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Direct observation of subsurface charge ordering in Fe;04(001) by scanning tunneling

microscopy/spectroscopy
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Kazuhisa Sueoka

Graduate School of Information Science and Technology, Hokkaido University, Sapporo 060-0814, Japan

In this study, we characterized Fe;O,(001) films using scanning tunneling microscopy/spectroscopy (STM/STS). On the film sur-
faces, individual iron atoms and ( V2 x V2)R45° reconstructed structures were observed by STM. The STS results showed the higher
local density of states just below the Fermi level of narrow sections than wide ones of the surface reconstruction perpendicular to
the iron rows. Periodical density of states modulations reproducing this electronic structure were clearly observed by the differential
tunneling conductance map. These experimental results revealed the presence of subsurface charge ordering of Fe?*-Fe?* and
Fe**-Fe** dimers, as proposed in previous density functional theory studies.

Magnetite (Fe30y4) is a magnetic iron oxide with unusual
properties such as half-metallicity, a high Curie temperature
of 858 K and a metal-insulator (Verwey) transition at 120
K in the bulk state.!”® The disappearance of half-metallicity
and emergence of a Verwey transition on the surface of
Fe304(001) at room temperature have been reported previ-
ously.* Because of these properties and phenomena, Fe;0,
is a potential material for investigating electronic correlation
effects in oxides. Investigations of the surface structural and
electronic properties of Fe;O4 at the atomic scale are neces-
sary for the development of future oxide-based devices.

The Fe;04(001) surface structure has been studied pre-
viously by scanning tunneling microscopy (STM) and low-
energy electron diffraction (LEED).'*'? A (V2xV2)R45°
surface reconstruction has often been observed on the
Fe;04(001) surface. Several research groups have observed
individual iron atoms in a B-plane (Fep) using STM, which
revealed wavelike structures of the Feg rows along the [110]
direction, as depicted in Fig. 1(a).!>"'® Pentcheva et al. pre-
dicted a B-terminated surface structure on the basis of density
functional theory (DFT) calculations.!”-!'® They suggested
that the (\/E X \/§)R45° reconstruction is a result of a Jahn—
Teller distortion and that the surface exhibits a metallic nature.
However, Jordan et al. reported a surface energy gap of ~0.2
eV on the basis of a scanning tunneling spectroscopy (STS)
study,'” which indicates a semiconducting nature of the sur-
face. More recently, we revealed that the energy-gap value
near the Fermi level of the surface Feg atoms is ~0.7 eV.19)
Moreover, the (V2xV2)R45° surface reconstruction and the
surface semiconducting nature have been proposed to be de-
rived from the charge-ordered electronic states of the subsur-
face Feg atoms.®%2% Figure 1(b) shows the proposed model
of the subsurface charge-ordered structure. The Fe?*-Fe?* and
Fe’*-Fe** dimers aline in an alternating manner along the [1-
10] direction in the subsurface layer. In the surface layer, the
displacement of the Feg atoms produces inequivalent narrow
“n” and wide “w” sections.?’"?? The inequivalent sections
compose the (V2xV2)R45° surface reconstruction pattern.
Although a few theoretical studies have investigated subsur-
face electronic structures,®? the literatures contain no related
experimental studies. This experimental exploration can ad-
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Fig. 1. Model of the B-terminated surface structure (a) and the
subsurface charge-ordered structure (b) of Fe304(001). The black arrows
indicate the directions of the displacements of octahedral iron atoms of the
top layer. The (V2x V2)R45° reconstructed unit cell is indicated by the
black square. The narrow and wide sections are marked as “n” and “w”,
respectively.

vance our understanding of not only the subsurface electronic
structures but also the origin of the surface reconstruction and
the surface semiconducting state.

In this study, we used STM/STS to investigate the surface
atomic structures and the subsurface electronic structures of
Fe;04(001) films. The (V2xV2)R45° reconstructed struc-
ture of the B-terminated surface was observed by STM at
the atomic resolution. In addition, subsurface charge-ordered
structures with alternating Fe?*-Fe?* and Fe’*-Fe’* dimers
along the direction perpendicular to the rows were verified
using STS spectra and differential tunneling conductance
(d1/dV) maps. Notably, the two types of charge states of the
subsurface Feg cations are labeled as Fe?* and Fe?*, however
the valence charge of one of these cations is larger than the
other by only 0.2¢.3

The experiments were carried out in an ultrahigh-vacuum
system with a base pressure of 5 x 10~!! mbar. The system
comprises two chambers, which contain measurement sys-
tems such as STM and molecular beam epitaxy apparatuses.
STM/STS measurements were performed at room tempera-
ture using W-tips prepared by electrochemical etching. All
STM images were acquired in the constant-current mode. A
bias voltage was applied to the sample with respect to the
grounded tip. STS measurements were performed with the
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Fig. 2. (a) STM image (3.5%3.5 nm?) of the Fe304(001) film surface.
The STM image was taken with a W-tip at a set point of +1.0 V and 0.3 nA.
The ( V2xV2)R45° reconstructed unit cell is indicated by the white square.
The narrow and wide sections are marked as “n” and “w”, respectively. (b)
Line profiles corresponding to the lines AA and AB in (a).

feedback loop turned off. The dI/dV signal was obtained us-
ing a standard lock-in technique with a modulation signal
of 20 mV,,s at 5.24 kHz. The occupied state dI/dV image
shown in Fig. 4(b) was acquired using the multipass scanning
method.?® In this method, surface topography was measured
in the first pass. During the second pass, the acquired topo-
graphic trace was used to obtain tunneling current and dI/dV
signals at a specific bias voltage. The distance offset for the
second pass was 100 pm toward the surface with respect to
the topography measured during the first pass.

The epitaxially grown Fe3;04(001) films were prepared on
MgO(001) single-crystal substrates by the deposition of Fe in
the presence of oxygen.'>1%16:22) The MgO(001) substrates
were cleaned in situ by heating at 573 K for 16 h and were
then annealed at 1073 K for 1 h under an oxygen atmosphere
(7 x 1077 mbar). The Fe deposition was performed using an
electron-beam heating evaporator at a substrate temperature
of 573 K. During film formation, the oxygen pressure was set
in the range 7x 1077 to 1 x 10~ mbar. The growth rate was 0.9
ML/min and film thickness was 20 nm. After the deposition,
the grown films were post-annealed at 573 K for 30 min under
the same oxygen pressure.

Figure 2(a) shows a constant-current STM image of the
Fe;04(001) film surface. This STM image was taken at a tun-
neling current of 0.3 nA and a bias voltage of +1.0 V. In Fig.
2(a), atomic rows with a (V2 xV2)R45° symmetry (marked
with the white square) are oriented along the [110] direction.
As evident in the line profile AA in Fig. 2(b), the average
distance between neighboring rows is ~0.6 nm. The STM im-
age and line profile AA also indicate that the atoms within
each row are slightly shifted along the direction perpendic-
ular to the rows. This image and profile clearly demonstrate
the presence of narrow and wide sections, as shown in Fig.
1. These small displacements of the atoms perpendicular to
the rows have been observed previously in DFT and LEED
analysis studies.'""!>17-18) Within the rows, the average dis-
tance between neighboring atoms is ~0.3 nm (see the line
profile AB in Fig. 2(b)). Because these shifts and the peri-
odicities of the atoms correspond to those of the Feg atoms in
the B-terminated Fe;04(001) surface, as shown in Fig. 1(a),
the atoms observed in the STM images should represent sin-
gle Feg atoms in the B-plane.

We performed STS measurements on the Fe;04(001) film
surface to explore the subsurface electronic structures. Fig-
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Fig. 3. dI/dV spectra obtained at the narrow and wide sections of the
(V2xV2)R45° surface reconstruction perpendicular to the Feg rows. These
spectra were obtained with a z-offset of 300 pm toward the surface with
respect to the original set point of +1.2 V and 0.3 nA.

ure 3 shows two dI/dV spectra obtained at the previously de-
scribed narrow and wide sections, in which subsurface Feg
atoms are located, as shown in Fig. 1(b). These spectra were
obtained with a z-offset of 300 pm toward the surface with re-
spect to the original set point of +1.2 V and 0.3 nA so that the
subsurface electronic states could be effectively detected. This
STS result shows the higher local density of states (LDOS)
just below the Fermi level of the narrow section relative to
the wide one. These dI/dV signals may include contributions
from the surface Feg atoms, however all surface Feg atoms
exclusively exhibited an Fe3* charge state.*% 162029 If the
spectra included mainly the surface Feg LDOS, such a visible
difference in the LDOS would not be observed. Therefore, the
dI/dV spectra in Fig. 3 should include mainly the subsurface
electronic states.

We also performed dI/dV mapping of the Fe;04(001) film
surface to further elucidate the subsurface electronic structure.
Figure 4(a) and (b) display a set of images acquired using the
previously described multipass scanning method.>® The STM
(Fig. 4(a)) and d1/dV (Fig. 4(b)) images were obtained at a
bias voltage of +1.0 V and -0.4 V, respectively. Figure 4(c)
shows cross-sectional line profiles of the STM and d1/dV im-
ages taken along the arrows marked as X and Y, respectively.
The relative positions of the arrows are the same. In the STM
image, the Feg rows run along the [110] direction. However,
the dI/dV image shows a periodical electronic structure that
differs from that in the STM image. It comprises two differ-
ent dI/dV peak intensities (high peak and low peak), as indi-
cated by the line profile Y in Fig. 4(c). The line profile was
taken along the [1-10] direction, i.e., the direction perpendicu-
lar to the Feg rows. This result indicates that the periodicities
of high(low)-peak to high(low)-peak and high(low)-peak to
low(high)-peak are ~1.2 and ~0.6 nm, respectively.

In the dI/dV image shown in Fig. 4(b), periodical pat-
terns with a ( V2xV2)R45° symmetry are clearly observed,
as indicated by the white square. Two types of bright spots
in the dI/dV image are observed between the Feg rows (see
Fig. 4(a) and (b)). As evident in Fig. 4(c), the positions of
high(low) peaks correspond to those of the narrow(wide) sec-
tion, which is in good agreement with the dI/dV spectra
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Fig. 4. (a), (b) Two-pass scan images (5.0x5.0 nm?). First, an
unoccupied-state STM image (a) was taken at a set point of +1.0 V and 0.3
nA. Second, a dI/dV image (b) was taken at a bias voltage of -0.4 V (the
topography recorded in (a) was played with a z-offset of 100 pm toward the
surface). The narrow and wide sections are marked as “n” and “w”,
respectively. (c) Line profiles taken along the arrows marked as X and Y in
(a) and (b), respectively.

shown in Fig. 3. The observed dI/dV peaks are derived from
the electronic states of surface oxygen atoms or subsurface
Fep atoms (see the model in Fig. 1). Given that DFT cal-
culations have predicted that the LDOS of surface oxygen
atoms is almost zero near the Fermi level” and that the LDOS
at 0.4 eV of subsurface Fe?* cations is much higher than
that of subsurface Fe** cations,®* the high(low) peak should
indicate the presence of Fe>*-Fe’*(Fe’*-Fe’*) dimers in the
subsurface layer. These experimental findings clearly demon-
strate the presence of subsurface charge ordering, and the
subsurface charge-ordered electronic structure is sufficient to
explain the (V2 x V2)R45° surface reconstruction.®) More-
over, our results indicate that a degree of electronic ordering
on the Fe3;04(001) surface observed in previously reported
STM images®2® likely corresponds to that on the subsur-
face, as described in this paper. Although the imaging mecha-
nism of the subsurface electronic states has not been clarified
completely, we suggest that the subsurface Feg atoms can be
imaged on the basis of the insulating-like nature of the top-
most Fe304(001) surface, where the energy gap of ~0.7 eV is
present near the Fermi level.'®

In summary, we used STM/STS to investigate the sur-
face atomic structures and the subsurface electronic struc-
tures of Fe304(001) films. Individual Feg atoms and a B-
terminated surface structure with a (V2 x V2)R45° symme-
try were resolved using STM. The observed surface structure
corresponds to the theoretical model reported by Pentcheva et
al.'”'® and to previously reported STM results.'®'? Our STS
spectra and dI/dV map experimentally revealed the presence
of charge ordering in the Fe;04(001) subsurface layer. The
charge-ordered electronic structure with two alternating types
of LDOS exhibits a (V2 x V2)R45° symmetry and is in good
agreement with the model of subsurface charge ordering.®*
These experimental findings clearly demonstrate that the sub-
surface Feg atoms show charge ordering of Fe2*-Fe2* and
Fe’*-Fe?* dimers, which is responsible for the ( V2x V2)R45°
surface reconstruction.
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