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Charge ordering on the surface of Fe3O4„001…

G. Mariotto,* S. Murphy, and I. V. Shvets
SFI laboratories, Physics Department, Trinity College, Dublin 2, Ireland

~Received 11 June 2002; published 31 December 2002!

We have studied the~001! surface of a Fe3O4 single crystal using scanning tunneling microscopy~STM!,
low-energy electron diffraction~LEED!, and Auger electron spectroscopy. A clean surface was obtained by a
combination of Ar1 ion sputtering,in situ annealing in O2 atmosphere, and further annealing in ultra high
vacuum conditions. A sharp (A23A2)R45° reconstruction was observed by LEED and STM analysis at room
temperature. The STM measurements were performed using a 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# and @11̄0# crystallographic axes. The 3 Å periodicity of the Fe rows expected for a
bulk-terminatedB plane is not observed. Instead, two different kinds of Fe cations with a separation of 6 Å are
imaged. The periodicity between Fe cations of the same kind is about 12 Å. We propose a model to explain the
observed symmetry in terms of charge ordering of the Fe cations on the octahedral sites of the inverse spinel
lattice. We also explain the (A23A2)R45° LEED pattern in terms of charge ordering, as opposed to a
structural rearrangement of the atoms on the surface. We further suggest the possibility of a spin polarized
effect, in view of the anomalous corrugation observed along the@110# Fe rows on the octahedral plane, in
agreement with the different spin configuration of Fe21 and Fe31 ions.

DOI: 10.1103/PhysRevB.66.245426 PACS number~s!: 68.35.Bs, 68.47.Gh, 71.30.1h
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I. INTRODUCTION

Spinel ferrites—in the mixed series MxFe32xO4, whereM
is a metal—are technologically important materials, with
range of applications including their use in the cores of el
tromagnets, in microwave resonant circuits, in compu
memory cores and in high density magnetic recording me
Magnetite (Fe3O4) plays an important role as a catalyst
inorganic processes such as the synthesis of ammonia
the water gas shift reaction for the production of hydrog
and in organic processes such as the dehydrogenatio
ethyl benzene to styrene~see Fig. 1!.1 In the last decade, the
great demand for high density magnetic recording me
combined with the possibility of imaging the atomic stru
ture and the electronic properties of the surface provided
scanning tunneling microscopy~STM!, has boosted a grea
interest in magnetite and its related iron oxides. In particu
attention was focused on the study of the surface recons
tion of magnetite and its magnetic properties; the capab
of STM to image magnetic surfaces with magnetic contr
down to the atomic scale was demonstrated on the~001!
surface of magnetite.2

Magnetite is an inverse spinel material. The crystal str
ture of magnetite is based on a face-centered cubic~fcc! unit
cell, containing 32 O22 anions and 24 mixed valence F
cations, with a lattice parameter ofa58.3963 Å.3 The for-
mula can be written asYA@XY#BO4, where X5Fe21, Y
5Fe31, andA andB denote tetrahedral and octahedral sit
respectively. This formula indicates that one half of the fer
Fe31 ions occupies 8 of the 64 available tetrahedral int
stices, and the other half of the ferric ions, together with
equal amount of ferrous Fe21 ions, occupy 16 of the 32
available octahedral interstices. The octahedral planes
separated by an interlayer spacing of 2.1 Å. The near
neighborB sites form rows of Fe21 and Fe31 ions running
along the@110#, @11̄0#, @101#, @101̄#, @011#, and @011̄# di-
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rections. The rows in alternating octahedral planes are
tated by 90° with respect to one another.

Magnetite undergoes a metal-insulator transition~known
as Verwey transition! at around 125 K.4,5 At room tempera-
ture the electrical conductivity of Fe3O4 is
;200 V21 cm21, but when cooled down below the Verwe
transition temperatureTV , the conductivity abruptly de-
creases by roughly two orders of magnitude.6,7 The Verwey
transition is accompanied by a change in the crystallograp
structure, which reduces the symmetry from cubic to mo
clinic. This structural transition has been observed by x-
diffraction8 and neutron diffraction9 experiments. The princi-
pal axes of the crystal belowTV , a, b, andc, are taken along
@110#, @11̄0#, and @001# axes of the high-temperature cub
lattice, respectively. Verweyet al.5 first proposed that the
transition is due to the ordering of the Fe21 and Fe31 ions on
the octahedral sites, and that alternating planes contain e

FIG. 1. Model of the magnetite structure. TheA site andB sites
in this model are indicated by arrows. The large white spheres
dicate the oxygen anions. Reproduced with permission from Re
©2002 The American Physical Society26-1
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Fe21 or Fe31 only. The low-temperature phase of magnet
has been extensively studied, and several charge-orde
models have been proposed. Shiraneet al. suggested tha
every c plane contains an equal number of Fe21 and Fe31

ions. Iidaet al.10 and Mizoguchiet al.11 based their models

on Mössbauer and nuclear magnetic resonance~NMR! ex-
periments and proposed charge ordering models assu
the Anderson condition.12 Zuo et al.13 studied the ordering o
the Fe21 and Fe31 ions on theB sites of magnetite belowTV

by quantitative high-energy transmission electron diffracti
They found ten independent charge-ordering models for
low-temperature phase that satisfy the Anderson conditio12

if the symmetry is monoclinic. More recently, Kucza14 ana-
lyzed thirty seven configurations allowed by the Anders
condition. Despite the effort, none of the models propo
can explain all the experimental results.

According to the classification of the surfaces of ionic
partly ionic materials given by Tasker,15,16 the ~001! surface
of magnetite is polar and therefore must reconstruct or
dergo a charge redistribution to minimize the surface ene
A (A23A2)R45° reconstruction has been observed by ot
groups both on natural and artificial single crystals,17,18 and
on thin films grown by molecular beam epitaxy~MBE!.19–23

Different models have been proposed to explain this rec
struction, either based on Tasker’s electrostatic model15,16 or
on the electron counting model developed by Pashley24 to
explain the reconstructions on compound semiconduct
which was later extended to oxides by Lafemina.25

The nature of the termination of the Fe3O4(001) surface
also remains controversial, as no agreement has been rea
on whether aB-terminated or anA-terminated surface is
more favorable. Tarrachet al.17 have suggested that the to
most surface layer consists of a full monolayer~ML ! of tet-
rahedral Fe ions. Such a surface would have an excess
trical charge of 3e2 per unit cell. To achieve a non-pola
surface they speculated that half of the Fe31 are reduced to
Fe06. Kim et al.19 have proposed anA-terminated surface
where the surface charge is autocompensated due to a
dered array of tetrahedral Fe vacancies. More recentl
study by Chamberset al.21 using x-ray photoelectron spec
troscopy~XPS!, x-ray photoelectron diffraction~XPD!, and
STM, supports the conclusion that the Fe3O4(001) surface is
constituted by a half monolayer of tetrahedral Fe. The sa
model was used by Mijiritskiiet al.26 to explain the experi-
mental results obtained using LEED and low energy ion s
tering ~LEIS! on a thin epitaxial Fe3O4(001) film grown by
O2 assisted MBE of Fe on a MgO~001! substrate. Wiesen
dangeret al.2 imaged two distinct structures on different a
eas of a natural crystal of magnetite; the two structures w
attributed to a tetrahedral and an octahedral termination
the surface, and no reconstruction was observed. In cont
Voogt et al. have proposed aB-terminated surface,27 where
autocompensation is achieved by an array of oxygen va
cies accompanied by a variation in the Fe31 to Fe21 ratio per
surface unit cell. They speculate that the missing oxyg
might act as a12 impurity and could trap conducting elec
trons from neighboring sites. This would cause a chang
the oxidation state of two octahedral iron ions per unit c
24542
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from 12.5 to13, providing the missing extra electron, ne
essary to compensate the surface, to the oxygen dang
bonds. A B-terminated surface was recently proposed
Stankaet al.28 in a study of epitaxial films of Fe3O4(001)
grown on MgO ~001! substrates in which the (A2
3A2)R45° symmetry and the charge balance are achie
by the removal of one oxygen ion per unit cell and by i
creasing the charge of the octahedral iron ions from12.5 to
12.7. Although there is a lack of agreement on the type
surface termination, most groups have explained the (A2
3A2)R45° reconstruction in terms of a structural change
the surface, i.e., an ordered array of Fe or O vacancies
this paper we will present LEED and STM data of a (A2
3A2)R45° reconstruction that we explain in terms of char
ordering of the Fe cations at theB sites. As pointed out
above, bothA-terminated andB-terminated surfaces hav
been reported in the literature. Stankaet al.,28 for example,
have observed anA-layer termination on the as-grown su
face of a;5000 Å-thick epitaxial film grown by oxygen
plasma-assisted molecular-beam epitaxy~OPA-MBE! on
MgO~001! substrates. Subsequent annealing in oxygen
duced a reconstruction that can only be explained in term
a B-terminated surface. These results reveal how critical
preparation conditions of the Fe3O4(001) surface are. The
B-termination showed by our results must then be interpre
in the light of these facts.

II. EXPERIMENTAL

The sample preparation and analysis were performed
UHV system with a base pressure in the mid 10211 mbar.
LEED and AES analysis were performed with commerc
retarding-field and cylindrical mirror type analyzers, respe
tively. STM was performed using a home-built room
temperature instrument, incorporating a piezo tube scan
for tip positioning and a sample approach mechanism sim
to that discussed by Mariottoet al.29 All STM images were
taken in constant-current mode; the sample was biased
the tip was grounded. A bias voltage ranging from10.6
to 11 V and a tunneling current between 0.1 and 0.3
were the typical parameters used; scanning with a nega
bias was occasionally done, but it did not result in sta
tunneling.

The artificial crystal used in this experiments was gro
by the skull melting technique.30 The crystal surface was
aligned with a precision of61° with respect to the~001!
crystallographic plane. The crystal was characterized
x-ray diffractometry~XRD! and resistance versus temper
ture measurements. The diffractograms of a powdered pa
the crystal showed good agreement with the data base s
tra for magnetite; a lattice constant of 8.4060.01 Å was
measured. Four-wire resistance versus temperature mea
ments were made between 10 and 300 K on both heating
cooling cycles. A Verwey transition temperature of 108
was measured, indicating that the composition of the cry
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 in ethanol using an ul
6-2
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CHARGE ORDERING ON THE SURFACE OF Fe3O4(001) PHYSICAL REVIEW B66, 245426 ~2002!
sonic bath. It was then secured onto a Mo sample holder
inserted into the UHV system. The crystal was first prepa
in vacuum by means of annealing sessions in UHV at a t
perature of 9906 50 K for 4–20 h. This method failed to
produce a clean surface, and contaminants such as ca
sulphur, potassium, and calcium were routinely observed
preparation procedure was then adopted, consisting o
combination of Ar1 ion sputtering, annealing in UHV an
annealing in an oxygen partial pressure. The details of
preparation procedure are described elsewhere.31 The crystal
was annealed in a home-built resistive heater. The temp
ture was measured by aK-type thermocouple spot-welded t
a Ta foil placed close to the sample holder. The thermocou
was calibrated to take into account the gradient of temp
ture from the crystal to the actual point of measurement. T
chamber pressure typically remained below 5310210 mbar
while annealing in UHV. This preparation procedure pr
duces a contaminant-free surface, showing a sharpA2
3A2)R45° LEED pattern.

III. RESULTS AND DISCUSSION

A. AES and LEED data

A typical spectrum of the clean surface is shown in Fig.
where the contamination levels on the surface are below
detection limit of the analyzer. The preparation proced
used to clean a Fe3O4 single crystal surface is critical in
determining whether a surface layer that is truly magnetit
obtained, and not a different phase such as maghemit
wüstite. The Fe-O system is complex and the stable pha
depend on parameters such as temperature and oxygen
tent, making the preparation of a clean single crystal surf
a difficult task.

The peak shapes of Auger transitions can be used a
indicator of the chemical environment of the various e
ments comprising the material being probed. As vale
band electrons are involved in the transitions, the peak sh
of these transitions can be characteristic of the chemical s
of the elements. In the case of iron oxides the FeM2,3VV

FIG. 2. AES spectrum of a Fe3O4 single crystal. No contami-
nants are detected on the surface. The line shape of the low-en
iron peaks~46 and 52 eV! is in good agreement with that of th
reference Auger spectrum of Fe3O4 ~Ref. 33!.
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peak shape is used to determine which iron oxide is pre
at the surface.32–35 The line shape of the low-energy iro
peaks of the spectrum shown in Fig. 2 is in good agreem
with that of the reference Auger spectrum of Fe3O4.33 Two
peaks at 46 and 52 eV can be easily identified, the amplit
of the latter being much larger than the former. Such a l
shape was found to be highly reproducible every time
crystal’s surface was prepared in the fashion discus
above. A different situation arose when the crystal was
nealed in UHV for long periods of time. This led to th
almost complete disappearance of the 52 eV peak and t
increase of the peak at 47 eV, in agreement with the re
ence Auger spectrum of wu¨stite. This result agrees with th
expectation that a long annealing under UHV conditions c
cause a reduction of the surface from Fe3O4 to FeO.

A typical LEED pattern of the surface is shown in Fig.
It was taken using a primary electron energy of 52 eV and
emission current of 0.5 mA. Fractional-order spots a
clearly visible, indicating that the surface has undergon
(A23A2)R45° reconstruction. The (131) unit cell and the
(A23A2)R45° superlattice are indicated by a dashed an
solid square, respectively. A lattice constant of 8.361.7 Å
was measured for the conventional unit cell.

B. STM data

All the STM images shown in this paper were taken
room temperature using antiferromagnetic MnNi tips, whi
were prepared by electrochemical etching in an aqueous
lution of ~10% volume! saturated HCl and then Ar1 ion
etched in vacuo. A full description of the preparation proc
dure is given in Ref. 36. Figure 4 shows a (10
31000) Å2 image in which several terraces are imaged. T
type of image has been obtained in numerous STM sess
on a routine basis, using MnNi tips as well as conventio
W tips. Two characteristics can be identified from this imag

rgy
FIG. 3. LEED pattern of a clean Fe3O4(001) surface observed

with a primary electron energy of 52 eV. A (A23A2)R45° mesh is
visible. Thep(131) unit cell and the (A23A2)R45° superlattice
are indicated by a dashed square and a solid square, respect
The crystallographic axes are marked.
6-3
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G. MARIOTTO, S. MURPHY, AND I. V. SHVETS PHYSICAL REVIEW B66, 245426 ~2002!
firstly, the surface edge direction lies along the@110# and

@11̄0# crystallographic axes~as determined from a combina
tion of STM images and LEED data!. Secondly, the step
heights are an integer multiple of 2.1 Å, which correspon
to the separation betweenA-A or B-B planes. A monoatomic
step equal to 1.060.1 Å was never observed, ruling out th
possibility of both tetrahedral and octahedral atomic pla
coexisting on the surface. This result is in agreement w
our earlier STM results of Fe3O4(001) using nonmagnetic
tips.37 Higher resolution zooms reveal a very sharp and
fined atomic structure, as shown in Fig. 5~a!. The atomic
rows run along the@110# crystallographic axis and are sep
rated by;6 Å.

Closer inspection of these rows reveals that the corru
tion along each row alternates between ‘‘bright points’’
enhanced corrugation, ‘‘dark points’’ of lesser corrugati
and ‘‘black points’’ corresponding to depressions, as sho
by the line profile labeleda-a in Fig. 5~b!. For the sake of
the argument, from now on we will refer to the two types
protrusions as ‘‘bright points’’ and ‘‘dark points,’’ and to th
depressions as ‘‘black points.’’ As we will explain further o
we attribute the bright points and dark points to Fe cation
octahedral coordination and the black points to oxygen
ions. The periodicity of the rows along the@110# direction is
;12 Å between points of similar corrugation, and 6 Å be-
tween the bright points and dark points; a 3 Å periodicity, as
expected for octahedral Fe in bulk magnetite, has never b
observed. The periodicity along the@100# direction is
;8.4 Å, in agreement with the values measured from
LEED pattern in Fig. 3. A cubic symmetry is clearly seen
the surface; a black square marked in Fig. 5~a! can be iden-
tified with the (A23A2)R45° reconstructed unit cell~see
Fig. 3 for comparison!.

The interpretation of STM images in simple geometric
terms—where to each maximum in the tunneling current c

FIG. 4. 3D view of a (100031000) Å2 STM image. The step

edge directions lie along the@110# and@11̄0# crystallographic axes
The step heights are integer multiple of 2.1 Å, which correspond
the separation betweenA-A or B-B planes. This image was ac
quired at a positive sample bias voltage of 1.0 V and a tunne
current of 0.1 nA using a MnNi tip.
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responds one atom—is a simplistic picture and could be
roneous, since the electronic structure contribution can be
predominant one. In the case of transitional metal oxides
was actually found to be the case. Dieboldet al.38 have stud-
ied the TiO2(110) surface and have determined that the el
tronic structure is the dominant factor for the contrast
STM images. A comparison of their experimental data with
theoretical analysis showed that the contrast in their S
images is due to undercoordinated Ti atoms rather than
most exposed oxygen atoms. The predominance of an e
tronic effect was also observed by Gallowayet al.39 on a
FeO monolayer grown on Pt~111! where a ‘‘reverse corruga
tion’’ effect has been observed, with the more protrudi

to

g

FIG. 5. ~a! (70370) Å2 STM image. A;6 Å distance between
neighboring rows is observed. The image was acquired at a pos
sample bias of 1.0 V and a tunneling current of 0.1 nA using
MnNi tip. ~b! Line profile taken along the line labeleda2a. The
separation between two bright points along the^110& directions is
;12 Å; a dark point, at an equal distance of; 6 Å between the
bright points is revealed by the line profile. We attribute the brig
points to Fe31 –Fe31 dimers and the dark points to Fe21 –Fe21

dimers.
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CHARGE ORDERING ON THE SURFACE OF Fe3O4(001) PHYSICAL REVIEW B66, 245426 ~2002!
sites contributing the least to the average tunneling curr
In the case of magnetite, its band structure in the high te
perature cubic phase was calculated by Yanaseet al.40 They
showed that there is a gap in the Fe 3d majority spin band at
the Fermi level but not in the minority spin band. Moreov
the orbitals just below the Fermi level are composed ofd
levels of Fe in theB sites. These results are in agreeme
with the experimental data obtained by Alvaradoet al.,41

who measured the spin polarization of photoelectrons fr
Fe3O4. In this work it was shown that electrons from th
O 2p states lie well belowEF and are therefore not acce
sible for tunneling experiments. On the basis of these fa
and in agreement with other STM studies of magnetite,18,28,42

we conclude that STM images of Fe3O4 are dominated by Fe
cations inB sites, which we identify as the bright points an
dark points along the atomic rows on the surface in Fig. 5~a!.

As stated above, the separation between points of e
corrugation along the@110# direction is;12 Å, which cor-
responds to 4 times the distance between Fe cations in o
hedralB sites in bulk magnetite. The bright points on ad
cent rows are shifted in phase by;6 Å along the@110#
direction. The corrugation of the bright points is;0.2 Å and
that of the dark points is;0.1 Å. A measurement of thei
full width at half maximum~FWHM! gives an average valu
of 3 Å. This suggests that Fe21-Fe21 and Fe31-Fe31 dimers
are imaged, rather than single Fe21 or Fe31 ions. A further
argument that the Fe cations imaged by STM lie on the
tahedrally coordinatedB sites is the following. The structur
observed, containing an alternating corrugation along
@110#-oriented atomic rows, could not be explained in ter
of a tetrahedrally terminated surface, since only one spe
of Fe cations is present in theA sublattice. Even the inter
pretation of these images in terms of mere topograph
contours of the surface would not fit the half-filledA-layer
model proposed by Kimet al.19 In this case, the 12 Å peri
odicity between bright points along the@110# direction would
be caused by a missing tetrahedral Fe31 per unit cell. The
dark points, imaged in the position of the missing tetrahed
ions, should then correspond to Fe ions in octahedral s
and would appear darker because they sit one atomic p
below the surface layer. However, this would not be comp
ible with the structure of magnetite, since the octahedral i
are not placed exactly under the tetrahedral ones but
shifted by 1.05 Å. No shift is observed in our images. T
expected separation along the@110# direction between two
adjacent Fe cations in octahedralB sites in bulk magnetite is
;3 Å, and such a periodicity has never been observed
any of the images we obtained. Since the Fe21 ions have a
larger LDOS than the Fe31 ions and we are probing th
empty states, we attribute the bright points to Fe31-Fe31

dimers and the dark points to Fe21-Fe21 dimers.
Figure 6 shows a (3003300) Å2 image where two ter-

races are separated by 2.160.2 Å. A zoom on the terrace
shown by the inset in fig. 6, reveals an atomically resolv
structure. The surface structure is identical to the one
served in Fig. 5, with a;12 Å periodicity measured on th
rows along the@110# direction and a separation between a
jacent rows of;6 Å. The shift between two maxima o
adjacent Fe rows confirms the;6 Å value measured on th
24542
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terrace of Fig. 5. The inset in Fig. 6 shows a dramatic cha
in the structure observed: atomic resolution is lost in
middle of the image. The loss of atomic resolution is no
sudden change that takes place along a scan line~as marked
by the white dashed line in the inset of Fig. 6!, and therefore
cannot be accounted by a tip change. We speculate tha
change resulting in two different domains on the surface m
be due to the loss of charge order in the proximity of t
terrace edge. The boundary shown by the white dashed
marks the loss of order in the proximity of the terrace step
possible explanation of this sudden change is a local cha
in the stoichiometry of the crystal surface. Although o
measurements indicate a Verwey transition temperature
108 K, this value reflects the stoichiometry of the bulk of t
crystal. The stoichiometry of the crystal surface is unkno
but it is likely to deviate significantly from the value of th
bulk, especially considering the preparation procedure e
ployed to prepare the crystal surface in our experiments.
speculate that the areas of the crystal exhibiting long-ra
order correspond to stoichiometric areas of the surface,
that loss of charge order takes place in off-stoichiome
areas.

C. Charge ordering and magnetic contrast

The nature of the Verwey transition4,5 has been long in-
vestigated and, although no definite evidence has been g
it is believed that the transition is due to an ordering of
cations in theB sites, leading to a reduction in the electric
conductivity. Anderson12 showed that the repulsion energ
due to the cations in octahedral sites is minimized provid

FIG. 6. 3D view of a (3003300) Å2 STM image. The terrace

edge directions lie along the@110# and@11̄0# crystallographic axes.
The two terraces are separated by a 2.160.2 Å step height. The
inset shows a (1703160) Å2 zoom. The atomically resolved struc
ture changes in the region marked by the white dashed line. T
image was acquired at a positive sample bias voltage of 1.0 V
a tunneling current of 0.1 nA using a MnNi tip.
6-5
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G. MARIOTTO, S. MURPHY, AND I. V. SHVETS PHYSICAL REVIEW B66, 245426 ~2002!
every tetrahedron formed by the nearest-neighbor octahe
sites is occupied by two Fe21 and two Fe31 ions, imposing
the so-called short-range order~SRO!. This condition,
known as the Anderson condition, can be satisfied by dif
ent ionic configurations, which have been extensiv
discussed.10,11,13,14

The results included in this paper provide evidence
charge ordering at the surface of magnetite and of an
mate link between charge ordering and the (A23A2)R45°
mesh observed by LEED and STM. The STM results prov
evidence of a highly ordered surface terminated at the o
hedral plane. The separation between bright points and
points, the large value of the FWHM and the difference
corrugation along the@110# directions point to the formation
of Fe21-Fe21 dimers and Fe31-Fe31 dimers. The symmetry
of such a structure is compatible with a (A23A2)R45°
mesh, as shown in Fig. 7~a!. We therefore suggest that th
superlattice observed by LEED is due to charge ordering
the surface, rather than to a structural change of the surf
such as Fe or O vacancies. The use of electron diffractio
a method to probe charge ordering was proposed by
et al.,13 in virtue of its high sensitivity to the localized oute
electrons. Electron diffraction was employed by Rud
et al.43 to analyze charge ordering in Fe3O4, supporting the
conclusion that the diffraction pattern observed was due
charge ordering.

FIG. 7. ~a! The ~001! surface of Fe3O4 terminated at the octa
hedral plane. The schematic reproduces the structure observ
Fig. 5 ~a!. Pairs of Fe21 and Fe31 ions run along the@110# direc-
tion. The 6 and 12 Å periodicities observed by STM measureme
are shown as well as the (A23A2)R45° reconstruction.~b! and~c!
show the comparison between the structure observed by the au
and the one observed by Wiesendangeret al., ~Ref. 2! respectively.
It can be seen that the shift between pairs of Fe ions of the s
type on adjacent rows is 6 Å in our case and 3 Å in Ref. 2. T
(A23A2)R45° reconstruction is indicated in~b!.
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A (A23A2)R45° reconstruction has been observed
other groups and different models have been propose
explain this reconstruction~see Sec. I!. Whether the models
proposed support a tetrahedral or octahedral terminatio
the surface, all explain the (A23A2)R45° reconstruction in
terms of structural changes of the surface, with a range
iron and/or oxygen vacancies per unit cell to stabilize
surface energy and to provide the observed surface sym
try. Given the wide range of possible vacancies, the choic
a particular symmetry is to some extent arbitrary. Furth
more, the fractional order spots observed in our LEE
pattern are very sharp, suggesting a very well ordered st
ture. This is supported by the STM images, which show
regular structure—consistent with the (A23A2)R45°
symmetry—on a long-range distance of the order of 40 u
cells. In our view, such a long-range symmetry is better
plained by an ordering of electron charges rather than by
ordered array of vacancies. We note that the model we p
posed to explain our results leaves the surface not in an
tocompensated state. The basic principle of surface autoc
pensation was postulated by Pashley for semiconductors24 It
was later extended to oxides by LaFemina.25 In essence the
principle states that a polar surface will reconstruct such
all the anion-derived dangling bonds are full~the oxygen
dangling bonds in magnetite! and all the cation-derived dan
gling bonds are empty~the iron dangling bonds!. Recently
Kim et al.19 developed a model of the surface of magnet
based on electron counting arguments. Although the mo
was applied to magnetite in several studies,19,21,26,28assump-
tions about vacancies and redistribution of valence states
made to fit the model to the data. Possibly one could qu
tion the universal applicability of the model to the surfac
of oxides and to Fe3O4(001) in particular, given that a num
ber of studies show polar surfaces that are not autocom
sated. For example, the NiO~111!/NiO~100! system,44 a-
Fe2O3(001) under certain preparation conditions,45–47

Fe3O4(001),2 and other oxides. Yet, our results do not su
gest that the autocompensation model should be discarde
is indeed possible that the surface was not in its ground s
which could explain why it is not in an autocompensat
state.

A peculiarity of magnetite resides in its spin electron
band structure. Magnetite has been predicted to be a h
metallic ferrimagnet with a high spin polarization of the ele
tronic states near the Fermi level,40 and its~001! plane lends
itself to magnetic contrast experiments thanks to the differ
spin configuration of the Fe ions, which is 3d5 for Fe31 ions
and 3d6 for Fe21 ions. Spin polarized STM~SPSTM! uses
the spin dependence of the tunneling current to probe
magnetic properties of a sample down to the atomic scale
achieve magnetic contrast, tip and sample should have a
degree of spin polarization. Different materials, such as
romagnetic semiconductors, optically pumped semicond
tors, ferromagnetic and antiferromagnetic materials h
been studied in the past, to produce a tip with such cha
teristics.

Spin-polarized tunneling was theoretically investigated
Slonczewski48,49 in the case of a tunnel junction of two fer
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romagnets (f , f 8) separated by a nonmagnetic barrierb. In a
one-dimensional model, in the limit of a free-electron me
at zero temperature, small bias voltage and small bar
transmission, Slonczewski calculated the conductance o
tunnel junction to be

G5Gf b f8~11Pf bPf 8bcosu!, ~1!

where Gf b f8 is the mean surface conductance,Pf b (Pf b f8) is
an effective spin polarization of the ferromagnet-barr
junction, andu is the angle between the spin quantizati
axes of the two ferromagnetic electrodes. Applying t
model to an STM tunnel junction, and assuming that
magnetization of the tip and the angleu between the magne
tization of tip and sample are constant, the spin sensi
current representing the local spin direction in the sam
and the local magnetic moment can be obtained. Since
magnetic moment of a Fe21 ion is 4mB and that of a Fe31

ion is 5mB , these ions should be distinguishable with a sp
polarized tip.

Magnetic contrast at the atomic level was claimed
Wiesendangeret al.2,50 on the Fe3O4(001) surface of a natu
ral single crystal using an Fe tip, and this experiment w
recently repeated by Koltunet al.51 on an artificial
Fe3O4(001) single crystal. A 12 Å periodicity of atomic row
in the octahedral plane was observed. The explanation
this anomalous periodicity, accompanied by a 3 Å shift be-
tween maxima on adjacent rows, was based on the theo
cal predictions of Iidaet al.10 and Kitaet al.,52 who studied
the possible configurations of Fe21 and Fe31 ions in the low
temperature phase of Fe3O4, showing that a 12 Å periodicity
along the rows of Fe ions atB sites is expected.

Figures 7~b! and 7~c! show the comparison between th
structure observed by the authors and the one observe
Wiesendangeret al.,2 respectively. It can be seen that th
shift between pairs of Fe ions of the same type on adjac
rows is 6 Å in our case and 3 Å in Ref. 2, leading to a
different symmetry of the two structures. The structu
shown in Fig. 7~c! would not be in agreement with the (A2
3A2)R45° LEED pattern. In addition to the difference
the symmetry of the structure observed, there is a signific
difference in the length over which the periodicity is mai
tained throughout the terrace. In Ref. 50 a quasiperiodi
was observed, with the periods along the rows of ironB sites
varying between 6 and 18 Å, although the 12 Å periodic
was the dominant one. On the contrary, what we have
aged is a highly regular structure with a 12 Å periodic
between the same type of Fe ions. Although the Ander
condition stands for bulk magnetite, the structure observe
our STM images is consistent with Andersons’s predictio
It shows strong evidence not only of short-range order,
also medium to long range order at the surface
Fe3O4(001) at room temperature, giving rise to the form
tion of a Wigner crystal on the surface due to the localizat
of the 3d↓ electrons. The reason for this significant diffe
ence is unclear at the moment.

In this paper, the STM measurements of the Fe3O4(001)
surface were obtained using antiferromagnetic MnNi tips
suggested by Shvetset al.53—prepared after Ref. 36. Th
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advantage of using such materials is that they are antife
magnetic, which eliminates magnetostatic interactions
tween tip and sample, their mechanical hardness and
Néel temperature. The use of antiferromagnetic tips was fi
proposed by Minakovet al.54 Using a model of the spin
density wave in Cr, it was proposed that antiferromagne
tips should provide spin contrast. Cr antiferromagnetic t
were successfully used recently55 to image domains in Fe
thin films with a magnetic period of 50 nm.

As discussed in Sec. III B, two different types of Fe io
have been imaged, separated by;6 Å along the@110# direc-
tion, as shown in Fig. 5~a!. The line scan in Fig. 5~b! shows
a noticeable difference in their corrugation. In the light
charge ordering on the surface, we attributed the bright
dark points to dimers of Fe31 and Fe21 ions forming rows
running along the@110# direction. The difference in the cor
rugation of the dimers may be due to the different LDOS
Fe21 and Fe31 ions. A different mechanism to explain th
corrugation change along the@110# rows is a magnetic con
trast effect that resolves the different spin configuration
the Fe21 and Fe31 ions. Although our data are not conclu
sive in this regard, this explanation must be taken into s
ous consideration since our tip-sample system is capabl
provide magnetic contrast, given the electronic properties
magnetite and the use of an antiferromagnetic tip. Exp
ments with paramagnetic W tips were carried out to clar
whether the contrast observed is due to LDOS or to s
polarization. Although most of the STM sessions were c
ried out using W tips, we were not able to achieve atom
resolution with such tips and to provide a definite answe

IV. CONCLUSIONS

We have studied the~001! surface of Fe3O4 using a range
of surface sensitive techniques such as STM, LEED,
AES. A novel preparation procedure has been develope
prepare a contaminant-free surface of magnetite. A sh
(A23A2)R45° mesh was observed by LEED and ST
analysis at room temperature. We have explained the s
metry observed in terms of charge ordering on the surfac
magnetite. We suggest that the origin of the (A2
3A2)R45° mesh observed by LEED is due to the char
ordering of the Fe cations in octahedral positions, and no
an ordered array of vacancies as proposed in previous s
ies. LEED results are in agreement with STM measureme
STM images show an atomic surface arrangement that
never been observed before. Analysis of the STM ima
leads to the conclusion that the~001! surface of magnetite
prepared using our annealing and sputtering routine ter
nates at the octahedral plane and exposes rows of Fe21 and
Fe31 ions in octahedral coordination. Pairs of Fe21 and Fe31

ions on the octahedral plane have been imaged using an
tiferromagnetic MnNi tip. The separation between like pa
along the@110# direction is;12 Å, while pairs of ferrous
and ferric cations are separated by;6 Å. The regular ar-
rangement of the cations pairs is consistent with the (A2
3A2)R45° mesh observed by LEED and suggests the on
of charge order at the surface of the crystal at room temp
ture. A pronounced change in the corrugation of the Fe ro
6-7
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running along the@110# direction may be interpreted as ev
dence of a spin polarized effect, reflecting the magnetic c
trast due to the different spin configuration of Fe21 and Fe31

ions. Although the presented data are not conclusive,
interpretation cannot be disregarded. We do not suggest
the structure observed by us in this study is the unive
structure for the Fe3O4(001) surface. It is clear that the stru
ture observed critically depends on the preparation co
tions that control the Fe to O ratio on the surface.
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