—0.43) e (where e is the electron charge), while
if Fe (Pb) atom is adsorbed on the hollow site of the Fe(100) surface
doped with Ni, Pb, or Cr, is 3.18 (—0.36) e, 3.07 (—0.30) e and 2.93
(—0.33) e, respectively. Therefore, the effect of doping on adatom’s
magnetism is quite small.

6. Conclusions

Based on the first-principles calculations, we investigated the inter-
action between Pb adatom and the Fe(100) surface in different config-
urations. The results show that the hollow (H) site provides the most
stable configurations of adsorbed Pb and Fe adatom on the clean Fe(100)
surface, and that Fe(lOO)Pb is always more stable than Fe(100)" (the E}
values indicate that is more energetically favourable to have a Pb ada-
tom on the iron surface rather than continue the slab with a Fe adatom).
Moreover, in H position the adatom has the highest number of 1NNs at
the lowest distances (in this configuration the adatom interacts with
more atoms).

In addition, we found that, while the doping of the Fe(100) surface
with Ni atom is an energetically favourable process (AE < 0) and with
the highest energy to remove it from the surface (the lowest E}). On the
contrary, the doping with Cr or Pb atom requires energy to be provided
and these atoms are less bonded from the surface. Moreover, the Ni
doping changes the order of the more stable adatom, since in the Fe
(100)y; the Fe adatom (E; = —3.68 €V) is more bonded than the Pb one

PDOS (states/eV)

Fig. 2. Projected density of states of the clean and doped iron surfaces: Fe(100) (a), Fe(100)p}, (b), Fe(100)c, (c), and Fe(100)y; (d).
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Fig. 3. Projected density of states of Fe (a) and Pb (b) adsorption in hollow site on Ni-doped Iron surface. Dashed and dotted lines are used for s-, p- and d-orbitals,
and black, blue and red lines indicate Fe atom, adatom and substituting atom (or Fe atom to be substituted), respectively. On the top of each panel the corresponding
difference of charge density (on the left) and spin polarization (on the right) are shown (positive (negative) values are in red (blue), yellow is for only positive values).
The isosurface values are set to 0.004 and 0.002 e in a) and b), respectively, for the difference of charge density and to 0.12 e for the spin polarization.

(El = —3.46 eV). The evaluations of the percentage change in inter-layer
distances along the z-direction of the surface indicate that no significant
differences were observed between the Ajj of Fe(100) doped with Cr or
Ni, and the corresponding one of the clean Fe(100) surface. However,
the presence of the alloying element causes an increase of ~ 1 % in the
contraction of the outer layer with respect to the that observed for the
clean Fe(100) surface. This is not true for Pb doping, in which there is an
expansion of the external atoms (A13 = 7.9 %) and an expansion of the
fourth layer, A4s = +0.46 %. The same trend is observed in the nearest
neighbours analysis. An iron atom on the Fe(100) surface has four INN
at 2.45 A and five 2NN at 2.86 A. These values are slightly changed in
the Cr/Ni doping. In the former case the distance of the 1NN atoms is
elongated to 2.47 A in fact the Cr atom is above the iron surface. In the
latter case the 1NN atoms are at 2.41 A from the Ni atom, which is
slightly lower than iron surface. On the contrary, the Pb substitution
produces an increase of the number (eight) and distance (2.94 /0\) of the
INNs. Then, regarding the structural analysis, the presence of lead
produces more evident deformation compared to the chromium and
nickel doping.

The analysis of the PDOS of both Pb and Fe adatoms on T, B, and H
adsorption sites of the clean Fe(100) surface has shown that the PDOS
features at the Fermi energy capture the trends of the binding energy on
the different adsorption sites, while the charge density difference agrees
with the formation of bonds and the number of first-nearest neighbours.

For the doped iron surfaces, we found that the surface with substi-
tutional Pb is less reactive than the clean surface, indeed the s- and p-
orbitals at Fermi level of substitutional Pb are less reactive than d-or-
bitals of Fe. Moreover, the Cr doping does not change the surface
reactivity of iron intensity, indeed the PDOS at Fermi level for substi-
tutional Cr is found comparable with that of the substituted Fe atom,
with the main difference that the spin-up and the spin-down states are

inverted.

In contrast the PDOS(Eg), and the surface reactivity of Fe(100)y; are
increased. Indeed, for the system with Fe (Pb) adatom adsorbed on the
Fe(100)y;, the analysis of the PDOS around Fermi level shows that the
reactive d-orbitals of the substitutional Ni are stabilized by the Fe ada-
tom and not stabilized by the Pb adatom. All these results agree with the
trends of the binding energy. The analysis of spin polarization shows
that the doping with Cr, Ni or Pb does not affect the magnetism of Fe
(Pb) adatom on the Fe(100) surface.

In conclusion, lessons learnt are the following: the preferred position
for the adatom is in the hollow site; Pb atoms produce larger structural
distortions than Cr/Ni alloying; the Ni doping, that is energetically
favourable, can hinder the corrosion process due to lead interactions.
Indeed, the Fe adatom forms the most stable bond on the Ni doped
surface.
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