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Abstract

Ab-initio calculations for the electronic structure and magnetic properties of intrinsic defects and foreign impurities
(oxygen and gold) on the Fe(001) surface using the LSW method and the super-cell approach are presented. The
calculations show that the Fe intrinsic defects have different local density of states. The magnetic moment of the Fe
substrate layer under the defects increases with decreasing number of nearest neighbors of the surface, while the
magnetic moment of the Fe defects decreases with decreasing number of nearest neighbors on the surface. The oxygen
impurities have rather narrow (2p) bands at about 6.0 eV below the Fermi energy. The influence of oxygen impurities
on the Fe(001) surface states near the Fermi energy is remarkably insignificant. Both gold and oxygen impurities
have small magnetic moments parallel to the surface iron. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction limited by the rather small differences of the work
functions for different metals and the fact that this

The high spatial resolution, both laterally and parameter is strongly influenced by deviations of
perpendicularly, of the scanning tunneling micro- the surface from ideal low-index planes. In addi-
scope (STM) to the surface created the possibility tion, the high bias voltage needed to observe the
of real space imaging on the atomic scale [1–3]. image states leads to a deterioration of the spatial
However, it lacks a generally applicable method resolution [6 ]. Another method suitable for metals,
to discriminate between chemical elements [4,5]. based on the theoretical works by Tersoff and
Several methods have been developed to overcome Hamann [7–10], is the use of specific surface
this problem. Differences in work functions can be states, which have recently been observed with
used in metals, as has been shown in the pioneering sharp features in the scanning tunneling spectro-
experiment of Binnig et al. [1–3]. Also, image scopy (STS) of the bcc (001) surfaces of Fe and
states (which probe the work function in an indi- Cr [11].
rect way) have been used for chemical identifica- The electronic structure of the iron(001) surface
tion [6 ]. The applicability of these techniques is has been studied extensively not only because of

the relatively simple ferromagnetic structure of the
bulk iron, but also due to the availability of the* Corresponding author. Fax: +31-24-3652120.

E-mail address: robdg@baserv.uci.kun.nl (R.A. de Groot) near perfect, single-crystal, iron whisker substrates
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[4,11–17]. Theoretical calculations showed the sur- all core electrons. Iterations were performed with
k-points distributed uniformly in an irreducibleface states to have not only a substantially

enhanced magnetic moment, but also a sharp, very part of the first Brillouin zone (BZ), corresponding
to a volume of the BZ per k-point of the order ofelement-specific characteristic feature near the

Fermi level, which has been used as the characteris- 1×10−5. Self-consistency was assumed when the
changes in the local partial charges in each atomictic electronic fingerprints for the STS experiments

[11,18,19]. However, the calculations by Nonas sphere decreased to the order of 10−4.
In the construction of the LSW basis [26,28,29],et al. showed that an iron adatom on the Fe(001)

surface has a different magnetic moment and local the spherical waves were augmented by solutions
of the scalar-relativistic radial equations indicatedelectronic structure [20].

Gold is widely used to protect the iron surface by the atomic symbols 4s, 4p, 3d for Fe; 2s, 2p
for O, and 6s, 6p, 5d for Au. The internal lfrom oxidation. Band structure calculations

showed that the electronic structure and the mag- summation used to augment a Hankel function at
surrounding atoms was extended to l=3, resultingnetic moments of the interface iron are influenced

by the existence of the covering gold layer [15]. in the use of 4f orbitals for Fe, and 5f for Au. The
vacuum between slabs is occupied by emptyOn the Fe(001) surface, there are always possible

intrinsic defects, as well as some foreign impurities, spheres, which employ functions 1s and 2p, and
3d as an extension. In this paper, we will discusssuch as oxygen, or remaining gold. Oxygen con-

tamination has been found in many cleaned surface the charges on atoms. However, the charge on an
atom cannot be defined in a unique way. Here, wesystems [21,22]. Experiments showed that the oxi-

dation process is already active at low exposures, will use the charge in the Wigner–Seitz spheres.
The Wigner–Seitz radii of the Fe and Au atomsand surface disorder could play a significant role

[21–24]. There are theoretical calculations, but are the same as their corresponding bulk values.
This ensures that the comparison of charges isonly for the Fe(001) surface covered by an ordered

monolayer of oxygen [24,25]. Knowledge of the meaningful.
The structure of the defects on the Fe(001)influence of the intrinsic defects and the impurities

on the surface states is very important to under- surface is built up on a supercell with the surface
plane a=b=2a0. The structures are schematicallystand the STS in order to obtain a chemical

identification on the Fe(001) surface. shown in Fig. 1. The calculations are performed
for a series of intrinsic defects on the Fe(001)In this work, we present the results of ab-initio

calculations for the electronic structure and mag- surface: (1) an adatom on Fe(001) surface is built
by setting one adatom (Fe) on one of the fournetic moments of some intrinsic defects and extrin-

sic impurities (oxygen and gold) on the iron(001) equal positions on the surface; (2) a structure of
void is built by removing one Fe from the surface;surface using the localized spherical wave (LSW )

method and the supercell approach. The relation- (3) an iron step is simulated by doubling the cell
in one direction perpendicular to the surface direc-ship between the local magnetic moment and the

coordination is investigated. tion with only one of the iron positions occupied
at surface for a slab of 13 layers of iron. The
external defects are: (1) an oxygen adatom on the
Fe(001) surface; (2) an oxygen in the Fe(001)2. Calculations
surface replacing an iron atom; (3) a gold adatom
on the Fe(001) surface; and (4) a gold step simu-Ab-initio band structure calculations were per-

formed by the LSW method [26 ] using a scalar- lated by doubling the cell in one direction perpen-
dicular to the surface direction only with one ofrelativistic Hamiltonian. We used local-spin-

density (LSD) exchange-correlation potentials [27] the positions occupied by a gold atom at the
surface. The oxygen–iron distance is set to be theinside space-filling and therefore overlapping

spheres around the atomic constituents. The self- O–Fe distance in FeO (2.15 Å), which comes from
the experimental conclusions that in the initialconsistent calculations were carried out, including
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adatom is 2.76 mB, in good agreement with the
calculated data, 2.75 mB, in Ref. [20].

The surface Fe (adatom, step and atoms near
the void) has very different shapes for the local
density of states (Fig. 2), as well as the magnetic
moments (Table 1). The 3d bands for the majority
electrons are almost occupied for all kinds of Fe
defects at the surface, as well as for the clean
surface Fe case. The bandwidths of the Fe 3d
states for majority electrons are similar. However,
there is a greater density of 3d states for the
majority electrons at the lower energy parts (about
−4.0 eV ), with increasing number of nearestFig. 1. Sketch of the structure of the Fe(001) surface covered
neighbors at the surface (or the next-nearest neigh-by a submonolayer of defects (Fe, O, Au) in a (2a×2a)
bors in the iron bulk).supercell. The dashed circles represent the subsurface Fe atoms.

The alphabets labeled on the atoms represents four structurally The characteristic Fe(001) surface states show
different positions. For a step on Fe(001), the positions A and a sharp peak near the Fermi energy for the minor-
C are occupied, while B and D are empty. For an adatom on ity electrons [11–15]. The local density of statesthe Fe(001) surface, only the position D is occupied. For a void

for the minority electrons of the Fe adatom hason the Fe(001) surface, positions A, B and C are occupied,
an apparent crystal-field splitting (about 1.6 eV ),while D is unoccupied.
with sharp peaks at about −0.2 and +1.4 eV,
different from the surface states peaked at about
−0.1 eV and about 1.0 eV for the clean Fe(001)coverage, the oxygen always appears in the states

of O−2 [21–24]. The Fe–Au distance is taken from surface (Fig. 2a and d). The local density of states
for the Fe step and the Fe near the void shows nothe average of the distances in their bulk, as

observed experimentally [30]. For all the systems, specific features near the Fermi energy (Fig. 2b
and c). For the Fe step, the density of states ofthe inter-slab distances are larger than 10 Å, to

avoid the interactions between slabs. This implies the minority electrons has an almost flat peak
from about −1.2 eV to about the Fermi level, andthe introduction of eight monolayers of empty

spheres with radii and positions equivalent to the a small peak at about 0.3 eV followed by a peak
at about 1.0 eV. The Fe atom near the void alsoiron atoms they replace as compared with the

infinite solid. The charge in the central spheres of has a flat peak from −1.3 eV to −0.1 eV and two
peaks at about +0.2 and +1.2 eV. The Fe atomsthe vacuum was less than than 10−4 electrons.
next nearest to the void have a sharp characteristic
feature of surface states with a small shift up to
about 0.2 eV above the Fermi energy, as shown3. Results and discussion
in Fig. 2d.

The influence of coverage of the topmost layer3.1. Electronic structure of intrinsic Fe defects
on the iron substrate layer can be easily seen from
Fig. 3: the local electronic structure of the substrateTable 1 lists the calculated results (electrons,

magnetic moments and exchange splittings in the Fe layer becomes more bulk-like with increasing
number of covering Fe atoms. While there areatomic spheres) for the intrinsic defects on the

Fe(001) surface. Fig. 2 shows the local density of some states of the surface character at the energy
range between the Fermi level and about 1.0 eVstates for the intrinsic defects. The calculated local

electronic structure for the Fe adatom is consistent for the iron under an adatom (Fig. 3a), the local
density of states of the substrate layer for the stepwith the results by Nonas et al. [20] using the local

density theory and a KKR Green function method. and void systems, as well as the clean surface
system, is already similar to the bulk, except forOur calculated magnetic moment for the Fe
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Table 1
Interatomic distances of the nearest neighbors (NN) and next-nearest neighbors (NNN), the number of electrons, exchange splitting
and the magnetic moments of the Fe atoms in the bulk and at the surfaces

dFe–Fe(Å) Q3d (electrons) DE3d(eV ) M (mB) Reference

Fe(bulk) 8×2.482 8.00 2.15 2.26
6×2.866

Fe(110) 6×2.482 2.65 [31]
4×2.866

Fe(001) 4×2.482 7.50 2.66 2.91
5×2.866

Fe(Void) 4×2.482 7.38 2.65 2.89
3×2.866

Fe(Step) 4×2.482 7.46 2.60 2.85
3×2.866

Fe(adatom) 4×2.482 7.36 2.53 2.76
1×2.866

Fe(monolayer) 4×2.866 7.16 2.75 3.10
Fe(atom) 0.0 4.0

some differences in detail for the structure and
occupation of the minority states.

The magnetic moments, the number of valence
electrons, and the number of nearest neighbors
(NN ) and next-nearest neighbors (NNN) of the
substrate layer iron are listed in Table 2, because
the number of next-nearest neighbors is the same
for all the substrate Fe [note: here, the Fe(001)
surface is regarded as a subsurface covered by a
monolayer of empty spheres (Va)]. With the
decreasing number of nearest neighbors (NN ), the
number of electrons decreases and the magnetic
moment increases. The occupation of majority
electron states is almost constant for all the sub-
strate iron, which is consistent with the almost
fully occupation of the 3d bands for the majority
electrons, as shown in Fig. 3. The change in mag-
netic moment is due to combined effects of increas-
ing occupation of the minority states and reduced
exchange splitting. However, the iron atoms on
the Fe(001) surface, which all have four nearest
neighbors, show a different relationship between
the magnetic moment and the coordination
(Table 1): with the increasing number of nearest
neighboring atoms on the Fe(001) surface [or the

Fig. 2. Local density of states for the iron intrinsic defects at next-nearest neighbors (NNN) in the Fe bulk],
the Fe(001) surface: (a) Fe adatom; (b) Fe step; (c) Fe near a the magnetic moment increases while the numbervoid; (d) Fe next near to a void, and (e) the clean Fe(001)

of electrons increases. At the same time, thesurface. The Fermi energy is at zero (the same for the next
figures). exchange splitting is almost constant.
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the clean (001) surface and its substrate. The
behavior of the Fe atoms in the next layer shows
a small screening effect: the iron under the step
atom shows a more moderate reduction in mag-
netic moment (2.26 mB) than the iron atom under
the unoccupied part of the surface (2.22 mB). The
iron in the next layer is enhanced again (2.35 mB).
The magnetic moment converges to its bulk value
at the fourth layer. The screening effect is much
weaker than that of the Fe(001) surface covered
by gold [15].

3.2. Fe(001) surface with a submonolayer of
foreign impurities

Fig. 4 shows the local density of states for the
oxygen impurities and the Fe near the impurities.
The O 2p bands for both atoms as an adatom and
in the void at the Fe(001) surface are about 6.0 eV
below the Fermi energy, which is in good
agreement with the electron-energy loss spectro-
scopy (EELS) experiments by Sakasaka et al.,

Fig. 3. Local density of states for the substrate Fe layer under who found the peak at 6.0 eV due to dissociative
the intrinsic defect: (a) adatom system; (b) step system; (c) void chemisorption of oxygen at the initial stage
system; (d) the clean Fe(001) system, and (e) the bulk Fe. (oxygen concentration less than 3 L,

L=10−6 Torr) [20]. The O 2p bands have a width
of about 0.7 eV (from −6.75 to −5.9 eV for theThe doubling of the unit cell in one direction

perpendicular to the surface with only one iron majority electrons, and from −6.1 eV to −5.5 eV
for the minority electrons), which is narrower thanposition occupied leads to a structure with one

type of iron at the substrate layer, two types of the O 2p bands for the oxygen in the void (about
2.0 eV for both spin directions). The 2p band-iron (one directly under the iron atom, the other

under a vacuum position) at the subsurface, one widths of the two kinds of impurities are narrower
than that (about 4.0 eV ) for an ordered monolayertype of iron at the next layer, etc. The behavior of

the magnetic moments as a function of distance coverage of oxygen on the Fe(001) surface [24,25].
The oxygen impurities also show an exchangeshows an oscillation. The outmost iron (step) has

a magnetic moment of 2.85 mB, smaller than the splitting of about 0.1 eV.
Surprisingly, the local density of states for theclean Fe(001) (2.91 mB). The substrate iron has a

magnetic moment of 2.57 mB, in between those of substrate iron under the oxygen adatom, as well

Table 2
Magnetic moments and number of electrons of iron in the (001) substrate layer

Fe/Fe(001) Void/Fe(001) Step/Fe(001) Adatom/Fe(001) Va/Fe(001)

Electrons 8.17 8.01 7.85 7.68 7.50
M (mB) 2.25 2.39 2.57 2.75 2.91
NN 8 7 6 5 4
NNN 5 5 5 5 5
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Fig. 5. Local density of states for the gold impurities at the
Fe(001) surface: (a) an gold adatom on the Fe(001); (b)
the substrate Fe under the gold adatom; (c) the substrate Fe
under the gold step; and (d) the gold step.

Fig. 4. Local density of states for the oxygen impurities at the
As shown in Table 3, the oxygen impuritiesFe(001) systems: (a) the substrate Fe under the O adatom

show small positive magnetic moments (0.16 mBsystem; (b) an oxygen adatom on the Fe(001); (c) an oxygen
in a void of the Fe(001) surface; (d) the iron near the O in the for the O adatom, 0.11 mB for O in the void,
void; and (e) the iron next near to the O in the void. respectively). The substrate iron under the oxygen

adatom has a magnetic moment of 2.81 mB, smaller
than the clean surface, while the iron near theas for the Fe atoms near the oxygen in voids,

remains almost unchanged as compared to the oxygen in a void has a magnetic moment of
3.0 mB.clean Fe(001) surface (Fig. 4). For the iron atoms

near the oxygen in the void, the local density of As shown in Fig. 5, the characteristic feature of
the clean Fe(001) surface states almost disappearsstates shows a sharp characteristic feature of the

surface states at about the Fermi energy, while the due to the gold impurities (the adatom or step).
There is no apparent exchange splitting for theiron atom near an empty void shows no specific

characteristic feature for the surface states (com- gold impurities. The gold impurities have a (5d)
bandwidth of about 1.7 eV (from about −4.8 topare Figs. 2c and 4d).

Table 3
Magnetic moments and number of electrons of the impurities and neighboring iron atoms at the Fe(001) surface

O adatom O in voida Au adatom Au step

O Fesub. O Fes1 Fes2 Au Fesub. Au Fesub.

Electrons 6.88 7.14 6.80 7.69 7.89 10.39 7.59 10.65 7.71
M (mB) 0.16 2.81 0.11 3.00 2.89 0.17 2.84 0.18 2.75

a Fes1 is near to the oxygen, and Fes2 the next near to the oxygen at the surface.
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