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Scanning tunneling spectroscopy �STS� experiments were performed on the �001� and �111� surfaces of
single crystalline magnetite. Room temperature spectra exhibit a �0.2 eV gap around Ef. The importance of
perfect surface order to the existence of this gap is illustrated. STS is also carried out on the �111� surface, at
140 and 95 K, just above and below the Verwey transition temperature �TV�120 K�, respectively. It is con-
firmed that above TV a �0.2 eV gap exists in the surface density of states �DOS� around Ef. Furthermore,
broad bands are resolved on both sides of Ef, with peaks centered on �+0.5 eV and �−0.45 eV. Below TV it
is shown that the value of the gap in the surface DOS remains similar, however, the peaks resolved in the
conduction and valence bands shift markedly away from Ef. The similarity of the gap value before and after the
transition points away from an ionic charge ordering occurring at the magnetite surface below TV. However, the
shifting of the bands points to a certain degree of electronic ordering or charge disproportionation playing an
integral part in the Verwey transition, at the magnetite surface.
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I. INTRODUCTION

Magnetite Fe3O4 has attracted much interest in recent
times due mainly to two factors. First, it is expected to be a
room temperature half-metallic ferromagnet, possessing
100% spin polarized charge carriers at the Fermi level
�Ef�.1,2 Second, it exhibits a metal-to-insulator type transi-
tion, known as the Verwey transition.3,4 This is a spontaneous
intercorrelated change of both the lattice symmetry and elec-
trical conductivity at a critical temperature, which for sto-
ichiometric magnetite is �120 K.

Magnetite crystallizes in the inverse spinel structure. The
unit cell has a lattice constant of 8.3963 Å, and contains 32
O2− anions arranged in a face centered cubic lattice. This O2−

lattice results in the formation of 64 tetrahedral interstices
and 32 octahedral interstices. Fe3+ cations occupy 8 of the 64
tetrahedral sites, whereas the octahedral sites are occupied
by 8 Fe2+ ions and 8 Fe3+ ions. It is clear from both experi-
ments5,6 and calculations2,7 that the Feoct ions dominate the
electronic properties of magnetite. At room temperature elec-
tron hopping occurs between the Fe2+ and Fe3+ sites of the
mixed valence octahedral plane, resulting in an average of
Fe2.5+ per occupied site. It is electron hopping between the
Fe2+ and Fe3+ sites of the octahedral plane that mediate the
relatively high room temperature conductivity of magnetite.
The reduction in conductivity by two orders of magnitude,
which occurs below TV, is thought to be the result of the
inhibition of electron hopping. The drop in conductivity is
coupled to a structural change, from the inverse spinel struc-
ture above TV, to a monoclinic structure below.8,9 It was ini-
tially postulated by Verwey that this is a metal-insulator tran-
sition, and that the reduction in conductivity is brought about
by a complete freezing of electron hopping and a resultant
ionic charge ordering of Feoct

2+ and Feoct
3+ ions. It is also worth

noting here that Anderson later proposed that, contrary to a
purely metallic behavior of the conduction electrons above
TV, a degree of short range order �SRO� must exist, as the
change in entropy through the transition is not sufficient to
allow for complete charge disorder.10 While the exact pattern
of the charge ordering on the octahedral planes remained a
matter of intense study and debate, over time the subject

appeared to be nearing an agreement that the transition was
of a metal-insulator type and that fully ionic charge ordering
was an integral part of the transition.11 Now, however, the
exact degree of electron localization on Feoct sites that occurs
below the transition temperature is the subject of much de-
bate. Recent experimental results have suggested that below
TV charge ordering �i.e., the formation of an equal number of
discrete Feoct

2+ and Feoct
3+ ions� does not, in fact, occur, and

instead a limited degree of charge segregation, or dispropor-
tionation, on the Feoct ions best explains the changes in elec-
tronic structure below the transition temperature.12,13 Based
on nuclear magnetic resonance �NMR� �Ref. 14� and ex-
tended x-ray absorption fine structure studies,15 it has been
suggested that while the transition may result in a small de-
gree of charge disproportionation ��0.1e−�, its origin is bet-
ter explained in terms of structural changes, as opposed to a
pure electronic ordering.

Given the clear lack of agreement and understanding of
both the Verwey transition and the half-metallic nature of
magnetite, the elucidation of the electronic structure of mag-
netite, and its changes across TV, is clearly an essential area
of research. As stated in the previous paragraph it is the Feoct
ions of magnetite that dominate the density of states �DOS�
around the Ef. The DOS of the B-site Fe ions, shown sche-
matically in Fig. 1, can be thought of in terms of a spin-up
�↑� band and a spin-down �↓� band which are split by an
exchange energy.16 Due to crystal field splitting the fivefold
d levels of the Feoct ions are split into three degenerate t2g
levels and two degenerate eg levels. For both ion types, Feoct

2+

and Feoct
3+ , the majority spin band is located below Ef and is

occupied by five �↑� electrons. The extra electron of the Feoct
2+

ion, responsible for the previously discussed electron hop-
ping at room temperature, occupies the t2g level of the mi-
nority �↓� spin band. Only this t2g

↓ subband is located at the
Fermi level, resulting in 100% spin polarized electrons at Ef.
Despite years of intensive research, quite how the advent of
the Verwey transition affects the electronic structure of mag-
netite is still unknown. Leaving aside the arguments over
whether the origin of the Verwey transition is structural or
electronic, one can say that, whatever the driving force, for
the transition to be of a metal-insulator nature the t2g

↓ sub-
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band must have a metallic nature at room temperature, and
that a gap in the DOS at Ef should open up following the
transition. Furthermore, if either complete charge ordering or
some degree of electron disproportionation occurs below TV,
due to the increased Coulomb repulsions inherent in such an
ordering, an increased splitting of the conduction and va-
lence d-electron bands of the magnetite DOS should occur.

There have been many previous experiments aimed at un-
derstanding the highly complex electronic structure of
magnetite,6,17 and the changes that occur following the Ver-
wey transition.18–20 Photoelectron spectroscopy �PES� ex-
periments by Chainani et al.18 show that below TV a clear
gap in the DOS exists at Ef. This gap was found to close
above TV. This was said to show that the Verwey transition is
indeed a metal-semiconductor transition. The spectral weight
at Ef was found to systematically increase as the temperature
is increased to room temperature, suggesting that a degree of
SRO persists just above TV, but that this gives way to fully
metallic behavior at room temperature. The spectra also re-
veal the existence of Fe 3d derived features, resolved at
binding energies of 0.5 and 1.5 eV. These features are re-
solved below the transition temperature, but also just above
it �140 K�. The states were no longer resolved for room tem-
perature spectra, again in agreement with a SRO sustaining
just above TV, but not persisting at room temperature. How-
ever, in contrast to these results, PES experiments by Park et
al.19 show that, while a gap is present below TV, rather than
closing above TV it merely shrinks by �50 meV. The mag-
nitude of this gap change can only account for the experi-
mentally measured decrease in conductivity across the tran-
sition if a semiconducting behavior is assumed for T�TV.
This, therefore, leads to the conclusions that above the Ver-

wey transition SRO is present, and that the Verwey transition
is, in fact, of a semiconductor-semiconductor nature, as op-
posed to the traditional metal-insulator concept. This work
also included room temperature inverse–PES �IPES� spectra.
A value for the effective energy barrier to electron hopping,
Uef f �1–1.5 eV, was obtained from the magnitude of the
energy difference between the lowest energy occupied and
unoccupied peaks. This Uef f is essentially a measure of the
intersite Coulomb repulsion, which is reduced from its ideal
value by solid state screening mechanisms.10,19 IPES was
not, however, carried out at low temperature, and so the ef-
fect of the Verwey transition on this energy barrier could not
be assessed. Most recently, PES experiments have been car-
ried out by Schrupp et al.,20 and these are in broad agreement
with the results of Park et al. Both low energy PES and soft
x-ray PES were performed. Soft x-ray PES allowed a larger
penetration depth ��45 Å�, as opposed to a penetration
depth of �15 Å for previous studies. Once again no evi-
dence for a metallic Fermi edge is found above TV and a
decrease in the gap by �50 meV was measured, casting still
further doubt on the concept of the Verwey transition as a
metal-insulator transition.

More practical issues also make studies of the magnetite
surface a matter of interest. Despite the fact that magnetite is
predicted to be a half-metallic ferromagnet, measurements of
the spin polarization using spin resolved PES have not
shown the expected full polarization.21,22 Furthermore, this
problem of reduced spin polarization has affected the fabri-
cation of magnetic tunnel junctions, as the junctions fabri-
cated so far do not have properties consistent with 100% spin
polarization of the charge carriers.23–25 These issues are most
likely related to either the magnetite surface itself �such as
the generation of surface states which could destroy the half-
metallic nature of magnetite� or interface properties, and
therefore further understanding of the properties of magnetite
surfaces is essential.

Here we present a study that adds to the current under-
standing of the surface electronic structure of magnetite. The
electronic structure of the magnetite �001� and �111� surfaces
at room temperature is studied using scanning tunneling
spectroscopy �STS� which, unlike PES, provides information
on both the occupied and unoccupied states of the surface of
magnetite. The existence of a gap in the DOS near Ef is
shown. The importance of surface order to the existence of
this gap is illustrated. STS is also performed on the �111�
surface just above and below TV. The results show that the
magnitude of the gap near Ef remains similar following the
transition; however marked changes occur in the features of
the occupied and unoccupied bands, consistent with some
degree of electron delocalization-localization occurring at
the Verwey transition.

II. EXPERIMENT

Synthetic Fe3O4 single crystals were used for these ex-
periments. For the study presented here, it is important to
note that resistivity vs temperature measurements on these
single crystals reveal a TV�120 K. The in situ sample prepa-
ration consisted of cycles of Ar+ ion etching and postanneal-

FIG. 1. Schematic representation of the energy levels of the
Feoct ions of magnetite, which dominate the DOS around Ef. The
majority �↑� spin band and minority �↓� spin band are split by an
exchange energy �EX. The five degenerate d-electron levels of the
Feoct ions are further split by the crystal field into three degenerate
t2g and two degenerate eg levels. For both Fe2+ and Fe3+ ions five
electrons occupy the majority t2g and eg levels. The extra electron
of the Fe2+ ion �in gray� occupies the minority t2g band, which is the
only band located at Ef, giving rise to half-metallic behavior. The
high room temperature conductivity of magnetite is attributed to the
hopping of this �↓� electron between Feoct sites.
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ing in oxygen, which is described in detail for the magnetite
�001� surface in Ref. 26 and for the �111� surface in Ref. 27.
The sample preparations described routinely result in a clean
surface, as determined by Auger electron spectroscopy
�AES�, displaying sharp low energy electron diffraction pat-
terns. The scanning tunneling microscopy �STM�/STS mea-
surements presented here were carried out using a home built
instrument in conjunction with a commercial Omicron Scala
STM controller. Low temperature experiments were carried
out on the �111� surface. This is mainly due to the fact that
this surface was found to be more easily prepared, and that
the formation of large terraces on the surface was found to be
more reproducible than for the �001� surface, making it very
suited to STS experiments. Electrochemically etched W tips,
prepared as described in Ref. 28, were used. All STS curves
presented here were obtained for tunneling set points of
+1 V and 0.1 nA; however, the curves are reproducible over
the range we studied �5–20 G��. STS I�V� spectra were
collected at predefined points on a grid and all presented
curves are averaged over a minimum of 100 individual
points from these grids.

III. RESULTS AND DISCUSSION

A. Room temperature STS of magnetite (001) and (111)
surfaces

STS has been carried out on well-ordered �001� and �111�
surfaces of magnetite, at room temperature. Our previous
STM studies, including the surface preparation procedures
and proposed surface terminations, are presented in detail in
Refs. 26–29. We, therefore, concentrate here on the STS re-
sults obtained on these surfaces. Figure 2�a� presents the
room temperature I�V� and dI /dV spectra for these surfaces.
It is immediately apparent that both surfaces exhibit very
similar behavior, as previously noted for the conduction band
side using PES.6,17 It is evident, from the spectra, that a
semiconducting type gap exists. A band-gap value of

0.2±0.05 eV is obtained from the full width at half maxi-
mum �FWHM� of the gap in normalized30 I�V� spectra. Such
a representative normalized curve is shown in Fig. 2�b�. The
pronounced peaks at either edge of the band-gap region re-
sult from the normalization process.31 Apart from the gap,
and a shoulder at �+0.5, the normalized room temperature
spectra are found to be generally featureless. This gives rise
to some distinctiveness between them as there are no major
features away from the gap region. The presence of the semi-
conducting gap, at room temperature, shows that the magne-
tite surface does not exhibit metalliclike conductivity, even
far above TV. The existence of a degree of electronic order-
ing on the surface of magnetite can be inferred from the
presence of this gap, which can essentially be thought of as a
barrier to room temperature electron hopping. This gap could
be indicative of a SRO at room temperature, of the type
proposed by Anderson.10 However, we note that we have
previously obtained STM images on the �001� surface, using
MnNi tips, consistent with some degree of room temperature
electronic ordering on surface Feoct ions.26,29 It is possible
that this gap in the surface DOS around Ef at room tempera-
ture is a manifestation of the previously imaged charge fro-
zen state.

B. Importance of surface order to electronic properties of the
magnetite (001) surface

The importance of surface morphology, roughness, and
stoichiometric inhomogeneities to the electronic properties
of the magnetite surface has been observed using STS. The
existence of step edges, which result in compositional inho-
mogeneity and deviations from ideal stoichiometry, are
shown to alter the tunneling spectra of the surface. Alter-
ations in tunneling behavior were first evident due to the
existence of localized areas which exhibit step bunching on
the �001� surface. A spectroscopy map of such a step-
bunched region of the surface �in an otherwise well-ordered
area�, and the associated averaged dI /dV spectra, is shown in
Figs. 3�a� and 3�b�. STS in this region shows that step-
bunching results in tunneling behavior that is strikingly dif-
ferent to that observed on the terraces of magnetite �001�. As
seen from Fig. 3�b�, there is a marked enhancement of the
magnitude of the tunnel current from stepped-bunched areas.
The most likely reason for this effect is that at step edges the
structure of the crystal is not truly that of magnetite. Such
areas could, for example, be oxygen deficient, resulting in
the observed changes in the I�V� behavior. The notion that
surface disorder and oxygen deficiency can lead to an alter-
ation of the electronic properties of the surface is supported
by the fact that, immediately following light Ar+ ion bom-
bardment of the magnetite �001� surface �0.5 kV ions for
5 min�, the O/Fe ratio, as measured by AES, is reduced from
�1.6 to �1.1. STM reveals a highly disordered surface, and
STS of this oxygen deficient surface reveals a complete clos-
ing of the semiconducting band gap observed on the well-
ordered magnetite �001� surface.

A simple experiment was carried out to further illustrate
this point. A �0.5 ML ultrapure Fe film was deposited onto
the �001� surface of magnetite. A STM image of the surface

FIG. 2. �Color online� �a�: Room temperature dI /dV tunneling
spectra of the magnetite �001� and �111� surfaces. Inset shows the
I�V� curves, which are offset for clarity. Both surfaces show the
same tunneling behavior. The presence of a semiconducting band
gap at the magnetite surface is evident from the spectra. �b�: Rep-
resentative normalized room temperature spectrum. The spectra for
both surfaces were found to be the same. A band gap of
0.2±0.05 eV is reproducibly measured from the FWHM of the gap
in normalized spectra. �c� and �d�: �1000�1000� Å2 STM image of
the magnetite �001� surface and �1500�1500� Å2 image of the
�111� surface, described in detail elsewhere �Refs. 26, 27, and 29�.
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following such a deposition is shown in Fig. 3�c�. The sur-
face is characterized by the formation of �1.1 Å high Fe
islands, covering roughly half of the surface area. A room
temperature dI /dV spectra for this surface is presented in
Fig. 3�d�. It is apparent that even this ultrathin Fe film results
in the complete closing of the semiconducting band gap of
the magnetite �001� surface. Therefore, in order to obtain the
true electronic signature of magnetite one must ensure that
measurements are obtained only from well-ordered surfaces,
and specifically the presence of Fe rich areas of the surface,
which can induce metallic states in the gap region, must be
avoided. We note that large area averaging techniques, such
as PES, would be affected by surface disorder such as step
bunching, or localized stoichiometry deviations, possibly re-
sulting in the presence of states in the gap region. This offers
an explanation as to why some PES experiments of magne-
tite surfaces have observed metal states,18 while others have
not.19,20 We also note that the observed changes in tunneling
behavior caused by local disorder suggests that such disorder
could contribute to the well-known difficulty in measuring
100% spin polarization of the magnetite surface,21,22 and fab-
ricating tunnel junction devices with magnetoresistance val-
ues consistent with a half-metallic nature.23–25

C. Tunneling spectra of magnetite (111) surface above and
below TV

STS was performed on the �111� surface of magnetite just
above and below the Verwey transition temperature, at 140
and 95 K, respectively. First we compare the spectra ob-

tained at 140 K with those at room temperature. It can be
seen from the dI /dV spectra, presented in Fig. 4�a� that the
tunneling behavior at room temperature and 140 K is
broadly similar. The normalized version of the spectra �Fig.
4�b�� shows the surface to exhibit the same band gap at
140 K as for RT, 0.2±0.05 V. However, whereas the RT
normalized curves are generally featureless, other than the
resolved band gap and a shoulder at �+0.5 V, spectral fea-
tures away from Ef are clearly resolved at 140 K. Broad
bands are resolved at either side of Ef, with distinct peaks at
−0.45±0.1 V for the occupied band, and +0.5±0.1 V for the
unoccupied band. This improved resolution of the electronic
structure points to an increasing degree of electronic order as
temperature is reduced, even prior to reaching TV. We note
that STS spectra consistent with the resolution of the occu-
pied and unoccupied d-electron bands have previously been
observed for the half-metallic ferromagnetic oxide
La0.7Ca0.3MnO3 at 77 K.32 The value of the occupied peak in
our spectra is similar to the previously discussed PES work
on magnetite, which found a peak centered on �+0.5 eV
�Refs. 17–19� or �+0.6 eV.20 The distance between the
peaks resolved on both sides of Ef can be interpreted in
terms of the charge fluctuation barrier for electron hopping,
as in Ref. 19. From the STS spectra one obtains a value of
Uef f =0.95±0.2 eV. This compares well with the value of
1–1.5 eV found from room temperature PES and IPES
measurements.19 We also note that the resolution of these
features with STS shows them to be present at the surface,
rather than being purely bulk states, and shows that the char-
acteristic electronic states of magnetite are maintained at the
surface. This is an important point in terms of exploiting the
proposed half-metallicity of magnetite for devices such as
tunneling junctions, as successful device operation is depen-
dent on the half-metallic nature remaining intact at surfaces
and interfaces.

We now move to compare the spectra obtained at 140 and
95 K. Derivative spectra for both temperatures are presented
in Fig. 5�a�. Three representative normalized spectra at 95 K
are shown in Fig. 5�b�. From Fig. 5�a� it is apparent that,
despite the advent of the Verwey transition, a large opening

FIG. 3. �Color online� �a� �1200�1200� Å2 STS map
�−0.9 V� of the �001� magnetite surface. The area at the top right,
marked with a white arrow, exhibits localized step bunching. A
resultant change in tunneling behavior is seen in the I�V� map. �b�
I�V� tunneling spectra of this step-bunched area �dotted line� in
comparison with the flat terrace area �whole line�. The step-bunched
area shows markedly different tunneling behavior to that of the flat
terraced surface. �c� �850�850� Å2 STM image of magnetite �001�
surface following deposition of �0.5 ML of Fe. �d� STS of this
surface �dotted line�, in comparison with the clean magnetite �001�
surface �whole line�, reveals the generation of metallic states in the
gap region resulting in the complete closing of the semiconducting
gap that exists for the clean, well-ordered, magnetite surface.

FIG. 4. �a� Comparison of dI /dV spectra at room temperature
�dashed line� and at 140 K �whole line�. The existence of a gap of
similar magnitude is apparent. �b� Normalized spectra, showing en-
hanced structure away from the gap region for T=140 K �thick
line�, compared to room temperature spectra �thin line�. At 140 K
distinct peaks in the occupied and unoccupied d-electron bands are
resolved at −0.45±0.1 V and +0.5±0.1 V, respectively, giving a
separation of 0.95±0.2 V.
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of the observed band gap, which one would expect for a
metal-insulator transition, does not occur. Instead the gap
value remains extremely similar, with any increase in mag-
nitude limited to at most 20%. This suggests that the Verwey
transition at the magnetite surface is not a metal-insulator
transition, rather the surface is semiconducting both before
and after the occurrence of the transition. This supports the
PES work of Park et al.19 and Schrupp et al.20 We note that
the fact that the gap does not change markedly through the
transition could point to the surface of magnetite behaving in
an entirely different manner to bulk through the transition
temperature. As STS is purely surface sensitive, the results
presented here show only that the surface does not exhibit a
metal-insulator transition, while the situation for bulk may be
entirely different. Indeed, the very existence of the disconti-
nuity in conductivity for bulk magnetite at TV suggests that a
marked difference does exist between the electronic behavior
of the surface and the bulk through the transition. It must be
mentioned here that recent PES work has had purposefully
large penetration depths �45 Å. One would, therefore, ex-
pect a degree of bulklike contribution to these spectra, and
yet this study also does not show the opening of a gap in the
DOS below TV,20 illustrating that the separation of surface
and bulk contributions to the electronic behavior of magne-
tite is clearly not a trivial matter.

While the magnitude of the surface band gap is unaffected
by the transition, marked changes to the spectra do occur
away from Ef. The normalized spectra of Fig. 5�b� con-
firm that the band-gap opening does not occur following the
transition, however, the peaks resolved in the 140 K spectra
�−0.45±0.1 V and +0.5±0.1 V� are no longer present.
Broadbands are still found at both sides of the band gap,
however, the peaks of the bands are instead resolved at
−1.1±0.2 eV on the occupied side of the spectra, and
+0.9±0.2 eV on the unoccupied side. This shift indicates
that below TV the occupied and unoccupied d-electron bands

of the magnetite surface both shift away from Ef. We again
recall that the magnitude of the energy difference between
these peaks on either side of Ef can be interpreted in terms of
the charge fluctuation barrier to electron hopping.19 Above
TV this energy difference is 0.95±0.2 eV, whereas below it is
dramatically increased to 2±0.4 eV. This is consistent with
increased electron localization occurring on the Feoct sites
below the transition temperature. The increased splitting can
also be interpreted as direct evidence that the well-known
decrease in the conductivity of magnetite below TV can be
explained in terms of an increase in any barrier to electron
hopping. However, there is no way to separate the surface
and bulk contributions to the overall conductivity changes of
single crystalline magnetite through TV. It is not, therefore,
possible to state with certainty that the surface layers of mag-
netite also exhibit the step change in conductivity that occurs
for the bulk. As no marked increase in the magnitude of the
energy gap around Ef is observed following the transition,
the spectra suggest that if surface conductivity is decreased
below TV, it is not due to the opening of a larger band gap,
but is instead the result of a larger energy difference between
the centers of the d-electron valence and conduction bands.
Essentially, while there is no marked opening of a gap
around Ef for T�TV, carrier concentration near the gap is
reduced because the center of the conduction band and the
valence band are localized farther away from Ef than for
T�TV. This may also be viewed in terms of a much in-
creased region around Ef with only a limited DOS to facili-
tate conductivity, as opposed to an increase in the energy
range around Ef that is completely devoid of states.

While it is both desirable and useful to discuss the present
results in terms of the recent arguments over whether charge
ordering or charge disproportionation best describes the
states of magnetite below TV, it is important to again bear in
mind during this discussion that STS is a purely surface sen-
sitive technique and that the results obtained here are not
necessarily indicative of what occurs in the bulk. In our view,
a complete charge ordering, into discrete Feoct

2+ and Feoct
3+ ions,

should result in the opening of a large gap in the DOS around
Ef. This is due to the fact that such a charge ordering would
completely inhibit the electron hopping conduction mecha-
nism of magnetite. The results presented here show that such
a gap does not open, and therefore points away from a com-
plete charge ordering occurring below TV, at the magnetite
surface. The fact that the center of the occupied and unoccu-
pied d-electron bands shift away from each other below TV
does, however, suggest that there is an enhanced barrier to
electron hopping at the surface. This is consistent with the
transition being responsible for some degree of charge dis-
proportionation at the surface. This is in addition to any elec-
tronic order that may already exist at the surface, at room
temperature. We also explicitly note that STS cannot provide
results that aid in the recent arguments over whether the
driving force behind the Verwey transition is electronic or
structural. However, this elucidation of the surface electronic
structure above and below TV provides direct evidence that,
at the surface at least, the transition alters the electronic sig-
nature of magnetite. These alterations could be due to the
structural changes known to occur at TV. For example, a
change in crystal symmetry from cubic to monoclinic may

FIG. 5. �a� Comparison of dI /dV spectra above and below TV;
140 K �dotted line� and 95 K �whole line�, respectively. It is clear
that a large opening of the band-gap Ef does not occur below TV. �b�
Normalized spectra, obtained at 95 K. The three averaged spectra
were obtained using the same parameters and are presented only to
show the degree of reproducibility of the resolved features. It is
confirmed that the magnitude of the band gap remains �0.2 eV
below TV. Marked changes occur away from Ef, with the peaks
resolved in the conduction and valence bands shifted dramatically
compared with the spectra at 140 K. The peaks are now resolved at
−1.1±0.2 eV and +0.9±0.2 eV, giving a doubling of the peak sepa-
ration energy to 2±0.4 eV.
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well result in the observed shifting of the centers of the oc-
cupied and unoccupied d-electron levels. From our results it
is clear that while models of the transition must provide for
the known structural changes, the observed alterations to the
surface electronic band structure must also be taken into ac-
count. The results also show that STS is a valuable technique
for the elucidation of changes in the surface electronic prop-
erties of materials that undergo metal-insulator type transi-
tions.

IV. CONCLUSION

Using STS the well-ordered �001� and �111� surfaces of
Fe3O4 are shown to exhibit a �0.2 eV gap in the DOS
around Ef, at room temperature. The gap is consistent with a
degree of electronic order on the surface of magnetite, at
room temperature, far above TV. It is shown that surface
disorder, in terms of steps and nonstoichiometry, alters the
electronic signature of magnetite. For spectra of the �111�
surface obtained at 140 K a �0.2 eV gap is again resolved,
along with discrete spectral features at −0.45±0.1 V in the
occupied band and +0.5±0.1 V in the unoccupied band. The
enhanced spectral resolution indicates an increased degree of
electronic order compared to room temperature. Below TV a

large band gap does not open up in the DOS, pointing to the
Verwey transition at the magnetite surface being of a
semiconductor-semiconductor nature, as opposed to a metal-
insulator transition. The situation for the bulk may be en-
tirely different. The fact that a gap in the surface DOS does
not open up below TV suggests that ionic charge ordering
does not occur at the surface. Increased splitting of the re-
solved peaks in the occupied and unoccupied d-electron
bands is found below TV. This is consistent with the forma-
tion of an increased barrier to electron hopping at the sur-
face. Such a mechanism could offer an explanation for the
well-known conductivity drop in bulk magnetite, below TV,
despite the fact that no large opening of the actual band-gap
magnitude occurs. However, whether such a conductivity
change actually occurs at the surface cannot be ascertained.
The increased band splitting also suggest that, while it may
not be the driving force, a limited degree of charge dispro-
portionation plays an integral part of the Verwey transition at
the magnetite �111� surface.
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