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In this work the density of states close to the Fermi level EF of the Fe�001�-p�1�1�O surface is investi-
gated, by means of scanning tunneling spectroscopy �STS�. STS spectra are dominated by two features, located
at about 0.5 eV below EF and 0.9 eV above EF. The comparison with ab initio density-functional theory
simulations of the surface electronic structure shows a very good agreement and allows assigning the observed
features to minority states of the sample surface.
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I. INTRODUCTION

The effect of oxygen adsorption on top of metal surfaces
is a widely investigated topic in surface science. The under-
standing of the modifications in the crystallographic and
electronic structure due to the presence of the adsorbate can
improve the basic knowledge about fundamental processes
such as oxidation, passivation, catalysis, and corrosion.1 The
case of magnetic surfaces and thin films is particularly im-
portant because of the recent attention received by effects
related to the reduced dimensionality, which play a major
role in the development of new nanotechnology devices.2 It
has been shown that an adsorbate can have a strong influence
on the substrate magnetization, both in terms of enhancement
of the local magnetic moments and of a possible inducement
of a magnetic moment in the adlayer.3,4 Both possibilities
have been demonstrated to occur for oxygen adsorbed on the
Fe�001� surface, in particular when oxygen chemisorption
occurs in a well-ordered phase, characterized by one oxygen
atom per surface unit cell, i.e., a p�1�1� phase. Structural
studies of the Fe�001�-p�1�1�O surface have revealed that
in this system the oxygen atoms are located in the fourfold
symmetrical hollow sites of the surface, with the first Fe
layer outward relaxed with respect to the bulk.5 Calculations
confirm such a picture, predicting also a relatively high en-
hancement �at least 10%� of the magnetic moment of the
outermost Fe atoms, accompanied by a small induced mo-
ment on the oxygen atoms.4 Numerous surface magnetism
sensitive experiments �namely spin polarized
photoemission,3,6 inverse photoemission,7,8 adsorbed current
spectroscopy,9,10 metastable de-excitation spectroscopy,10

and second-harmonic generation11� have been able to support
these expectations, also establishing that the coupling be-
tween the surface and the substrate is ferromagnetic, and
allowing for the spin character determination of the elec-
tronic structure of the topmost atoms. Efficient new electron-
spin polarimeters have been built, which exploit the large
spin-dependent properties of this surface.9,12,13

The need for a nanometer-scale investigation of the
Fe�001�-p�1�1�O surface is pushed by the growing interest
in nanotechnology devices based on Fe/insulator

interfaces.14,15 For example, it has been predicted that the
spin polarization of the current in Fe/oxide magnetic tunnel
junctions can be dramatically influenced by the presence of
the oxidized surface, with respect to a clean surface, also
resulting in an opposite sign of the spin polarization.16

In this context, an investigation of this surface with
atomic or nanometer-scale resolution, as it is indeed possible
by means of scanning tunneling microscopy �STM�, would
be of great interest. Moreover, the scanning tunneling spec-
troscopy �STS� technique permits to investigate the surface
local density of states �LDOS� close to the Fermi level EF,
and to study the distribution of characteristic surface states
with a very high spatial resolution; in this respect, the physi-
cal information that can be extracted from STS data is
complementary to that obtained by photoemission spec-
troscopies.

In this paper, we present an STM/STS study of the
Fe�001�-p�1�1�O surface. The measured spectra provide
information about the surface electronic density of states
�DOS� and are interpreted with the aid of first-principles
density-functional theory �DFT� calculations of the surface
electronic structure. We show that our theoretical results are
in good agreement with STS experimental data, and permit
to ascertain the spin character of the observed surface states
at −0.5 and +0.9 eV.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

Clean Fe�001� is obtained by ultrahigh vacuum �UHV�
deposition of a thick Fe film ��100 nm� on a MgO�001�
substrate.17 The well-ordered Fe�001�-p�1�1�O structure is
then obtained by exposure to 30 L of pure O2 and flash
heating at 900 K, as reported in previous papers.7,9–11

The STM/STS measurements have been performed using
an Omicron Variable Temperature �VT�-STM in a UHV
chamber connected to the preparation system. STM images
have been acquired at room temperature in constant-current
mode with home-made electrochemically etched W tips. STS
spectra �i.e., dI /dV curves� for the investigation of the
sample DOS have been acquired at room temperature, using
a lock-in amplifier with a modulation amplitude of 50 mV. In
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order to increase the signal-to-noise ratio, all the presented
STS spectra are the result of an average over tens of
acquisitions18 at same sample-tip bias Vb �sample bias with
respect to the tip� and tunneling current It set point, i.e., at
the same tip-sample distance.

First principles calculations of the surface electronic
structure are performed within the DFT, using the general-
ized gradient approximation �GGA� for the exchange and
correlation energy functional.19 We use the embedding code
implemented by Ishida20 to treat realistic surfaces through
all-electron full-potential calculations. This Green’s function
based embedding scheme21 is able to consider a system
which is infinite, periodic in the surface plane but nonperi-
odic along the surface-normal direction z. A finite “embed-
ded” region along z is defined requiring that the perturbation
due to the surface is well screened inside. The problem is
then solved in such a region only. For the clean ferromag-
netic iron surface we have verified that the perturbation is
quite well screened within four layers beyond the surface. In
addition, also the oxygen overlayer and 11 Å of vacuum
have been included in the embedded region. Generalized
boundary conditions guarantee the correct behavior of the
solution at both the bulk and the vacuum side. The Green’s
function was expanded on a linearized augmented plane
waves �LAPWs� basis set using 11.6 Ry as cutoff. We set
lmax=9 for the maximum angular-momentum number of the
spherical expansion inside the muffin-tins, whose radii are
1.2 and 0.85 Å for iron and oxygen, respectively. The re-
laxed surface atomic geometry has been taken as reported in
Ref. 4. The surface Brillouin zone �SBZ� was sampled by a
18�18 regular mesh which was reduced to a set of 55 inde-
pendent k� points.

III. RESULTS AND DISCUSSION

A. Topography

A simulation of constant-current STM images of the
Fe�001�-p�1�1�O surface was performed by calculating
constant density surfaces in the vacuum region near the sub-
strate, i.e., surfaces with a constant integrated DOS in the
energy interval from 0 �i.e., Fermi energy� to eVb. We show
in Fig. 1 the simulated image corresponding to Vb=0.1 V
and in which the average distance from the surface is z̄
=2 Å.

The bright spots in Fig. 1 correspond to oxygen atoms.
The image has been obtained considering a two-dimensional
�2D� surface average in a circle of radius 1.2 Å in order to
simulate the finite extension of the tip apex. Further simula-
tions reveal that, for larger distances ��5–6 Å�, a corruga-
tion reversal between Fe and O occurs. In fact, due to the
different decay behavior of the local wave function in
vacuum, Fe atoms would be imaged as the brighter spots for
large distances. In the absence of a precise knowledge of the
tip-sample distance such a corrugation reversal prevents a
clear attribution of the bright spots in atomically resolved
STM images of the surface. From these considerations it can
be concluded that Fe or O atoms can be imaged as well,
depending on the details of the measurement set-point con-
ditions.

In Fig. 2 we report a measured constant-current STM im-
age of the Fe�001�-p�1�1�O surface that clearly shows
atomic resolution and the quality of the sample also at the
atomic scale. In these measurement conditions we estimate
the tip-sample distance to be of the order of a few Å �see
Sec. III B�, so that the bright spots in this image can prob-
ably be attributed to O atoms.

B. Spectroscopy

STS data have been acquired both on the clean and on the
Fe�001�-p�1�1�O surface. We observe that the spectral fea-
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FIG. 1. �Color online� Simulated STM image of the
Fe�001�-p�1�1�O surface and line profile along the horizontal di-
rection across the bright spots. Bright spots correspond to oxygen
atoms.
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FIG. 2. �Color online� Measured constant-current STM image of
the Fe�001�-p�1�1�O surface and line profile along the horizontal
direction across the bright spots �Vb=160 mV, It=3.2 nA�.
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tures that can be extracted from our measurements are inde-
pendent of the lateral position of the tip with respect to the
surface unit cell and consequently can be considered as av-
erage properties of the whole surface.

Prior to the analysis of the Fe�001�-p�1�1�O surface, we
performed an STS investigation of clean Fe�001� in order to
check the surface quality before oxidation. A peak at about
+0.2 eV was observed in normalized dI /dV curves, in agree-
ment with previous measurements22 and with our simulation
�not shown�.

Raw dI /dV experimental data from the
Fe�001�-p�1�1�O surface �inset of Fig. 3� show two fea-
tures at roughly 1 eV above EF and 0.5 eV below EF. In
order to perform a detailed analysis of the surface DOS fea-
tures, thus allowing a direct comparison with ab initio simu-
lations, STS curves have been analyzed using normalization
to the tunneling barrier transmission coefficient T,23 as re-
cently discussed in Ref. 24, instead that to the experimental
total conductivity I /V.25 In the framework of a one-
dimensional �1D�-Wentzel-Kramers-Brillouin �WKB� treat-
ment of the tunneling current, it is possible to show that the
following approximated expression holds:

�t�0��s�eV� �
dI/dV

Ts
, �1�

where �s is the sample electron DOS at energy eV with re-
spect to EF, �t�0� is the tip electron DOS at EF; V is the
sample bias; Ts=A�T�eV ,V ,z�+T�0,V ,z�� is a symmetrical
combination of the barrier transmission coefficient T�� ,V ,z�.
Using a 1D-WKB rectangular approximation, T can be writ-
ten as

T��,V,z� = exp�− 2z�2m

�2 �� +
eV

2
− �	
 , �2�

where z is the tip-sample distance and � the effective work
function. It can be shown that using a normalized dI /dV the
sample DOS is probed mainly at positive applied voltage
�unoccupied states�, while the tip DOS is probed mainly at
negative bias.23 However, assuming that the tip DOS is
nearly constant in the measured region, and higher than

sample DOS at Fermi level, Eq. �1� gives information about
both occupied and unoccupied DOS in the surface region,
provided the negative bias is not too large, i.e., it can be
employed to extract also features related to sample occupied
states.24 Reliable effective values of work function and tip-
sample distance are required to perform this normalization.
As discussed in Ref. 24, there are different possibilities to
evaluate these parameters from STS data. Here we estimate
the tip-sample distance by fitting the exponential tails of the
dI /dV spectrum and assuming an effective work function of
4.5 eV; however, the choice of the work function does not
influence the results and the discussion reported below. The
tip-sample distance obtained with the fitting procedure, thus,
represents an effective value to be used for the recovery of
the sample DOS within a 1D description of the tunneling
process and provides a rough but reasonable estimate of the
real tip-sample distance.

A normalized dI /dV curve of the Fe�001�-p�1�1�O sur-
face is shown in Fig. 3. This spectrum has been measured
imposing a low set-point tunneling current It �0.4 nA, corre-
sponding to a relatively large tip-sample distance�, so that the
perturbation induced by the tip is minimized �see also Sec.
III C�. From the normalization procedure explained above
we can estimate a tip-sample distance of about 8 Å. Two
features are detected at about +0.9 and −0.5 eV. These fea-
tures are always observed using different W tips and have
also been measured using bulk Cr tips;26 we can thus safely
attribute them to the sample electronic structure.

In order to interpret the measured STS spectrum we stud-
ied the Fe�001�-p�1�1�O surface from first principles. The
number of theoretical studies is scarce; the main part of them
are devoted to the structural properties of the system4,27,28

and only few works discuss spectral properties.3,16,29 One of
the most accurate calculation has been performed by Clarke
et al.3 and it shows the surface band structure along a high-
symmetry path of the SBZ. In their work surface states are
distinguishable from the discrete features that form the pro-
jected bulk bands, on the basis of the spatial localization of
the wave function in the surface region. In our embedding
approach, due to the infinite extension of the substrate, the
surface band structure is a continuous function of the energy
for each k� point of the SBZ so that surface resonances and
discrete states can be easily evidenced.

The adsorption of oxygen on the iron surface leads to a
partial modification of the surface electronic properties. Al-
though the bonding p levels of oxygen lie very deep in en-
ergy, the antibonding states, which extend for some eV
around the Fermi level, hybridize with the Fe surface atoms
electronic structure. In Fig. 4 we report the computed surface
band structure for the majority �left panel� and the minority
�right panel� spin components calculated in the first Fe and O
layers. The brighter regions correspond to higher density of
states and narrow lines are very sharp features. The less dis-
persive d bands extend in the energy interval between −5 and
−1 eV for the majority component and between −2 and 2 eV
for the minority one. We note that due to the surface band
narrowing the exchange splitting at the Fermi level is larger
than in the bulk.

Surface states can be identified as the brightest lines in

Fig. 4. In particular at �̄ majority-spin surface states are
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FIG. 3. Normalized STS spectrum of the Fe�001�-p�1�1�O
surface �measurement set-point: current It=0.4 nA, bias Vb=1 V�.
Inset: raw dI /dV experimental data.
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found at −3, −1.6, and −0.8 eV. On the other hand minority-
spin surface features lie at higher energies, namely at
−0.35 eV, in a 1 eV wide range above the Fermi level, at
1.7, and 2.1 eV.

In Fig. 5�a� we report the computed density of states
evaluated in the two surface layers �Fe and O�, in the energy
interval proper of the STS measurements. The majority and
minority components are reported in the upper and lower
panels, respectively, while the dotted line corresponds to the
total DOS. No evidence of adsorption induced surface-state
reorganization with respect to clean Fe�001� is found in the
majority component. On the other hand the minority-spin
feature �found at 0.18 eV� of clean Fe�001� is not observed

upon adsorption of oxygen, while a peak at 0.8 eV is found
that we identify as a surface resonance due to its large am-
plitude in the vacuum region. We observe that the computed
position of this unoccupied minority surface state is in very
good agreement with the measured position of the large peak
at positive bias in STS data.

A further effect of the O-Fe interaction is represented by
the enhancement of the magnetization in the surface iron
layer �passing from 2.97	B of the clean surface to 3.22	B
upon the oxygen adsorption� and the appearance of a spin
polarization also in the oxygen layer, which we calculated to
be equal to 0.22	B, in agreement with previous
findings.4,16,27

Due to the faster decay toward the vacuum of the wave
functions at large k�, the STS probing method has a higher

sensitivity to states around the �̄ point.30 This is usually the
case for surface states, even though different situations can
exist, since the decay in vacuum depends on the specific
dispersion relation for the considered surface state. This as-
pect is not considered in the 1D-WKB normalization proce-
dure of experimental data. A simple method in order to per-
mit a qualitative but direct comparison between measured
STS data and theoretical DOS, which would not be other-
wise straightforward, is to integrate the latter one in a smaller
region of the SBZ.22

Here, considering the contribution to the DOS only from

1/5 of the SBZ around �̄, we obtain some new features with
respect to the total DOS, which give account of the measured
peaks. In addition to the main minority peak at +0.8 eV,
structures at the Fermi level in the minority component,
peaked at about −0.35 eV, appear, together with a structure
at −0.9 eV in the majority component �see Fig. 5�b��. The
enhancement of the spectral weight of these structures upon
integrating within a restricted region of the SBZ is due to the

flat dispersion around the �̄ point.
In this way satisfactory agreement between experiment

and theory is obtained not only for the minority peak at
+0.8 eV, but also for the structure at negative energy
�−0.35 eV from theory vs −0.5 eV from experiments�. The
agreement is even better if effects related to measurement
conditions are taken into account, as discussed in next sec-
tion. Ab initio calculations indicate the minority-spin charac-
ter of the measured surface states. We observe that the broad-
ening of the measured features with respect to calculations
could be related to a convolution of the fine structures visible
in Fig. 5.

C. Influence of measurement conditions

We have already mentioned that minimizing the tunneling
current and the tip electric field �i.e., at large tip-sample dis-
tance� corresponds to a situation which is closer to the un-
perturbed isolated surface �in equilibrium�. When a larger
set-point tunneling current is employed for STS measure-
ments, and the corresponding tip-sample distance is de-
creased, leading to a significant perturbation of the system, a
shift of the above discussed peaks is observed.

In Fig. 6 we show normalized dI /dV data from the
Fe�001�-p�1�1�O surface, acquired using different It−Vb
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FIG. 4. �Color online� Computed surface band structure of
Fe�001�-p�1�1�O: majority and minority-spin components are re-
ported in the left and right panels, respectively.
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set points �in particular different set-point current in the
range from 0.4 to 5.3 nA, keeping the set-point bias at 1 V�.
The same two features commented above are detected; nev-
ertheless both peaks broaden and shift away from the Fermi
level when increasing the tunneling current It. This observa-
tion is not affected by the normalization procedure, i.e., the
same trend as a function of set-point can be detected in raw
�i.e., non-normalized� dI /dV data �not shown�.

In order to quantitatively evaluate these effects, we per-
formed a Gaussian fit of the large feature. Both position and
width increase linearly when increasing It, as shown in Fig.
6. From the linear fit, we can extrapolate the peak position E0
and the full width at half maximum �FWHM� w0 at zero
current, and we obtain E0=0.83 eV and w0=0.85 eV. A
similar effect �shift to more negative bias� is qualitatively
observed for the peak in the occupied states, even though
much less marked �and difficult to quantify, since the feature
is weak and not easily separable from the background�. We
note that this kind of effect is not observed on the clean
Fe�001� surface �i.e., the position of the peak at +0.2 V is
not influenced by the tunneling current �see e.g., Ref. 22��.
Also, the large shift detected when the set-point current in-

creases from 2.6 to 5.3 nA corresponds to a very small dif-
ference in tip-sample distance �a reasonable estimate pro-
vides 
z�0.5 Å�.

Different effects have been invoked in the literature to
explain observed shifts of STS features as a function of the
measurement set point, i.e., of the applied electric field be-
tween tip and sample and/or of the tunneling current, for
instance tip-induced band bending �in semiconducting
surfaces�,31 Stark effect,32 different decay behavior of surface
wave functions into vacuum,33 and transport-limited surface
charging �i.e., setup of a nonequilibrium surface configura-
tion, in which one or more electrons are injected into unoc-
cupied surface states�.34,35

Even though no definite conclusion can be drawn in our
case yet, simple arguments point toward a reduction in pos-
sible candidates. In fact band bending effects are typical of
semiconductors, being electric field effects in metal surfaces
usually much smaller. Also, the large shift detected upon a
small change in tip-sample distance �i.e., going from 2.6 to
5.3 nA set-point current� points into the direction of exclud-
ing effects related to the tip electric field perturbing the sys-
tem, or to the different decay behavior of surface wave func-
tions into vacuum.

Within this simple scheme, an out-of-equilibrium configu-
ration due to electron injection in the surface seems to be the
major responsible for the observed shift. In this context, we
note that the situation for STS is qualitatively similar to in-
verse photoemission spectroscopy �IPS�, in which electrons
are also added to the system. In particular, IPS data from
Fe�001�-p�1�1�O identify a surface feature �located at 1.8
eV above EF� that is shifted to larger energy with respect to
theoretical expectations.8 In that case, the discrepancy has
been attributed to the difference between the excited states in
the presence of an extra electron �sampled in IPS� as com-
pared to those calculated for the unperturbed system. This
difference can originate sizable shifts of the spectral features
toward higher energies in experiments in which electrons are
added to a system with low screening efficiency. This is ac-
tually the case for Fe-O systems where oxygen atoms act as
ligands with considerably localized states, as it has been
thoroughly discussed for bulk FeO.36 Similar effects could
well be at the basis of the present STS findings when the
tunneling current injected into the surface is increased. A
deeper understanding of the observed shifts would of course
benefit from simulations of the surface in out-of-equilibrium
conditions or in the presence of a strong localized electric
field.

However, we can conclude that good agreement is ob-
tained if the zero-current extrapolated position E0=0.83 eV
is directly compared to the computed energy position of the
surface state �0.83 vs 0.8 eV�. Physically, we can interpret
this limit as corresponding to infinite tip-sample distance,
i.e., unperturbed system.

IV. CONCLUSIONS

We have investigated the local density of states close to
the Fermi level of the Fe�001�-p�1�1�O surface, by means
of STS and ab initio simulations of the surface electronic
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FIG. 6. �Color online�. �a� Normalized STS spectra of the
Fe�001�-p�1�1�O surface, measured at different values of the set-
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of the surface states; Gaussian fit for the feature in unoccupied
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is shown �solid line�.
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structure based on DFT in GGA approximation. The STS
spectra show two peaks, at about 0.5 eV below EF and 0.9
eV above EF, respectively. Ab initio computations provide a
good agreement with measured positions, and permit to in-
terpret the observed features as related to minority surface
states. In particular when oxygen is adsorbed on the clean
Fe�001� surface a strong surface resonance at 0.8 eV is
found. STS measurements at low set-point currents provide a
DOS measurement which can be directly compared to the
unperturbed equilibrium surface situation and a value of 0.83
eV is thus retrieved, very close to the theoretical one.

The study of the local magnetic properties of this surface
by the spin polarized-STM/STS technique,37 based on the

use of magnetic tips, looks promising for a complete under-
standing of the spin character of the observed surface states,
already unveiled by our ab initio calculations.
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