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a  b  s  t  r  a  c  t

Se  adsorption  on  Fe(1  0  0)  and  (1  1 1) surfaces  is  examined  using  the  density  functional  theory  (DFT).
Selenium  is  adsorbed  in  a distorted  bridge  on the  (1 1  1)  surface  while  in the  (1 0  0)  surface  it prefers  a
4-fold  hollow  site,  with  energies  of −10.36 and  −5.25  eV,  respectively.  Se  adsorption  results  in  surface
reconstruction.  There  is  some  contraction  in the  case  of the  (1  0 0)  plane  for  1/4 and  1/2  ML coverage  and
some  relaxation  at 1 ML  (4.5%).  Contraction  increases  to  15%  for the  (1  1 1)  plane  at  ¼  ML.  At  a higher
coverage,  there  is a  non-regular  movement  of surface  metal  atoms,  and  there  is almost  no  change  at 1
ML. The  magnetic  moment  for surface  Fe  atoms  decreases  with  coverage.  The  most  important  changes
lectronic structure
agnetic properties

urface reconstruction
elenium

are  in  the  (1 0  0)  plane,  followed  by the  (1  1 0)  and then  the  (1 1 1) planes  with  a  reduction  of  52%,  24%
and 7%  respectively.

The  density  of  states  presents  a contribution  of Se  states  at −5.0  and  −13.1 eV, when  stabilized  after
adsorption.  The  Fe–Fe  bond  weakening  is  higher  in  the  (1 0 0) plane.  Fe–Se  bonds  are  formed  at  the
expense  of the  metallic  bond.
. Introduction

With the fast development of wireless communication appli-
ations and the widespread use of microwave devices over the
–4 GHz range, the emerging hazards of microwaves and electri-
al equipment on human health have earned the interest of many
esearchers. Electromagnetic interference (EMI) shielding offers an
ffective way to solve the problem. Therefore, the manufactur-
ng of absorbing/shielding materials will efficiently overcome the
bove mentioned problems. Incident microwaves are attenuated
hanks to these materials and the microwaves reflected become

uch weaker as compared to the incident waves reflected from
raditional shielding materials. At present, the absorbent is the key
actor dominating absorbing and shielding properties [1]. FeSiAl
lloys, soft metallic magnetic materials, have been extensively used
s absorbing materials due to high saturation magnetization values
nd Snoek′s limit at gigahertz (GHz) frequency ranges.
Fe–Si–Al alloys are also known as silicon steels. This type of
teel is tailored to produce certain magnetic properties, such as

 small hysteresis loop area and high permeability, as it is used for
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©  2014  Elsevier  B.V.  All  rights  reserved.

transformer cores and for electrical motor stator and rotor com-
ponents. The microstructure of the steel consists of �-Fe grains
(ferritic bcc structure) with some inclusions, depending on the
composition [2]. Impurity elements in the steel, though added in
very small concentrations, have a great effect on the final proper-
ties of the steel, and many of these are not thoroughly understood
yet [3]. Fe planes in FeSiAl (D03 structure) have some similari-
ties with bcc Fe surfaces. Fe3A11−x Six alloys present (1 0 0) single
planes formed only by Fe atoms where the Fe–Fe distance decrease
from 2.48 to 2.42 Å when Si content increases [4]. The closer Fe–Fe
distance in bcc structure is 2.47 Å [5].

It has been shown that a small addition of Se improves the tex-
ture and magnetic shielding properties of the FeSi alloys [6]. Se is a
surface-active element that segregates to free surfaces at elevated
temperatures (above 850 ◦C). X-ray photoelectron spectroscopy
(XPS) studies show a correlation between Si and Se segregation in
the form of co-segregation. No chemical bonding between the two
elements has been observed in previous XPS studies [7]. Se also has
a crucial effect on surface reconstruction and recrystallization as
well as on the grain growth of individual crystal grains in the alloy.

Upon surface segregation, roof-top-like morphologies form in the
grains with observable amounts of Se segregated species.

Experimental data on Se adsorption is rather scarce while some
data on sulphur are available. S surface structures – chemically

dx.doi.org/10.1016/j.apsusc.2014.07.131
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.07.131&domain=pdf
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imilar to Se – were experimentally determined on Fe by low
lectron energy diffraction (LEED) [8]. Spencer et al. examined
he adsorption of atomic S on Fe(1 1 0) using density functional
heory (DFT). They found that the hollow site with a relatively

inor surface reconstruction was the most stable location for S
9]. The adsorption of atomic sulfur at different coverages on the
e(1 1 0) surface was also examined using DFT in order to ana-
yze the effect of adsorbate–adsorbate interactions [10,11]. The
uthors found that the bonding goes from being S–Fe dominated
t low coverages to being S–S dominated at higher coverages

here S atoms are located closer together on the surface and

nteract with each other [8]. Nelson et al. studied the effect
f Fe(1 0 0) using DFT calculations [12]. S is found to adsorb

ig. 1. Schematic top view of adsorption sites for the Fe(1 0 0) surface (a) and for the (1 1 1
urfaces.

able 1
tomic plane relaxation [�ij = (dij − d)/d], where dij is the distance between the ith and jt
urface energy per unit area � (J/m2). Magnetic moment (in �B) per Fe atom in the top at
nit  cell and AFe = (3/16�)a2 is the cross-sectional area of a hard ball representing a Fe ato

Surface (1 0 0) 

Clean 1/4 ML  1/2 ML  1 ML  

� 2.45
2.471

– – – 

�12 −5.4
−3.61

−5 ± 22

(−1.7, −2.0) −2.9 4.5 

�B 2.95
2.951

2.77 2.36 1.42 

Sr 1.72
1.701

– – – 

Ref. [41].
Ref. [39].
Ref. [40].
Ref. [44].
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mainly at hollow sites on the isolated surface in agreement with
experiment.

Recently, DFT theoretical studies of elements belonging to the
same group of Se and other atoms adsorbed on Fe surfaces was
published [13–16]. Also, Ç akmak et al. investigated the adsorption
of Se on Si (0 0 1) [17].

Nakanishi and Horiguchi performed an experimental study of Se
adsorption on bcc Fe(1 0 0) by LEED, Auger electron spectroscopy
(AES), and work function changes (WFC). At 520 K they reported
a p(1 × 1) structure of up to 0.1 ML,  that changed to c(2 × 2) at a

higher coverage [18].

To the best of our knowledge, there are only a few theoreti-
cal studies of Se adsorption on Fe surfaces. Anderson studied the

) plane (c). Top view of the most stable adsorption site for (1 0 0) (b) and (1 1 1) (d)

h surface plane and d = dhkl is the interplanar spacing in bulk (in % of bulk spacing).
omic layer and surface roughness (Sr = A2D/AFe, where A2D is the area of the surface
m in the bcc structure.).

(1 1 1)

Clean 1/4 ML  1/2 ML 1 ML

2.61
2.581

– – -

−26.9
−17.71

−29 ± 73

(−6.7, −14.9) −11.5, 14.7 1.0

2.75
2.811

2.734

2.71 2.68 2.56

2.95
2.941

– – –
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ig. 2. Schematic top view of Se coverage on the Fe(1 0 0) surface: 1/4 ML  (a); 1/2 

d);  1/2 ML (e), and 1 ML  (f).

dsorption of Se, S, and acetylene on Fe and Ni (1 0 0) surfaces [19].
onzalez et al. by performing DFT calculations found Se located
n a long-bridge site on Fe(1 1 0) at low coverage [20]. They also
eported that the Se caused an ordered reconstruction and relax-
tion of the Fe surface.

The aim of the present work is to analyze the adsorption of Se
n two low index bcc Fe surfaces: (1 0 0) and (1 1 1) and to compare

ith previous calculations on (1 1 0). We  also computed changes
n surface geometry, magnetic moment, electronic structure, and
onding after Se adsorption.

. Theory and models
.1. Computational details

Calculations were performed using the density functional
heory (DFT) as implemented in the VASP code [21–23].

ig. 3. Total DOS curves (a); projected DOS for a Fe1 atom (b), for a Fe2 atom (c), and for th
tom (c), and for the Fe(1 1 1) surface.
), and 1 ML (c). Schematic top view of Se coverage on the Fe(1 1 1) surface: 1/4 ML

Exchange and correlation energies were calculated with the
Perdew–Burke–Ernzerhof form of the spin-polarized generalized
gradient approximation (GGA-PBE) [24]. Spin polarization and non-
linear core corrections were included in Fe system calculations so
as to correctly account for its magnetic properties [25]. Spin polar-
ization has been shown to have a major effect on the adsorption
energies of magnetic systems and may alter the topology of poten-
tial energy surfaces [26]. The electron–ionic core interaction was
represented by ultrasoft pseudopotentials [27]. A plane-wave basis
with an energy cutoff of 330 eV was  used to expand electronic
wave functions. Brillouin zone integrations were performed on a
special k-point mesh generated by the Monkhorst–Pack scheme
(12 × 12 × 12 in bulk) [28]. In order to accelerate convergence,

the first order Methfessel–Paxton method with a Fermi surface
smearing of 0.2 eV was  adopted for fractional occupancies [29].
The calculations for the bulk crystal structure give a lattice con-
stant of bcc Fe equal to 2.846 Å (2.867 Å [30]), and the bulk modulus

e Fe(1 0 0) surface. Total DOS curves (d); projected DOS for a FeI atom (b), for a FeII
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Fig. 5. COOP curves for the Fe1–Fe2 bond before (black solid line) and after Se
adsorption (dotted red line) (a), Fe1–Fe3 bond before (black solid line) and after
Se  adsorption (dotted red line) (b), Fe1–Se bond (c), and Fe2–Se bond (d). (e)–(h)
and (i)–(l) the same bonds at 1/4 and 1/2 ML,  respectively. COOP curves for the
Fe1–Fe2 bond before (black solid line) and after Se adsorption (dotted red line) (m),
Fe1–Fe3 bond before (black solid line) and after Se adsorption (dotted red line) (n),
ig. 4. Total DOS curves (a), (e), (i), and (m); projected DOS for a Fe1 atom (b), (f),
j),  and (n); projected DOS for a Fe2 atom (c), (g), (k), and (o); and projected DOS for

 Se atom (d), (h), (l), and (p) for the Fe(1 0 0) surface after Se adsorption.

f 167 GPa (170 GPa [30]) is in full agreement with measured val-
es (quoted between brackets). The local spin magnetic moment of
.20�B (Bohr magnetron) is in full agreement with previous calcu-

ations [31,32]. The approach used here is similar to that reported by
ung et al., giving a good description of bulk and ideal surface prop-
rties of bcc Fe [33]. Bader analysis was used to calculate magnetic
oments and electronic charges on atoms [34].

.2. Surface models

The surfaces considered were modeled by slabs consisting of
everal (up to 15) atomic layers of Fe separated by a vacuum layer
f 15 Å, and periodically repeated throughout space. We  used a
-point mesh of 8 × 8 × 1 for both surfaces, which provided well-
onverged total energies. The positions of all atoms were fully

ptimized until the forces on each atom were less than 0.02 eV/Å.
est calculations for denser k-point meshes showed that the uncer-
ainty of surface energies is within 0.01 J/m2 and that of relaxations
s within 0.5%.
Fe1–Se and Fe2–Se (p) and Se–Se (q) at 1 ML  on Fe(1 0 0) (For interpretation of the
color information in this figure legend, the reader is referred to the web version of
the article.).

For slab calculations, surface free energy � was determined by

� = 1
2

(Em − EB) (1)

where Em is the total energy of the m-layer slab, and EB is the total
energy of a single bulk layer. The 1/2 factor accounts for the pres-
ence of two surfaces. Experimentally relevant is the surface energy
per unit area, � , which is obtained by dividing � by the area, A, of
the surface unit cell. A direct application in Eq. (1) of the EB deter-
mined from the self-consistent bulk calculations (EB = −8.20 eV)

leads to a linear divergence with the slab thickness [35,36]. In order
to eliminate this problem for varying slab thicknesses, the bulk
energy was  calculated as the total energy increment of the relaxed
slabs, �Em = Em

slab − Em−1
slab [35]. An arithmetic average of the energy
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3.1. Surface geometry, energy and magnetic properties

Les us first compare our results with previous DFT calculations
and experimental data on pure bcc iron surfaces. Table 1 presents
56 V.C. Schwindt et al. / Applied S

ncrement �Em, for slabs of 10–15 layers, calculated separately for
ach slab orientation, was taken as EB.

In this work, selenium is adsorbed in the high-symmetry surface
ites for each plane: bridge, atop, and 4-fold hollow sites for the
1 0 0) surface; bridge, atop, HCP, and FCC hollow sites for the (1 1 1)
urface (see Fig. 1). We  also studied different Se coverages (1/4,
/2, and 1 ML), only in the most stable sites, in both surfaces (see
ig. 2). The adsorption energies were calculated using the following
quation:

Eads = [Eslab+nSe − Eslab − nESe]
n

(2)

Here, the first term on the right-hand side is the total energy
or the Fe surface super cell plus n Se atoms, depending on the
overage. The second term is the total energy for the Fe super-cell;
he third term is the Se atom total energy. This last term is calculated
y placing a Se atom in a cubic box with 10 Å sides and carrying out

 � -point calculation.
In order to understand Fe–Se interactions, we used the concepts
f density of states (DOS) and crystal orbital overlap population
COOP). The DOS curve is a plot of the number of orbitals as a func-
ion of energy. The integral of the DOS curve over an energy interval
ives the number of one-electron states in that interval; the integral

ig. 6. Total DOS curves (a), (e), (i), and (m); projected DOS for a FeI atom (b), (f),
j), and (n); projected DOS for a FeII atom (c), (g), (k), and (o); and projected DOS for

 Se atom (d), (h), (l), and (p) for the Fe(1 1 1) surface after Se adsorption.
 Science 315 (2014) 252–260

up to the Fermi level (EF) gives the total number of occupied molec-
ular orbitals. If the DOS is weighed with the overlap population
between two  atoms, the COOP is obtained. The integration of the
COOP curve up to EF gives the total overlap population of the spec-
ified bond orbital and it is a measure of the bond strength. If an
orbital at certain energy is strongly bonding between two atoms,
the overlap population is strongly positive and the COOP curve will
be large and positive around that energy. Similarly, negative COOP
around certain energy corresponds to antibonding interactions. The
COOP curves were computed using the SIESTA code [37,38].

3. Results and discussion
Fig. 7. COOP curves for the FeI–FeII bond before (black solid line) and after Se
adsorption (dotted red line) (a), FeI–FeIII bond before (black solid line) and after
Se adsorption (dotted red line) (b), FeI–Se bond (c), and FeII–Se bond. (e)–(h), (i)–(l)
and (m)–(q), the same bonds at 1/4, 1/2, and 1 ML  on Fe(1 1 1) (For interpretation of
the  color information in this figure legend, the reader is referred to the web  version
of  the article.).
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Table  2
Adsorption energy of one Se atom on Fe(1 0 0) and Fe(1 1 1) surfaces, smallest Fe–Se
distance (dFe–Se) and height of the Se atom over the top Fe surface (h) for the different
adsorption sites.

Surface (1 0 0) (1 1 1)

Site Bridge Hollow Top Bridge FCC HCP TOP

Ead (eV) +2.09 −5.25 −3.59 −10.36 −6.16 −6.69 −8.61
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[9]. The changes in the magnetic moment can be explained compar-
ing the d band of the DOS near the Fermi level for a surface Fe atom.
The DOS plot for the (1 0 0) showed an important decrease in spin
up contribution for Fe1 projected DOS when the coverage increases

Table 3
Electron orbital occupation, overlap population (OP), charge, and distances for
Fe(1 0 0) before and after Se adsorption.

Structure Electron orbital
occupation

Bond type OP �OP%† Distance (Å)

s p d

Fe(1 0 0)a

Fe1 0.74 0.30 7.40 Fe1–Fe2 0.314 – 2.435
Fe2 0.69 0.32 5.99 Fe1–Fe3 0.180 – 2.868

Fe(1 0 0) + Sea

Fe1 0.68 0.39 7.08 Fe1–Fe2 0.187 −40.4 2.532
Fe2 0.64 0.28 6.08 Fe1–Fe3 0.071 −60.6 3.001

Se  1.73 4.13 0.08 Fe1–Se 0.440 – 2.472
Fe2–Se 0.193 – 2.668

Fe(1 0 0) + Se (1/4 ML)b

Fe1 0.68 0.39 7.10 Fe1–Fe2 0.178 −43.3 2.556
Fe2 0.65 0.28 6.16 Fe1–Fe3 0.072 −60.0 3.017

Se1 1.73 4.12 0.08 Fe1–Se1 0.437 – 2.477
Fe2–Se1 0.193 – 2.671

Fe(1 0 0) + Se (1/2 ML)b

Fe1 0.61 0.45 6.65 Fe1–Fe2 0.224 −28.7 2.458
Fe2 0.67 0.26 6.09 Fe1–Fe3 0.109 −39.4 2.863

Se1 1.71 4.05 0.10 Fe1–Se1 0.466 – 2.406
Fe2–Se1 0.148 – 2.684
Se1–Se2 0.000 – 4.044

Fe(1 0 0) + Se (1 ML)b

Fe1 0.55 0.40 6.35 Fe1–Fe2 0.204 −35.0 2.517
Fe2 0.69 0.27 6.46 Fe1–Fe3 0.061 −66.1 2.868

Se1 1.75 3.77 0.11 Fe1–Se1 0.349 – 2.424
Fe2–Se1 0.092 – 2.826
dFe–Se (Å) – 2.472 2.100 2.322 2.889 2.833 2.100
h  (Å) – 1.280 2.100 1.435 1.700 1.600 2.100

he computed relaxation, surface energy per unit area, magnetic
oment per atom for the outmost Fe layer, and surface rough-

ess. It can be seen that layer separation between the first and
econd Fe layer, �12, contracts for both crystal planes considered.
elaxation on Fe(1 0 0) is much lower (−5.4%) when compared
o that on Fe(1 1 1) (−26.9%) which is in full agreement with
EED measurements [39], medium-energy ion scattering (MEIS)
40] and DFT calculations [41]. The calculated surface energies
re ordered as �111 > �100, i.e., they increase with surface rough-
ess. The abrupt termination of the metal surface and the reduced
oordination of atoms in surface layers lead to the enhancement
f magnetism in all surfaces considered. The values of mag-
etic moments on the top surface layer decrease in the following
equence (1 0 0) > (1 1 1) > (1 1 0). This behavior can be related to
he correlation number of Fe atoms at the first and second lay-
rs. Thus, the number of unsaturated bonds in particular layers is
rucial in the ordering of surface magnetic moment enhancement.
hese results are in full agreement with those reported by Błoński
nd Kiejna [41]. The difference between spin up and spin down
ontributions in the DOS for a surface Fe atom in the d band near
F is also related to the changes in the magnetic moment (compare
ig. 3(b) and (e)).

Se adsorption energy values are all negative, except in the (1 0 0)
urface bridge site, thus indicating that the adsorption is energeti-
ally favourable at low coverage (see Table 2). The most stable site
s a distorted bridge on the (1 1 1) surface (−10.36 eV), its adsorp-
ion energy is almost the double when compared to Se on a long
ridge site on Fe(1 1 0) (−5.25 eV) [20] and Se on the most stable
ite on the Fe(1 0 0) surface (−5.23 eV in a 4-fold hollow site).

The computed Fe–Se distances are between 2.100 and 2.889 Å.
e atoms are located between 1.280 and 2.100 Å above the sur-
aces. Similar values were determined for Se on the Fe(1 1 0) surface
20] and for sulphur belonging to the same chemical group [9–12].
nfortunately, there are no experimental data available for a direct
omparison for Se.

When considering Se coverage, adsorption energy increases at
/4 ML  compared to a single Se atom. The energy values change
rom −10.36 to −13.68 eV and from −5.25 to −5.36 eV on the bridge
ite in Fe(1 1 1), and on the hollow site in Fe(1 0 0), respectively. At

 higher coverage (1 ML), the adsorption energy decreases from
10.36 to −5.56 eV and from −5.25 to −3.59 eV for the (1 1 1) and

1 0 0) surface plane, respectively.
The effect of Se on surface relaxation is different to that reported

n the Fe(1 1 0) surface [20]. At 1/4 ML  on the Fe(1 0 0) surface,
e atoms contract between −1.7% and −2.0% of the interlayer dis-
ances, at 1/2 ML  the contraction is −2.9%. The situation changes at

 ML  showing an outward relaxation of 4.5%. Considering the (1 1 1)
urface at 1/4 ML,  Se contracts the top Fe layer between −6.7% and
14.9%. At 1/2 ML  some surface Fe atoms relax outwards up to
4.6% while other atoms contract −11.8%. Finally, at 1 ML  all sur-
ace atoms relax outwards about 1%. In our previous calculations on

he Fe(1 1 0) surface, we found that Se at 1/2 ML produces the high-
st displacements for Fe between +8.6% and −6.7% of the interlayer
istance, followed by 1/4 ML  (+2.2%, −1.61%). At 1 ML,  all topmost
e atoms relax inwards with a mean displacement of −1.69% [20].
 Science 315 (2014) 252–260 257

To the best of our knowledge there is no available data for Se
diffusion, from the Fe surface into the subsurface or bulk. Our  pre-
liminary calculations indicate that is not possible such diffusion
unless the subsurface layers contains some Fe vacancies. Compar-
ing Se with the isoelectronic S (which radii is smaller than Se) the
results are similar. The ab initio study of S dynamics on iron sur-
faces of Todorova et al. conclude that S does not desorb or diffuse
into the bulk at any temperature examined within simulation time-
frame [42]. Barnard performed DFT calculations of S segregation on
Fe and concluded that the diffusion mechanism of S is determined
as the substitutional diffusion mechanism whereby a S atom diffuse
from a substitutional lattice site to a nearest neighbour vacancy
[43].

The magnetic moment � in the Fe outmost layer is also modi-
fied by the presence of Se at different coverages. Table 1 shows a
decrease in � on both surfaces when the coverage goes from 1/4 to
1 ML.  The most important change is detected at the (1 0 0) surface
arising from 2.77 (1/4 ML)  to 1.42�B (1 ML). Similar results were
recently reported for S/Fe(1 0 0) showing that the magnetization in
the top Fe layer is greatly decreased as a function of sulfur coverage,
reaching as low as 1.35�B for 1 ML  [45]. The decrease in � at the
(1 1 1) surface is small (from 2.71 to 2.56�B). This tendency is in
agreement with those reported by Spencer et al. for S on Fe(1 1 0)
Se1–Se2 0.043 – 2.863

† The percentage of change is with respect to the clean surface.
a The geometry is shown in Fig. 1.
b The geometry is shown in Fig. 2.
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see Fig. 5(f), (j) and (n)). The situation is different in the case of the
1 1 1) surface where changes are very small (see Fig. 6(f), (j), and
n)).

.2. Electronic structure and bonding for Se/Fe(1 0 0)

DOS analysis, before and after Se adsorption at a 4-fold
ollow site on Fe(1 0 0) (see Fig. 1b) gives an indication of
dsorbate–substrate interaction. As in the case of S [9] and in our
revious study for Se/Fe(1 1 0) [20], we detected that the most
ffected metal orbitals are Fe 4s and 4p. The projection of Se 4p
rbitals presents a contribution as a shoulder at the beginning of
he Fe1 d band (see Fig. 4(b) near −5 eV). Compared to Fe2, sec-
nd layer, the Fe–Se interaction is much lower (see Fig. 4(c)). The
e 4s orbital presents a sharp peak at −13.7 eV below EF, this peak
s 1.7 eV more stabilized than the one corresponding to Fe(1 1 0).
t 1/4 ML,  the DOS is similar to a single Se atom adsorption. At 1/2
L,  the Se 4s DOS peak decreases in intensity and starts broadening

etween −1.3 and −8.0 eV (see Fig. 4(l)). At 1 ML,  the interaction
ith Fe1 and Fe2 decreases while Se based orbitals become broader

nd the former sharp peak at −13.7 eV becomes almost flat and

preads between −12.0 and −16.7 eV (see Fig. 4(p)). This effect is
lso present on the total DOS and comes from an increase in Se-Se
nteractions (see Fig. 4(m)). Hugosson et al. reported similar results
or sulfur p and s states hybridized with the Fe (1 0 0) surface [45].

able 4
rbital by orbital percentage contributions to Fe–Fe, Fe–Se and Se–Se overlap popu-

ations (%COOP) for the Se/Fe(1 0 0) system.

Fe1–Fe2 Fe1–Fe3 Fe1–Se Fe2–Se

Clean Se Clean Se Se Se

Fe (1 0 0) + Se
s–s 22.6 19.3 18.0 10.6 6.7 1.7
s–p  9.2 8.7 14.5 0.0 36.4 32.4
s–d 15.0 17.2 14.8 14.8 1.9 0.0
p–p  1.4 0.9 6.6 13.7 27.6 24.6
p–d  24.1 26.3 33.2 40.0 22.2 38.0
d–d  27.7 27.6 12.9 20.9 5.2 3.3

Fe1–Fe2 Fe1–Fe3 Fe1–Se1 Fe2–Se1 Se1–Se2

Clean Se Clean Se Se Se

Fe (1 0 0) + Se 1/4 ML
s–s 22.6 19.4 18.0 9.5 6.7 1.8 –
s–p  9.2 8.4 14.5 0.0 36.3 32.9 –
s–d  15.0 17.1 14.8 14.1 1.8 0.2 –
p–p  1.4 1.2 6.6 13.9 27.7 25.6 –
p–d  24.1 27.4 33.2 39.6 22.2 36.1 –
d–d 27.7 26.5 12.9 22.9 5.3 3.4 –

Fe1–Fe2 Fe1–Fe3 Fe1–Se1 Fe2–Se1 Se1–Se2

Clean Se Clean Se Se Se

Fe (1 0 0) + Se 1/2 ML
s–s 22.6 17.7 18.0 12.2 7.2 2.2 –
s–p  9.2 7.4 14.5 0.4 35.5 31.7 –
s–d  15.0 15.9 14.8 17.8 1.8 0.3 –
p–p  1.4 4.0 6.6 9.7 24.1 25.9 –
p–d  24.1 25.2 33.2 32.8 25.7 36.7 –
d–d 27.7 29.8 12.9 27.1 5.7 3.2 –

Fe1–Fe2 Fe1–Fe3 Fe1–Se1 Fe2–Se1 Se1–Se2

Clean Se Clean Se Se Se

Fe (1 0 0) + Se ML
s–s 22.6 18.2 18.0 8.4 6.5 2.0 0.0
s–p  9.2 8.9 14.5 0.0 37.5 28.3 0.0
s–d  15.0 19.1 14.8 16.4 3.5 0.7 0.8
p–p  1.4 4.1 6.6 9.1 11.1 31.7 80.1
p–d  24.1 25.8 33.2 30.3 34.9 34.7 18.9
d–d  27.7 23.9 12.9 35.8 6.5 2.6 0.2
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Regarding changes in the chemical bonding, COOP curves show
a decrease in the area between EF and −5 eV, which is indicative
of a weakening of the Fe–Fe bond (see Fig. 5(a) and (b), compare
solid black with dashed red lines) while an important Fe1–Se bond
is developed at −3.0 and −13.0 eV (see Fig. 5(c)). At 1/4 ML  the
behavior is similar to a single Se atom adsorption. At 1/2 and 1
ML  Fe–Se bonding interaction decreases (see Fig. 5(k), (l), and (p)).
The OP values for the Fe1–Se bond change from about 0.466 to
0.349 when the coverage increases from 1/2 ML  to 1 ML.  We  also
detected a small Se–Se interaction at 2.863 Å with an OP of 0.043
(see Table 3 and Fig. 5(q)). This interaction is less developed than
the one reported for the Fe(1 1 0) surface (OP 0.295 at 2.490 Å) [20]
and it is not absent in the (1 1 1) plane because this is the most
open surface with a mean Se-Se distance of 4.047 Å (see Table 5).
The orbital by orbital contribution to the bonding between the Se
atom and the surface is presented in Table 4. The Fe–Fe surface
bond is made of the contributions made by s–s, s–p, p–d, and d–d.
After Se adsorption, s–s and s–p interactions decrease while s–d and
p–d interactions increase. For the Fe–Se bond the main contribu-
tion comes from s–p, p–p, and p–d orbitals. The Fe–Se distances lie
in the range of 2.4–2.8 Å which is comparable with the (1 1 0) case
(2.2–2.6 Å) [20]. The Se–Se bonding interaction distance is 2.86 Å, a
little longer than that reported on Fe(1 1 0) but still close to other
dimmer distances on organometallic compounds that have Se–Se

bonds [20,46,47].

Table 5
Electron orbital occupation, overlap population (OP), charge, and distances for
Fe(1 1 1) before and after Se adsorption.

Structure Electron orbital
occupation

Bond type OP �OP%† Distance (Å)

s p d

Fe(1 1 1)a

FeI 0.75 0.32 6.98 FeI–FeII 0.441 – 2.413
FeII 0.74 0.37 6.45 FeI–FeIII 0.448 – 2.412

Fe(1 1 1) + Sea

FeI 0.68 0.40 6.90 FeI–FeII 0.248 −43.8 2.431
FeII 0.64 0.39 5.79 FeI–FeIII 0.425 −5.1 2.449

Se  1.76 4.45 0.04 FeI–Se 0.483 – 2.487
FeII–Se 0.536 – 2.322

Fe(1 1 1) + Se (1/4 ML)b

FeI 0.68 0.40 6.90 FeI–FeII 0.243 −44.9 2.440
FeII 0.64 0.39 5.80 FeI–FeIII 0.433 −33.0 2.445

SeI 1.76 4.45 0.04 FeI–SeI 0.479 – 2.493
FeII–SeI 0.542 – 2.318

Fe(1 1 1) + Se (1/2 ML)b

FeI 0.62 0.49 6.84 FeI–FeII 0.245 −44.4 2.491
FeII 0.64 0.39 5.65 FeI–FeIII 0.361 −19.6 2.543

SeI 1.75 4.36 0.05 FeI–SeI 0.461 – 2.501
FeII–SeI 0.572 – 2.277

Fe(1 1 1) + Se (1 ML)b

FeI 0.61 0.50 6.55 FeI–FeII 0.221 −49.9 2.510
FeII 0.64 0.38 5.87 FeI–FeIII 0.382 −14.9 2.430

SeI 1.74 4.41 0.05 FeI–SeI 0.523 – 2.423
FeII–SeI 0.543 – 2.297
SeI–SeII 0.000 – 4.047

† The percentage of change is with respect to the clean surface.
a The geometry is shown in Fig. 1.
b The geometry is shown in Fig. 2.
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.3. Electronic structure and bonding for Se/Fe(1 1 1)

The Se DOS plot also presents the 4p orbital interaction at the
eginning of the FeI d band and sharp peak for the Se 4s orbital at
13.0 eV (see Fig. 6(a) and (d)). The stabilization of the Se states

s similar to the (1 0 0) case. As the coverage increases from 1/4 to
 ML,  there is almost no broadening neither in the d band region
or in the Se 4s region (see Fig. 6(h), (l), and (p)). The DOS near
he Fermi level increase due to Se contributions. The COOP curves
lso showed a decrease in the FeI–FeII OP in the d band-due to the
eometry of this surface there is no Fe–Fe interaction possible in the
lane, see Fig. 7(a)). Two Fe–Se bonding peaks are present at −3.0
nd −13.0 eV (see Fig. 7(d)). At a higher coverage, the FeI–Se OP
hows some decrease. Table 5 indicates a weakening in the FeI–FeII
ond, which is near 50% in all coverages. The FeI–SeI bond length
oes from 2.493 Å (one Se atom) to 2.297 Å (1 ML). The orbital by
rbital contribution to the Fe–Se bonding is similar to the (1 0 0)
ase with some increase in the d–d contribution for the FeI–FeII
ond after Se adsorption (see Table 6).

There are some differences and some similarities between the
1 0 0) and (1 1 1) cases. The main difference in the DOS plot is the

ybridization in the Se states on Fe(1 0 0) that is also present in the
1 1 0) plane and it is not detected in the (1 1 1) surface. There is also
n increase in the DOS near the Fermi level coming from Se atoms in
he (1 1 1) and (1 1 0) cases, this is not present in the (1 0 0) surface.

able 6
rbital by orbital percentage contributions to Fe–Fe and Fe–Se overlap populations

%COOP) for the Se/Fe(1 1 1) system.

FeI–FeII FeI–FeIII FeI–Se FeII–Se

Clean Se Clean Se Se Se

Fe (1 1 1) + Se
s–s 18.7 16.6 18.5 18.1 5.6 6.8
s–p 13.2 9.5 13.0 12.5 37.4 40.1
s–d 11.7 15.2 11.8 13.5 1.3 2.2
p–p 4.2 2.8 4.1 3.5 27.6 16.0
p–d 25.6 23.8 25.1 24.6 24.6 31.2
d–d 26.6 32.1 27.5 27.8 3.5 3.7

FeI–FeII FeI–FeIII FeI–SeI FeII–SeI

Clean Se Clean Se Se Se

Fe (1 1 1) + Se 1/4 ML
s–s 18.7 16.7 18.5 17.9 5.5 6.8
s–p 13.2 9.7 13.0 12.5 37.4 40.2
s–d 11.7 15.4 11.8 13.3 1.2 2.3
p–p 4.2 2.8 4.1 3.6 28.0 15.9
p–d 25.6 24.2 25.1 24.4 24.4 31.0
d–d 26.6 31.2 27.5 28.3 3.5 3.7

FeI–FeII FeI–FeIII FeI–SeI FeII–SeI

Clean Se Clean Se Se Se

Fe (1 1 1) + Se 1/2 ML
s–s 18.7 14.6 18.5 16.4 5.2 7.5
s–p 13.2 9.1 13.0 13.9 37.8 39.2
s–d 11.7 15.0 11.8 15.1 1.2 2.3
p–p 4.2 3.8 4.1 4.3 28.7 14.4
p–d 25.6 25.9 25.1 26.0 23.4 32.9
d–d 26.6 31.6 27.5 24.3 3.7 3.7

FeI–FeII FeI–FeIII FeI–SeI FeII–SeI

Clean Se Clean Se Se Se

Fe (1 1 1) + Se ML
s–s 18.7 14.3 18.5 15.5 6.4 7.4
s–p 13.2 8.8 13.0 9.4 37.6 38.2
s–d 11.7 15.1 11.8 15.9 1.5 2.1
p–p 4.2 4.4 4.1 2.3 26.2 16.3
p–d 25.6 26.3 25.1 20.9 24.4 31.9
d–d 26.6 31.1 27.5 36.0 3.9 4.1
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Fe–Se bond lengths lie between 2.2 and 2.6 Å in all planes. A
Se–Se bonding interaction is computed only in the (1 0 0) surface
at 1 ML  with a bond distance of about 2.863 Å which is similar that
those reported for the Organoselenium compounds [46] and for
the NiS2−xSex series [47]. According to the OP value, this bonding
is less developed than the one previously calculated on Fe(1 1 0) at
2.49 Å [20]. In the case of the (1 1 1) surface, no Se-Se interaction is
detected.

The Fe–Fe bond weakening is higher in the (1 0 0) case when
compared to the (1 1 1) case, but lower than the (1 1 0) surface. The
Fe–Fe bond between the first and second layer increased in (1 1 0)
[20] while current calculations show a decrease in both (1 0 0) and
(1 1 1) surfaces.

As mentioned before the surface reconstruction after Se adsorp-
tion is different among the surfaces studied. In the (1 0 0) case,
there is some contraction (∼3% for 1/4 and ∼2% for 1/2 ML)  and
some outward relaxation for 1 ML  (∼4%). In the (1 1 1) case at 1/4
ML the contraction is higher and approximately between −6% and
−15%. At 1/2 ML  some atoms go up and down irregularly while
there is almost no change in the 1 ML.  This behavior is differ-
ent from that in the (1 1 0) case where a sort of roof-top regular
movement was computed [20]. The outmost surface Fe atom mag-
netic moment decreases with the coverage in the following order
(1 0 0) > (1 1 0) > (1 1 1).

4. Conclusions

By using periodic DFT calculations we  found that the most stable
Se/Fe adsorption site is a distorted bridge site on the (1 1 1) sur-
face that almost doubles its energy when compared to the (1 0 0)
and (1 1 0) surface. It also increases with coverages from −10.36 to
−13.68 eV at 1/4 ML  on the (1 1 1) plane. A DOS decrease at the Fermi
level in the case of the (1 0 0) plane is related to the decrease in the
magnetic moment on the Fe atom on the surface when coverage
increases. Se–Se interaction is only detected at 1 ML  coverage on the
(1 0 0) surface with less OP than in the previous calculations made
on the (1 1 0) surface. Our calculations predict that it is possible to
achieve a decrease of about 50% in the magnetic moment on the
Fe(1 0 0) surface after Se adsorption. However, the most stable Se
adsorption occurs on the Fe(1 1 1) surface. If the design parameter
were the magnetic moment, the samples might be mainly oriented
towards the (1 0 0) direction just to avoid losing some Se on other
surfaces.
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