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Abstract

We study the structure and the electronic properties of the (110) surfaces of magnetite Fe3O4 thin films by scanning tunneling micro-
scopy (STM) and spectroscopy (STS). The STM images show a surface reconstruction consisting of ridges along the ½�110� direction.
Based on atomically resolved STM images we present a model for the observed ridge reconstruction of the surface, in agreement with
a bulk-truncated layer containing both octahedral and tetrahedral iron ions. The metallic and semiconductor-like shapes of the measured
current–voltage (I–V) curves indicate a non-uniform segregation of magnesium through the film. The weak contrast between the tops and
valleys of ridges measured in the STS current maps is attributed to tetrahedral and octahedral coordination at the tops and the valleys,
respectively. This attribution is in agreement with the proposed structure model. We observe a contrast enhancement at a tip change
accompanied by a corrugation enhancement. This tip change is induced by picking up material from the sample, resulting in a magnetic
tip. Thus, the contrast enhancement is attributed to detection of spin polarized current.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Magnetite (Fe3O4) is an interesting compound for both
technological and fundamental reasons. Particularly, mag-
netite has a high potential for spin-valve and magnetic
recording applications considering its high Curie tempera-
ture (TC � 850 K) and the theoretically predicted 100%
spin polarization [1–3]. In magnetic tunnel junctions, the
tunneling magneto-resistance is related to the spin polari-
zation and is maximal when the electrodes have 100% spin
polarization. Taking in account its stability, its abundance
in nature and the high degree of spin polarization, magne-
tite is a unique candidate in this respect.

In particular, the study of magnetite multilayers grown
on insulating MgO has received a lot of attention due to
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the interest in understanding the magnetic coupling across
a non-magnetic barrier for magnetic tunnel junction appli-
cations. MgO is an ideal substrate for epitaxy of Fe3O4,
due to the small lattice mismatch: 0.33%. The quality of
the surfaces and interfaces are key issues in developing
magnetic devices. Thus, a good understanding of the rela-
tionship between the structural, magnetic and electronic
properties down to atomic scale is of great importance.
The use of scanning tunneling microscopy/spectroscopy
(STM/STS) and spin-polarized STM/STS is crucial in this
respect.

The (001) [4–8] and (111) [9–13] surfaces of magnetite
have been extensively studied by STM both in single-crys-
tal and thin-film forms and several surface terminations
have been proposed. It has been shown for these orienta-
tions that the preparation conditions are crucial for the
type of termination. Despite the efforts in studying the
magnetite surfaces by STM, the STS investigations which
give direct information about the density of states (DOS)
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are still lacking. Furthermore, in comparison with the
amount of effort in studying the (001) and (111) surfaces,
little interest has been given to the (110) surface. STM
investigations on this surface, in both thin film and single
crystal form, show an one dimensional reconstruction and
indicate a termination which consists of iron ions belonging
to the two different magnetic sublattices [14,15]. Recently
we observed on this surface a contrast in the current maps
taken with a MnNi tip, which we attribute to magnetic
origin [16].

In this paper, we present a detailed STM/STS study of
the structural and electronic properties of the (110) surface
of Fe3O4 thin films. Based on atomically resolved images,
we derive a model for the surface reconstruction. The
STS data are in concordance with the proposed model.

Magnetite has a face centered cubic (fcc) cubic inverse
spinel crystal structure with a lattice constant of 8.397 Å
[17]. The tetrahedral sites are occupied by Fe3+ ions and
the octahedral sites are shared between equal amounts of
Fe3+ and Fe2+ ions. The two sublattices formed by the octa-
hedral and the tetrahedral sites couple antiferromagneti-
cally and have different magnetic moments resulting in a
net magnetization. For an oxide, magnetite has a relatively
high conductivity at room temperature, e.g. 100 X�1 cm�1.
The conductance takes place at the octahedral sites due to
the continuous hopping between Fe2+ and Fe3+ ions.
Around 120 K the resistivity increases by a factor of
�100. At this temperature, the so-called Verwey transition
takes place. This transition is associated with the charge
ordering at the octahedral sites. Due to the slight expansive
strain of the epitaxial Fe3O4 films grown on MgO, the tran-
sition temperature in thin films is somewhat lower than
observed for bulk Fe3O4 [18]. The sharpness and the
temperature of the Verwey transition give indications for
the crystallinity and phase purity of the magnetite films [19].

Two types of bulk termination for the (110) surface ex-
ist: type A contains both tetrahedrally and octahedrally
coordinated Fe ions and type B contains octahedrally coor-
dinated Fe ions (Fig. 1). The type A and type B layers alter-
nate in the bulk with an interlayer spacing of 1.484 Å. The
Fig. 1. A and B type (110) layers that alternate in bulk. The surface unit
cell is indicated by a rectangle. Large grey circles denote O ions. The
tetrahedral and octahedral Fe ions are represented as small and large
black circles, respectively.
two types of surface are equally polar (+3 and �3) and
thus assuming bulk truncations, the surface is expected to
be reconstructed.

2. Experimental

The Fe3O4(110) thin films used in this study were depos-
ited on MgO(110) substrates by e-beam evaporation from
an Fe wire at a growth rate of 5 Å/min. The O pressure was
2 · 10�6 mbar and the substrate temperature during the
evaporation was 523 K. Two different annealing proce-
dures applied to separate films were used to obtain well-or-
dered surfaces. The first procedure consisted of 30 min
annealing at 1000 K in ultrahigh vacuum (UHV). For the
second procedure, a freshly grown film was annealed at
1000 K in 2 · 10�6 mbar oxygen followed by 10 min
annealing at 1000 K in UHV. After preparation, the sam-
ples were transferred under UHV conditions in the analysis
chamber. The samples were inspected by Auger electron
spectroscopy (AES) to estimate the degree of contamina-
tion in the surface region. The AES spectra were acquired
in the integral [N(E)] mode and were numerically differen-
tiated. The composition in the surface region was estimated
using atom sensitivity factors. The STM/STS measure-
ments were performed at a base pressure below 5 ·
10�11 mbar at room temperature with an Omicron UHV
STM-1. For this study we have used about 20 paramag-
netic W tips. Etched W tips were prepared by 15 min sput-
tering with Ar+ ions (1 kV) and annealing at 700 K. This
preparation resulted in sharp tips with a radius of approx-
imatively 50 nm. Blunt (with radius >200 nm), clean W
tips were subsequently obtained by melting their apex
through electron bombardment (by applying 600 V
between a W filament and the sharp tip placed 2 mm below
the filament).

3. Results and discussion

3.1. Magnesium induced surface reconstruction

After the first preparation procedure consisting of
annealing in UHV at 1000 K, the film showed a well-or-
dered surface showing ridges running along the ½�110� direc-
tion with a 25 Å periodicity corresponding to p(1 · 3)
reconstruction [14,15]. The second procedure applied to a
freshly grown film consisted of two steps. After the first
step of annealing at 2 · 10�6 mbar at 1000 K a well-
ordered surface was not obtained, although a tendency
for this ordering could be distinguished. The ridge recon-
struction was achieved after a second step of annealing at
1000 K in UHV.

From the Auger spectra (Fig. 2) of the annealed films we
derive a contamination level for magnesium of �6%. This
content of Mg2+ ions is sufficient to play an important role
in the observed p(1 · 3) reconstruction. This is supported
by a similar p(1 · 4) reconstruction observed on a (001)
surface of a magnetite thin film grown on MgO after
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Fig. 2. AES spectrum showing the presence of Mg in the surface region.
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annealing at 880 K [20], as well as on a natural magnetite
single crystal after long annealing at 990 K [5,8]. In both
cases, the reconstruction is interpreted as being induced
by the contamination of the surface due to the segregation
of Mg2+ and Ca2+ ions, respectively.

The reason that only a tendency for the ridge recon-
struction was obtained after annealing in oxygen at
1000 K, while a clear ridge reconstruction was achieved
by annealing in UHV at the same temperature is probably
related to the balance between Fe, O and Mg ions neces-
sary for a well-ordered surface. Presumably, when anneal-
ing is performed in O, a higher annealing temperature
resulting in a higher Mg2+ concentration is necessary to ob-
tain ridge reconstruction.

When annealing the Fe3O4 film grown on MgO, an
interdiffusion of Mg and Fe cations takes place. This re-
sults in a substitution of the octahedrally coordinated Fe
ions with Mg through the film. In order to determine
weather this interdiffusion occurs only at the surface or
through the entire thickness of the film, we have performed
resistivity measurements on the film before and after
annealing at 1000 K (Fig. 3). The measurements performed
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Fig. 3. Resistivity as a function of temperature measured in cooling down
and warming up (arrows) of the 100 nm thick Fe3O4(110) film grown on
MgO. The Verwey transition at 121 K clearly seen in the as-grown film
(thin line), vanishes for the annealed film (thick line). The inset shows the
hysteresis in the phase transition region, as a result of finite speeds of
cooling down and warming up.
before annealing show clearly the so-called Verwey transi-
tion at 121 K. The sharpness and the temperature of the
Verwey transition give indications of a good crystallinity
and phase purity of our magnetite films. After annealing
at 1000 K, this phase transition disappears. The most plau-
sible explanation is that the Mg2+ ions intercalate in the
structure and decorate the octahedral iron rows resulting
in a magnesium enriched Fe3O4 film, e.g. MgxFe2+xO4.
This affects the Verwey transition associated with the
charge ordering at the octahedral Fe sites.

Our STM images acquired with paramagnetic W tips
show a surface morphology consisting of terraces with
edges perpendicular to the ½�110� direction. The step heights
between terraces are integer multiples of 3.0 Å ± 0.3 Å
[Fig. 4(a)]. This corresponds to the distance between simi-
lar layers (A–A or B–B) in the bulk structure. Each terrace
ripples in the ½�110� direction. The periodicity of the ridges
is mostly 25.0 Å ± 0.3 Å. This periodicity corresponds to
threefold the bulk lattice constant (8.4 Å). Sometimes we
observe a 34.0 Å ± 0.3 Å periodicity in agreement with
fourfold the bulk lattice constant. Shifts along the [001]
direction with shift vectors of 1/2[00 1] are sometimes ob-
served. The vertical corrugation perpendicular to the ridges
varies between several tenths of pm and several hundreds
of pm. As we will show later on in this paper, this variation
is depending on the state of the tip, i.e., a pure W tip versus
a modified W tip by picking up material from the sample.

In Fig. 4(b) we present an image showing well resolved
double rows on top of each ridge and separated by 8.4 Å
and one row in the middle of each valley. In this image
we can distinguish as well a third row in between the two
well resolved double rows on top of the ridges. These rows
are running along the ½�1 10� direction. The average vertical
corrugation is 0.75 Å ± 0.3 Å. Images taken with seven
different W tips showed double rows on tops and single
rows in the valleys. Sometimes, three or four rows can be
distinguished on top of the ridges with distances varying
between 4.0 Å ± 0.3 Å and 12.0 Å ± 0.3 Å.

Using a very clean W tip obtained by melting its top
through electron bombardment, we observe a significant
improvement in the resolution of the STM images. In
Fig. 5(a) we show an example of such an image where
the top of one ridge with a width of 12.0 Å ± 0.3 Å is very
well resolved. This tip images periodicity along both the
[00 1] and ½�110� directions. The smallest distance between
two atoms imaged along the [001] direction is 2.1 Å ±
0.3 Å. This distance is in good agreement with the bulk
Fe–O distance. Along the ½�110� direction, the periodicity
is 3.0 Å ± 0.3 Å , which corresponds to the 2.97 Å distance
between two consecutive oxygen ions or two consecutive
octahedral iron ions of the bulk A layer (see Fig. 1). We
attribute the indentation in the middle of the top of the
ridge to the spacing between the tetrahedral Fe3+ ions rows
of the bulk A-layer. This indented line feature is often
resolved in our STM images using different W tips. The
observed rows are attributed to octahedral iron rows and
oxygen rows. The tetrahedral Fe3+ sites are sometimes



Fig. 4. (a) 700 · 700 Å2 STM image showing terrace morphology with ridges along the ½�110� direction separated by 25 Å. The image was taken with a
W tip at a tunneling current of 0.85 nA and a bias voltage of 0.5 V. The line profile along the [001] direction shows the 25 Å periodicity of the ridges.
(b) 200 · 200 Å2 STM image showing resolution on tops and valleys of the ridges. The image was taken with a W tip at a tunneling current of 0.28 nA
and a bias voltage of 1.5 V. The line profile along the [001] direction shows a 0.75 Å average vertical corrugation perpendicular to the ridges.

Fig. 5. 90 · 90 Å2 atomically resolved STM image showing periodicity
along ½�110� and [001] directions. The image was acquired with a clean
blunt W tip at a tunneling current of 0.76 nA and at a bias voltage of
1.5 V.
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observed (in Fig. 6(a) such a site is indicated by an arrow).
Although the valleys are less well resolved than the tops of
the ridges, we can still identify in the valleys a 3.0 Å ±
0.3 Å periodicity along the ½�110� direction corresponding
to a bulk A layer.
Remarkably the sites of the oxygen atoms are imaged as
bright features. This result contrasts with other STM stud-
ies on magnetite which report the oxygen atoms imaged as
depressions [6,21]. Furthermore, the band structure calcu-
lations of bulk Fe3O4 indicate that the O(p) orbitals are ly-
ing well below the Fermi energy [1–3]. Although the
situation for the surface can be different, the very large shift
of more than 2 eV needed for the oxygen states to be acces-
sible to tunneling electrons, is unlikely. However, the Mg2+

ions present at the surface can influence the position of the
O(3s) orbitals. Indeed, electronic structure calculations
show that the conduction band of MgO has predominantly
O(3s) character [22]. Furthermore it was shown that in
transition metal oxides like HfO2, although the anion states
are less important due to the presence of the metal d states,
they are not negligible. Thus it is expected that the presence
of Mg2+ ions in the MgxFe2+xO4 compound changes the
character of the conduction band such that the O(3s) states
play an important role. Based on this argument we can ex-
pect that in the vicinity of Mg2+ ions, the oxygen ions ap-
pear bright. While in this scenario, oxygen ions would
appear as protrusions, the Mg2+ ions would appear as
depressions. No depressions are visible in our STM images
that could be attributed to the Mg2+ ions. Furthermore the
A-type bulk layer has an excess of positive charge and the
presence of the Mg2+ ions at the outermost layer would in-
crease the surface charge and thus decrease its instability.
In contrast, the presence of the Mg2+ ions at the subsur-
face, e.g. in the layer underneath the outermost layer will



Fig. 6. (a) (30 · 30) Å2 zoom in the area indicated by a square in Fig. 5(a). The image was acquired with a clean blunt W tip at a tunneling current of
0.76 nA and at a bias voltage of 1.5 V. On part of the STM topography we indicate atomic positions according to the model based on an A-type bulk layer.
Large grey circles denote oxygen ions. The tetrahedral and octahedral Fe ions are represented as small black and large black circles, respectively. The
rectangles represent the two sets of atoms that are shifted with a vector of 1=4½�110� in respect to their bulk positions. The arrow indicates an imaged atom
corresponding to the tetrahedral Fe site. (b) The upper two layers side view of the model projected along the ½�110� direction. (c) The side view of the
surface layer model projected along the ½�110� direction. By thick and thin ovals we highlight the regions of the current maps presented in Fig. 8 and
corresponding to the bright and dark regions, respectively.
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decrease the dipole moment perpendicular to the surface
resulting in a more stable surface. Indeed, this subsurface
layer is of B-type with an excess of negative charge and
favors the intercalation of Mg2+ ions at the octahedral
iron rows.

3.2. Surface model

The very well resolved images taken with blunt W tips
allow us to suggest an atomic model of the top region of
the ridges. Considering a bulk A-layer truncation, the im-
aged rows of atoms are attributed to octahedral Fe and
O sites. In comparison to a bulk A-type truncation, the
two sets of atoms highlighted by rectangles in Fig. 6(a)
are shifted with respect to each other with a vector of
1=4½�110�. Thus, on the basis of these well-resolved images
we conclude that locally, the surface reconstruction is of
the A type, containing both octahedral and tetrahedral
Fe ions. The A truncated domains (highlighted by rectan-
gles in Fig. 6(a)) are only �6 Å wide and they are shifted
with respect to each other. The side view of our structure
model projected along the ½�110� direction is shown in
Fig. 6(c). Note, that our model is based on bulk-truncation.
Alternative models are thinkable if surface reconstruction
and altered composition on the surface are included.

The most pronounced rows, commonly observed in our
images, are double rows of protrusions separated by 8.4 Å
on the top of each ridge and single rows of protrusions in
the middle of each valley as in the image presented in
Fig. 4(b). According to our model (Fig. 6(c)), these rows
correspond to the octahedral iron sites rows. It is expected
that the octahedral iron sites yield higher tunneling cur-
rents as these sites are responsible for conductivity in mag-
netite. Thus, the highest features are naturally attributed to
the octahedral iron sites in concordance with our proposed
model. The fact that with the blunt W tip we are able to re-
solve very well also the other species of atoms, i.e., tetrahe-
dral Fe and oxygen is due to the high purity of this tip as a
consequence of melting its top. The quality of melted W
tips subsequently covered with a thin film of iron has been
demonstrated in spin polarized STM measurements [23,24].
As the bulk A-layer is polar, charge neutrality can be ob-
tained by vacancies at the tetrahedral sites. However, for
a full description of a stable non-polar surface, the charges
of the deeper layers have to be included.

In Fig. 6(b) we show the side view model of the upper
two layers projected along the ½�110� direction. The Mg2+

ions intercalate at the subsurface B-layer in the interstitial
positions in between two octahedral iron ions and influence
the nearest neighbors oxygens of the outermost A-layer
such that they appear as bright features. Note that the
Fe–Fe spacing within the octahedral iron rows along the
½�11 0� direction of the B-layer is relatively large (6 Å) such
that it is likely that the Mg2+ ions fit in between. The inter-
calation of the Mg2+ at the octahedral Fe rows ions is
responsible for the disappearance of the Verwey transition
upon annealing as observed in the resistivity measurements
(see Fig. 3). Similar intercalation of the Ca2+ ions is pro-
posed for the p(1 · 4) reconstructed (001) surface of an
Fe3O4 natural crystal [8].

Another explanation which sustains that the observed
p(1 · 3) reconstruction is induced by the Mg impurities is
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based on surface energy principles according to which, the
presence of the positive ions at the surface results in a
coarsening of the surface in contrast to a less coarse surface
favorable in the presence of negative ions. Thus, the elec-
tropositive species lead to coarsening of a conductive
surface while electronegative adsorbates rather lead to
decoarsening.

The location of the Mg2+ ions at the subsurface agrees
as well with the AES results. For high energies of the Auger
transition, like the one corresponding to the observed mag-
nesium peak, the escape depth is a couple of nanometers
and thus this peak can well originate from the Mg2+ ions
located at the subsurface.

3.3. Electronic properties of the surface

The conductivity characteristic of the Fe3O4(110) sur-
face is analyzed by STS. Two types of shape for the I–V

characteristics are observed in the STS measurements per-
formed with the W tips. The majority of measurements
show semiconductor-like I–V curves also at low tunneling
resistances (corresponding to 2 nA tunneling current and
1 V gap voltage) (Fig. 7). However, approximately 10%
of the time we have observed ohmic-like shapes for the I–
V curves. As ohmic-like I–V characteristics have been ob-
served with the very clean W tip obtained by melting its
top, we have speculated at first that the purity of the tip
influences the type of shape for the I–V curves. However,
new experiments excluded this possibility as with the same
standard prepared W tip we measured both types of shapes
in different regions of the sample. We believe that the dif-
ference in the I–V shape is related to the non-uniform seg-
regation of Mg through the film [20]. Thus, regions with
lower concentration of Mg ions can still show metallic-like
shapes for the I–V curves, while regions with a larger con-
centration of Mg will have a lower conductivity and will
show semiconductor-like shapes for the I–V curves.
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Fig. 7. Typically semiconductor-like and rarely observed ohmic-like
shapes of the I–V curves on top and on valleys of ridges. As the I–V

curves taken in the valleys and on the tops of the ripples differ only
insignificantly, we show the I–V curves obtained by averaging over both
valley and top areas. The tip-sample distance was set by stabilizing a
tunneling current of 0.73 nA and 0.65 nA and a bias voltage of 1.5 V and
1.5 V for the semiconductor and ohmic-like curves, respectively.
In Fig. 8(a) and (b) we present the derivatives of the I–V

curves measured on top and in the valleys of the ridges in
the second and third measurements of a sequence of four
consecutive STS measurements. This sequence is collected
in the region presented in Fig. 4(b). The topography images
are shown in the left inset of Fig. 8(a) and (b). The current
maps at 1.06 V bias voltage is presented in the right inset of
Fig. 8(a) and (b). For the first two measurements the top-
valley corrugation in the topography had an average value
of 0.75 Å (see Fig. 4(b)) and very small contrast has been
observed in the corresponding current map. The same
situation is observed for a part (below the arrow in
Fig. 8(b)) of the third measurement. At one point indicated
by an arrow in Fig. 8(b) the state of the tip has changed
resulting in changes in both topography and current
map (the part of the image above the arrow in Fig. 8(b)).
Thus at the tip change, the top-valley corrugation increases
to an average value of 3.5 Å and the octahedral iron sites
rows in the valleys are not anymore visible, i.e., the valleys
are imaged dark. In the current map we observe an in-
creased contrast associated with the ripple structure. Fur-
thermore, the current measured on tops and valleys
becomes weaker. This situation is maintained also for the
fourth measurement.
Fig. 8. (a) and (b) Derivatives of the I–V curves obtained on the tops and
the valleys of the ridges in two consecutive STS measurements. Each curve
is the average over approximately hundred single curves. Inset:
200 · 200 Å2 STM image and corresponding current map. The bias
voltage for these maps is 1.06 V. The tip sample distance was set by
stabilizing a tunneling current of 1 nA and a bias voltage of 1.5 V. The
arrow in (b) indicates the change of the tip state. The scanning has been
acquired in the upwards direction.
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By superimposing the current map on the topography
image, a slight shift is observed, such that the brighter
zones (higher conductance) in the current map correspond
to the main part of the valley and a small part of the top in
topography, while the darker zones (lower conductance)
correspond to the main part of the tops and a small part
of the valleys. In the topography model presented in
Fig. 6(c) we highlight by the thick and thin ovals the re-
gions corresponding to the bright and dark regions in the
current map. For practical reasons, these regions will be re-
ferred in the following as corresponding to valleys and tops
of the ridges.

According to the model presented in Fig. 6(c), the top of
the ridges are dominated by the tetrahedrally coordinated
iron, while the valleys are dominated by the octahedrally
coordinated iron. This explains the small contrast typically
observed in the current maps acquired with W tips. Fur-
thermore, as the octahedral sites are responsible for the
conduction mechanism in magnetite, the always observed
higher conductance in the valleys agrees with the dominat-
ing octahedral coordination of our model. In magnetite,
the octahedral and the tetrahedral sublattices have antipar-
allel orientations of the magnetic moments. Based on our
proposed model, the octahedral character of the valleys
and the tetrahedral character of the tops result in an anti-
parallel orientation of the magnetization vectors on tops
and valleys. When using a magnetic tip, the detection of
the spin polarization component results in an enhanced
contrast in the current map and an enhanced corrugation
in the topography between tops and valleys due to their
antiparallel oriented magnetization directions.

A plausible explanation for the change of the W tip state
(see arrow Fig. 8(b)) refers to a soft crash of the tip during
the STS measurements when the tip picked up material
from the film. Thus, hereby the tip is rendered spin selective
to certain degree. The detection of the spin polarized con-
tribution to the tunneling current leads to a corrugation
enhancement and a stronger appearance of the top-valley
contrast in the current map, as observed above the arrow
in Fig. 8(b). By picking up magnetite, the tip-sample sepa-
ration becomes smaller. Furthermore, due to the presence
of magnetite on its top, the modified W tip becomes less
conductive. This explains the lower conductivity measured
on tops and valleys compared to the conductivity measured
before the tip change.

4. Conclusions

The STM study on a magnetite (11 0) surface indicates a
morphology consisting of terraces that ripple in the ½�110�
direction. The AES and resistivity measurements indicate
the segregation of Mg2+ through the entire thickness of
the film. Atomically resolved images taken with a clean
blunt W tip resolves periodicity in ½�110� and [001] direc-
tions. Based on these images we build a model in agreement
with a bulk A-type layer containing both octahedral and
tetrahedral Fe ions. The Mg2+ ions intercalate at the inter-
stitial positions of the octahedral iron rows in the B-type
layers. This is in agreement with both AES spectra and
the resistivity measurements.

In the STS measurements we observe two types of I–V

characteristics: ohmic-like and semiconductor-like. Our
data suggest that this is related to a non-uniform Mg2+ seg-
regation through the film resulting in regions with different
conductivities. The majority of the measured I–V curves
maintain a semiconductor-like shape down to low tunnel-
ing resistances. A small contrast between the tops and val-
leys of the ripples is typically observed in the current map.
This contrast is attributed to the tetrahedral and octahedral
character of the tops and the valleys, respectively, in agree-
ment with the proposed model. We observe a contrast
enhancement at the W tip change accompanied by a corru-
gation enhancement. This tip change can be caused by
picking up material from the sample, resulting in a mag-
netic tip. The detection of the spin polarization component
to the tunneling current explains the observed contrast
enhancement.
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