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We study the structure and the magnetic properties of the (110) surfaces of magnetite Fe3O4 thin films by scanning tunneling
microscopy (STM) and spectroscopy (STS). The STM images show a surface reconstruction consisting of ridges along the
½�1110� direction. The data indicate a pure outermost layer followed underneath by a Mg2þ-contaminated layer. The metallic
and semiconductor-like shapes of the measured current–voltage (I–V) curves indicate different thicknesses of the
contaminated layer. While the W tips show in the current map small differences between the tops and valleys of ridges, the
antiferromagnetic MnNi tips show a strong contrast at 0.3 and �0:7V bias voltages. We discuss whether these observations
can be related to the detection of spin-polarized current. [DOI: 10.1143/JJAP.45.2225]
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1. Introduction

Magnetite (Fe3O4) as a ferrimagnet predicted to be a half
metal has a high potential for spin-valve and magnetic
recording applications. Thus, the understanding of the
structural and magnetic properties of magnetite surfaces
down to the atomic scale has attracted considerable research
interest. The use of scanning tunneling microscopy/spec-
troscopy (STM/STS) and spin-polarized STM/STS is of
crucial importance in this respect.

The (001) surface of magnetite has been extensively
studied by STM both in single-crystal and thin-film forms
and several surface terminations have been proposed.1–5)

Magnetic contrast interpretations were given to the STM
images of Fe3O4(001) and (111) surfaces aquired with spin-
selective tips, i.e., ferromagnetic Fe and antiferromagnetic
MnNi tips.6–10) 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 have been performed only with a paramagnetic W
tip, despite of the predicted termination that contains Fe ions
belonging to two different magnetic sublattices. Such an
arrangement could give rise to magnetic contrast.11,12)

Furthermore, the (110) surface is predominantly present in
the biogenic magnetite crystals found in bacteria and
vertebrates.13–15) These crystals are thought to be involved
in magnetoreception, the ability to sense the polarity or the
inclination of the earth’s magnetic field and to be involved in
navigation. Thus peculiar magnetic properties are expected
for the (110) orientation. Moreover, spin-dependent trans-
port in materials with a high degree of spin polarization has
attracted a lot of research interest due to their high potential
for technological applications. Thus, detecting the spin
polarization signature of the magnetite surface (which in
bulk is predicted to be fully spin-polarized) has importance
for devices that employ spin electronic currents. Thus we
studied the (110) surface of magnetite.

In this paper, we present a structural study of the (110)
surface of Fe3O4 thin films down to the atomic scale. We
discuss and compare the results of spectroscopy measure-
ments performed with paramagnetic W tips and antiferro-

magnetic MnNi tips.
Magnetite has an fcc cubic inverse spinel crystal structure

with a lattice constant of 8.397 Å.16) The tetrahedral sites are
occupied by Fe3þ ions and the octahedral sites are shared
between equal amounts of Fe3þ and Fe2þ ions. The two
sublattices formed by the octahedral and the tetrahedral sites
couple antiferromagnetically and have different magnetic
moments resulting in a net magnetization. The conductance
takes place at the octahedral sites due to the continuous
hopping between Fe2þ and Fe3þ ions. Theoretical calcula-
tions predict that the bulk transport is 100% spin-polar-
ized.17–19)

Two types of bulk termination for the (110) surface exist:
type A contains both tetrahedrally and octahedrally coordi-
nated Fe ions and type B contains octahedrally coordinated
Fe ions (Fig. 1). The type A and type B layers alternate in
the bulk with an interlayer spacing of 1.484 Å. The two types
of surface are equally polar (þ3 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
deposited 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 523K. Two different annealing procedures
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Fig. 1. A and B type (110) layers that alternate in bulk. The surface unit
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applied to two separate films were used to obtain well-
ordered surfaces. The first procedure consisted of 30min
annealing at 1000K in ultrahigh vacuum (UHV). A second
film was first annealed at 1000K in 2� 10�6 mbar oxygen
followed by 10min annealing at 1000K in UHV. After
preparation, the samples were transferred under UHV
conditions in the analysis chamber. The samples were
inspected by Auger electron spectroscopy (AES) to estimate
the degree of contamination in the surface region. The AES
spectra were acquired in the integral [N(E)] mode and were
subsequently differentiated. The composition in the surface
region was estimated using atom sensitivity factors. The
STM/STS measurements were performed at a base pressure
below 5� 10�11 mbar at room temperature with an Omicron
UHV STM-1. We have used 20 paramagnetic W tips and 3
antiferromagnetic MnNi tips.20) Etched W tips were pre-
pared by 15min sputtering with Arþ ions (1 kV) and
annealing at 700K. This preparation resulted in sharp tips
with a radius of approximatively 50 nm. Blunt (with
radius > 200 nm), clean W tips were subsequently obtained
by melting their apex through electron bombardment (by
applying 600V between a W filament and the sharp tip
placed 2mm below the filament). Etched MnNi tips were
prepared by 10min sputtering with Arþ ions (1 kV).

3. Results and Discussion

The first film annealed in UHV at 1000K showed a well-
ordered surface consisting of ridges running along the ½�1110�
direction with a 25 Å periodicity corresponding to pð1� 4Þ
reconstruction.11,12) For the second film, after the first step of
annealing at 2� 10�6 mbar at 1000K a well-ordered surface
was not obtained, although a tendency for this ordering
could be distinguished. The ridge reconstruction was
achieved after a second step of annealing at 1000K in UHV.

From the Auger spectra of the annealed films we derive a
contamination level for magnesium of �5:9%. This content
of Mg2þ ions is sufficient to play an important role in the
observed pð1� 4Þ reconstruction. This is supported by a
similar pð1� 4Þ reconstruction observed on a (001) surface
of a magnetite thin film grown on MgO after annealing at
880K,21) as well as on a natural magnetite single crystal after
long annealing at 990K.2,5) In both cases, the reconstruction
is interpreted as being induced by the contamination of the
surface due to the segregation of Mg2þ and Ca2þ ions,
respectively.

The reason that only a tendency for the ridge reconstruc-
tion was obtained after annealing in oxygen at 1000K, 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 necessary for a well-
ordered surface. Presumably, when annealing is performed
in O, a higher annealing temperature resulting in a higher
Mg2þ concentration is necessary to obtain ridge reconstruc-
tion.

Our STM images acquired with paramagnetic W tips and
antiferromagnetic MnNi tips show a surface morphology
consisting of terraces with edges perpendicular to the ½�1110�
direction. The step heights between terraces are integer
multiples of 3:0� 0:3 Å [Fig. 2(a)]. This corresponds to the
distance between similar layers (A–A or B–B) in the bulk
structure. Each terrace ripples in the ½�1110� direction. The

periodicity of the ridges is mostly 25:0� 0:3 Å. This
periodicity corresponds to threefold the bulk lattice constant
(8.4 Å). Sometimes we observe a 34:0� 0:3 Å periodicity in
agreement with fourfold the bulk lattice constant. The
vertical corrugation perpendicular to the ridges is 1:5� 0:3
Å which corresponds to a quarter of the bulk lattice constant.
Thus, the ridge morphology of a terrace can be viewed as a
bulk layer which shifts up and down periodically with a shift
vector of 1/4[110].

On the top of the ridges we resolved rows running along
the ½�1110� direction. In Fig. 2(b) we present an image taken
with a MnNi tip showing on top of the ridges two rows
separated by 6:0� 0:3 Å. Images taken with seven W tips
and two MnNi tips showed double rows on top of the ridges
with distances varying between 6:0� 0:3 Å and 12:0� 0:3
Å. Shifts along the [001] direction [as the one indicated by
an arrow in Fig. 2(b)] with shift vectors of 1/2[001] are
sometimes observed.

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. 3(a) we show an example of such an image where the
top of one ridge with a width of 12:0� 0:3 Å is very well
resolved. This tip images periodicity along both the [001]
and ½�1110� directions. The smallest distance between two
atoms imaged along the [001] direction is 2:1� 0:3 Å. This
distance is in good agreement with the bulk Fe–O distance.
Along the ½�1110� direction, the periodicity is 3:0� 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 Fe3þ ions rows of the bulk
A-layer. This indented line feature is often resolved in our
STM images using different W and MnNi tips [Fig. 2(b)].
Considering a bulk A-layer truncation, the imaged rows of
atoms are attributed to octahedral Fe and O sites as indicated
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Fig. 2. (a) 700� 700 Å2 STM image showing terrace morphology with

ridges along the ½�1110� 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 0.5V.

The line profile along the [001] direction shows the 25 Å periodicity of

the ridges. (b) 200� 200 Å2 STM image showing resolution on top of the

ridges. The image was taken with a MnNi tip at a tunneling current of

0.5 nA and a bias voltage of 1V. The line profile along the [001] direction

shows a 1.5 Å vertical corrugation perpendicular to the ridges. The defect

line along which one of the ridges shifts with 1/2[001] is indicated by an

arrow.
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by the arrows outside the image in Fig. 3(b). The fact that
both octahedral Fe rows and O rows are seen as bright
features explains the different distances measured between
the two rows that we typically observe on top of the ridges.
The tetrahedral Fe3þ ions are sometimes observed. The
arrows inside the image shown in Fig. 3(b) indicate sites of
tetrahedral Fe3þ ions. Although the valleys are less well
resolved than the tops of the ridges, we can still identify in
the valleys a 3:0� 0:3 Å periodicity along the ½�1110�
direction corresponding to a bulk A layer.

Remarkably, the sites of the O atoms are imaged as bright
features. This contradicts the band structure calculations of
bulk Fe3O4 indicating that the Op orbitals lie well below the
Fermi energy.19) However, the Mg2þ ions present at the
surface can influence the position of the O3s orbitals. Indeed,
electronic structure calculations show that the conduction
band of MgO has predominantly O3s characteristics.22) On
the basis of this argument we predict that the bright
appearance of the O ions in our STM images is caused by
the presence of Mg2þ ions in their vicinity. While in this
scenario, O ions would appear bright, the Mg2þ ions would
appear as depressions. As no depressions are visible in our
STM images that could be attributed to the Mg2þ ions, we
conclude that they are located in the layer underneath the
outermost layer. This underneath layer is of the B type and
the Mg2þ ions can intercalate at the interstitial positions of
octahedral Fe ion rows (see Fig. 1). A similar intercalation
of the Ca2þ ions is proposed for the pð1� 4Þ reconstructed
(001) surface of a Fe3O4 natural crystal.5) As the Auger
signal is sensitive to a few monolayers, the magnesium peak
observed in the spectra can originate from the Mg2þ ions
located underneath the outermost layer. Thus our interpre-
tation is in good agreement with the AES measurements.

On the basis of these well-resolved images we conclude
that the surface reconstruction is of the A type, containing
both octahedral and tetrahedral Fe ions. As the bulk A-layer
is polar, charge neutrality can be obtained 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.

The conductivity characteristic of the Fe3O4(110) surface
is analyzed by STS. Two types of shape for the current–

voltage (I–V) characteristics are observed in the STS
measurements performed with the W tips. The majority of
measurements show semiconductor-like I–V curves also at
low tunneling resistances (Fig. 4). However, approximately
10% of the time we have observed ohmic-like shapes for the
I–V curves (upper inset of Fig. 4). At first we have
speculated that the purity of the tip influences the type of
shape for the I–V characteristics. However, new experiments
excluded this possibility as with the same tip we measured
both types of shapes in different regions of the sample. We
believe that the difference in the I–V shape is related to the
variable thickness of the Mg contaminated layer.21) Thus, if
Mg ions are located only in one monolayer underneath the
outermost layer, the I–V curves can still show metallic-like
shapes. However, the presence of Mg in several monolayers
will result in a sufficiently thick semiconducting layer and
the corresponding I–V curves will have semiconductor-like
shapes. The variable thickness of the Mg-contaminated layer
is probably related to the non uniform thickness of our film.

The small contrast between tops and the valleys of the
ridges (lower inset of Fig. 4) is typically measured with W
tips. The origin of this contrast can be chemical or could be
related to defects in the surface structure. The increased
contrast at large negative biases is due to the choice of the
set-point bias voltage.

At 0.3 and �0:7V bias voltages, the STS measurements
performed with an antiferromagnetic MnNi tip show large
differences between the conductivity in the valleys and the
conductivity on the tops of the ridges. The STM image and
the corresponding current map at 0.6V bias voltage are
presented in the inset of Fig. 5. The strong dark-bright
contrast correlates to the ridge structure such that the bright
and dark zones correspond to the valleys and tops of the
ridges, respectively. Figure 5 shows the dI=dV curves
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Fig. 3. (a) 90� 90 Å2 atomically resolved STM image showing perio-

dicity along ½�1110� 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

1.5V. (b) 30� 30 Å2 zoom in the area indicated by a square in (a). The O

ion rows and octahedral Fe ion rows are indicated by arrows outside the

image. The tetrahedral Fe ions are indicted by arrows inside the image.
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Fig. 4. Semiconductor-like shapes of I–V curves measured with W tip on

top and on valleys of ridges. Each curve is obtained by averaging over

large, contaminated free areas of tops and valleys of ridges. Lower inset:

150� 150 Å2 topography and the corresponding I–V map showing a

small contrast correlated with ridge structure. The bias voltage for I–V

map is 1.4V. The tip-sample distance was set by stabilizing a tunneling

current of 0.73 nA and a bias voltage of 1.5V. Upper inset: ohmic like

shapes of I–V characteristics measured with clean blunt W tip. As the I–V
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current at a bias voltage of 1.5V.
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measured in the valleys and on the tops of the ridges. The
two pronounced features indicated by arrows at 0.3 and
�0:7V are present only in the valleys and have never been
observed in the dI=dV curves measured with a W tip.
Although less pronounced, a different MnNi tip shows
similar features at 0.3 and �0:7V, strengthening the validity
of these results. The small contrast between the valleys and
the tops of the ridges at large biases, i.e., < �1V and > 1V
is of the same magnitude as the one typically measured with
the paramagnetic W tip.

An explanation of the magnetic origin of the pronounced
features measured with the MnNi tip can be given by making
an analogy between the antiphase boundaries (APB) of the
Fe3O4(001) thin films and the ridge boundaries (RB)
delimiting the tops from the valleys in the (110) films. The
APBs in the (001)Fe3O4 thin films are formed as a result of
the mismatch between the film and the MgO substrate.23–25)

Both APB and RB show 1/4[110] shift vectors. It was
shown that the magnetic coupling across the APBs in (001)
films can be antiferromagnetic. Similarly, the RB could
trigger an antiferromagnetic coupling between the tops and
valleys of the ripples. In such a scenario, if the sample
magnetization is not orthogonal to the tip magnetization, a
magnetic contrast is expected. However, at the moment we
cannot exclude the contribution of the tip density of states to
the observed contrast. Spin-selective features should also be
present in spin-integrated spectroscopy curves. Nevertheless,
the combination of tip and sample materials can lead to
emphasis or suppression of features, e.g., magnetochemistry.
To distinguish the magnetic contrast from other contribu-
tions, the application of a magnetic field is crucial. Switch-
ing the contrast by applying a magnetic field would give
clear proof of spin-polarized current detection. Moreover,
extra investigations are necessary for determining the
orientation of the surface magnetization. By knowing this,
magnetic tips can be prepared in a controlled way with a
high probability of spin-polarized current detection.

4. Conclusions

The STM study on a magnetite (110) surface indicates a
morphology consisting of terraces that ripple in the ½�1110�
direction. Although the Mg2þ ions segregating from the
substrate at the surface of the film are involved in the
observed reconstruction, our STM images provide evidence
of a contaminations free outermost layer. Atomically
resolved images taken with a clean blunt W tip resolves
periodicity in ½�1110� and [001] directions in agreement with a
bulk A-type layer containing both octahedral and tetrahedral
Fe ions. The O ions are imaged as bright features indicating
the presence of Mg2þ ions in the layer underneath the
outermost layer.

The STS measurements using paramagnetic W and
antiferromagnetic MnNi tips show two types of I–V
characteristic. When the Mg2þ contamination is restricted
to one monolayer ohmic like I–V characteristics are
obtained. However, the majority of the measured I–V curves
maintain a semiconductor-like shape down to low tunneling
resistances indicating a contaminated layer thicker than one
monolayer. A small contrast between the tops and valleys of
the ripples is typically observed in the current map measured
with the W tips. The MnNi tips show in the current map a
strong dark-bright contrast correlated with the ridge struc-
ture. The origin of this contrast can be attributed to
magnetism. However, at the moment we cannot exclude
the contribution of the tip density of states.
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