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Scanning tunneling microscopy studies of the Fe 3O4„001… surface using
antiferromagnetic probes

G. Mariotto,a) S. F. Ceballos, S. Murphy, and I. V. Shvets
SFI Laboratories, Physics Department, Trinity College, Dublin 2, Ireland

~Presented on 13 November 2002!

We have studied the~001! surface of a Fe3O4 single crystal using low-energy electron diffraction
~LEED!, Auger electron spectroscopy~AES! and scanning tunneling microscopy~STM!. The STM
measurements were performed using a novel tip of antiferromagnetic MnNi alloy. Atomically
resolved STM images provide evidence of a surface terminated at the octahedral plane, with rows
of Fe cations running along the^110& crystallographic axes. Two different kinds of Fe cations with
a separation of 6 Å were imaged, while the periodicity between Fe cations of the same kind is about
12 Å. We propose an interpretation of the anomalous corrugation observed in terms of a spin
polarized effect, resulting in magnetic contrast between Fe21 and Fe31 ions in octahedral
coordination. ©2003 American Institute of Physics.@DOI: 10.1063/1.1556199#
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I. INTRODUCTION

Scanning tunneling microscopy~STM! has proven to be
a powerful instrument for the investigation of the structu
and electronic properties of surfaces down to the nanom
and atomic scale. In recent years, attention has focuse
the possibility of obtaining magnetic contrast by using ST
with tips made from magnetic materials. Magnetic contr
on the atomic scale was claimed by Wiesendangeret al.1 on
the Fe3O4(001) surface of a natural single crystal using
ferromagnetic Fe tip. These results were recently reprodu
by Koltun et al.2 on an artificial Fe3O4(001) single crystal.
Cr coated W tips have also been employed to image st
domains with a magnetic period of 5065 nm in Fe/W~110!
epitaxial films.3 Antiferromagnetic tips do not produce
stray magnetic field, so that there should be no magnetos
interaction between the tip and sample.4 In this study, we
fabricated tips from antiferromagnetic MnNi and used th
to investigate the surface properties of magnet
Fe3O4(001). Magnetite is a highly interesting material f
applications in spin electronics, because of its half-meta
properties. However, many issues regarding the struct
and electronic properties of the surface have not been
solved. In this study, new STM data are presented on
structure of the~001! surface at the atomic scale. These
sults are discussed in terms of a possible spin-polarized
fect.

II. EXPERIMENT

The sample preparation and analysis were performe
an UHV system with a base pressure in the mid 10211mbar.
This system was equipped with facilities for low-ener
electron diffraction~LEED! and Auger electron spectroscop
~AES!. STM was performed in constant-current mode, us
a home-built room-temperature instrument. The sample
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positively biased at 0.6–1.0 V with respect to the tip.
tunneling current between 0.1 and 0.3 nA was typically us

Magnetite is an inverse spinel material with a crys
structure that is based on a face-centered cubic unit c
containing 32 O22 anions and 24 mixed valence Fe cation
having a lattice parameter ofa58.3963 Å.5 The formula can
be written as YA@XY #BO4, where X5Fe21, Y5Fe31 andA
and B denote tetrahedral and octahedral sites, respectiv
The octahedralB sites are occupied by a mixture of Fe21 and
Fe31 ions, which form rows running along thê110& set of
directions. Magnetite is a half-metallic ferrimagnet with
high spin-polarization near the Fermi level.6 The spin con-
figuration of the Fe ions is 3d5 for Fe31 and 3d6 for Fe21,
making the ~001! face terminated at the octahedral pla
suitable for atomic scale spin-polarized STM experiment

The artificial crystal used in these experiments w
grown by the skull melting technique.7 The crystal surface
was aligned with a precision of61° with respect to the~001!
crystallographic plane. X-ray diffractometry~XRD! of a
powdered part of the crystal showed good agreement w
the reference diffractograms for the magnetite crystal str
ture and a lattice constant of 8.4060.01 Å was measured
Four-point resistance versus temperature measurements
made between 10 and 300 K. A Verwey transition tempe
ture of 108 K was measured, indicating that the composit
of the crystal was substoichiometric.

The crystal was mechanically polished using diamo
paste with decreasing grain sizes of 3, 1, and 0.25mm. After
polishing, the crystal was cleaned and secured onto a
sample holder before insertion into the UHV system. T
in-vacuum preparation procedure consisted of a combina
of Ar1 ion sputtering, annealing in UHV, and annealing in
oxygen partial pressure. The details of this preparation p
cedure are described elsewhere.8 This preparation procedur
produces a contaminant-free surface, showing a sharpA2
3A2)R45° LEED pattern.
2 © 2003 American Institute of Physics
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III. RESULTS AND DISCUSSION

A. Tips fabrication

STM tips for this study were fabricated using MnNi a
loy. The MnNi alloy has a CuAu–I type face centered tetra
onal crystal structure, with lattice parametersa53.714 Å, c
53.524 Å. This alloy is antiferromagnetic within a comp
sition range of about62% of the equiatomic composition.9

Neutron diffraction studies indicate that the Mn atoms ha
large magnetic moments (m54.060.1mB), which are anti-
ferromagnetically aligned in planes that are normal to
crystallographicc axis. The magnetic moments of the N
atoms are by comparison much smaller (m<0.6mB).10,11

A polycrystalline ingot was prepared by arc-meltin
equiatomic proportions of 99.9% pure Mn and Ni powd
under an argon atmosphere. Having melted the ingot twic
ensure homogeneity, it was then annealed for 48 h at 90
under an inert argon atmosphere. X-ray powder diffract
was carried out on a sample of the ingot to ensure that
correct crystallographic structure was obtained. Cylindri
rods~0.5 mm313 mm! of the material were then prepared b
cutting the ingot with a low-speed diamond-wheel saw a
polishing.

We have employed a similar technique to that descri
by Iijima and Yasuda12 for the preparation of Fe, Ni, an
FeBSiC magnetic force microscope~MFM! tips. The MnNi
rods were etched in an aqueous solution of 0.5 M HCl. T
lower end of each rod was covered with a length of 2.5 m
of insulating PTFE tubing, which was then immersed in t
etchant. This physically restricted the etching zone beca
only a very small region of the uncovered rod above
insulating tubing was exposed to the etchant. Dropoff
curred when the etched region was too narrow to support
weight of the lower portion of the rod. The tip was retriev
from the PTFE tubing which protected it from mechanic
damage after dropoff. The tips were rinsed with distilled w
ter and inserted into the UHV system where they w
cleaned with 1 keV Ar1 ions prior to use. This techniqu
improves upon earlier preparation procedures develope
our laboratory,13,14 to produce tips with a lower aspect rat
and with tip apexes lying in the 50–100 nm range. SE
images of a MnNi tip prepared in this fashion are shown
Fig. 1. A more detailed description of the tips preparat
procedure is available elsewhere.15

FIG. 1. SEM images of a MnNi tip with31.5k magnification.
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B. AES and LEED measurements of Fe 3O4„001…

The Fe–O system is complex and the stable phases
pend on parameters such as temperature and oxygen con
Fe3O4, FeO, andg-Fe2O3 have a similar oxygen lattice an
can readily transform into each other under suitable ann
conditions. Therefore, it is important to establish whi
phase may be present on the surface of a crystal. AES ca
used to establish the chemical composition of the surface;
FeM2,3VV line shape can be used to determine which ir
oxide is present at the surface.16–19The typical line shape of
the low-energy iron peaks we obtained are in good agr
ment with the reference Auger spectrum for Fe3O4.17 This
line shape was found to be highly reproducible using
in-vacuum preparation procedure described earlier. Figu
shows a typical LEED pattern of the surface, taken with
primary beam energy of 93 eV and an emission curren
0.5 mA. Half-order spots are visible in an arrangement c
responding to a (A23A2)R45° reconstruction. The~131!
unit cell and the (A23A2)R45° superlattice are indicated b
a dashed and a solid square, respectively.

C. STM measurements of Fe 3O4„001…

A typical STM image of the surface is shown in Fig.
The ~001! surface of magnetite was characterized by flat t
races with straight edges aligned along the@110# and @11̄0#
crystallographic directions. The step heights are an inte
multiple of 2.1 Å, which corresponds to the separation b
tweenA–A or B–B planes. A monatomic step equal to 1

FIG. 2. LEED pattern of a clean Fe3O4(001) surface observed with a pri
mary electron energy of 93 eV. The (A23A2)R45° surface mesh is visible
The p(131) unit cell and the (A23A2)R45° superlattice are indicated b
a dashed square and a solid square, respectively. The crystallographic
are marked.

FIG. 3. ~120031500! Å2 STM image. The step edge directions lie along t
@110# and@11̄0# crystallographic axes. The step heights are integer mult
of 2.1 Å, which corresponds to the separation betweenA–A or B–B planes.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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60.1 Å was never observed, ruling out the possibility
both tetrahedral and octahedral atomic planes coexisting
the clean surface. Higher resolution zooms reveal an ato
structure, as shown in Fig. 4~a!. The atomic rows run along
the @110# crystallographic axis and are separated by;6 Å. A
comparison of atomically resolved images with structu
corresponding to possibleA and B plane terminations re
vealed that the surface, containing an alternating corruga
along the @110#-oriented atomic rows, consists o
B-terminated terraces. This result is in agreement with
earlier STM results of Fe3O4(001) using nonmagnetic tips
where a twofold symmetry, corresponding to the octahed
plane, was observed.20

Closer inspection of these rows reveals that the corru
tion along each row alternates between points of enhan
corrugation and points of lesser corrugation, as shown by
line profile labeleda–a in Fig. 4~b!. The periodicity of the
rows along the@110# direction is;12 Å between points of
similar corrugation, and 6 Å between points of different cor
rugation. A 3 Å periodicity, as expected for octahedral Fe
bulk magnetite, has not been observed. The periodicity al
the @100# direction is;8.4 Å, in agreement with the valu
measured from the LEED pattern in Fig. 2. A cubic symm
try is clearly seen on the surface; a black square marke
Fig. 4~a! can be identified with the (A23A2)R45° recon-
structed unit cell seen in the LEED pattern~Fig. 2!.

For STM imaging, both theoretical calculations6 and ex-
perimental evidence21 have indicated that the O 2p states lie
well belowEF and are therefore not accessible for tunnel
experiments. As a result, we conclude that STM images
Fe3O4 are obtained by probing the Fe cation states, wh
form the corrugation along the atomic rows on the surface
Fig. 4~a!.

As indicated earlier, the octahedrally terminat
Fe3O4(001) surface is an attractive candidate for SPST

FIG. 4. ~a! ~70370! Å2 STM image. An;6 Å distance between neighbor
ing rows is observed. The image was acquired at a positive sample bi
1.0 V and a tunneling current of 0.1 nA using a MnNi tip;~b! line profile
taken along the linea–a. The separation between two points of enhanc
corrugation along thê110& directions is;12 Å; a point of lesser corruga
tion, at an equal distance of;6 Å between two points of enhanced corr
gation is revealed by the line profile.
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experiments because of the different spin configuration of
Fe31 and Fe21 cations. Slonczewski22,23 has shown that the
tunneling conductance between two ferromagnets separ
by a nonmagnetic barrier is dependent on the relative or
tation of the quantization axes in both ferromagnets. Tra
lated to a STM junction, this means that the tunneling curr
depends on the magnetization of the tipmT and the sample
mS . Assuming a constant tip magnetization, the variation
the tunneling current will be dependent onmS . Since the
magnetic moments of Fe21 and Fe31 in magnetite are 4mB

and 5mB , respectively, these ions should be distinguisha
using a spin-polarized tip. The anomalies in the atomic c
rugation detected in our measurements@see Fig. 4~b!# may
be the result of this spin-polarized effect. At present, t
structure has not been reproduced using a nonmagnetic t
comparison with atomically resolved images obtained us
nonmagnetic tips~e.g., W! would clarify whether a spin-
polarized mechanism is definitely involved, or if a differen
in the local density of states~LDOS! of Fe21 and Fe31 ions
is responsible. A more extensive analysis of the results
cussed above is available elsewhere.24
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