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Termination and Verwey transition of the (111) surface of magnetite studied by scanning
tunneling microscopy and first-principles calculations
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Scanning tunneling microscopy and scanning tunneling spectroscopy combined with first-principles calcu-
lations have been applied to investigate the (111) surface of a naturally grown Fe;O, single crystal. The
commonly observed surface is determined as a layer of Fe cations at tetrahedral sites, known as the Fe,
termination. A surface terminated with Fe cations at octahedral sites, another proposed termination in previous
studies, is found only when the surface was prepared under oxygen-poor conditions. Scanning tunneling
spectra at room temperature and at 77 K indicate that the (111) surface undergoes a metal-insulator transition.
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I. INTRODUCTION

The atomic-scale investigation of surface structures and
electronic states of oxides with complex bulk structures pre-
sents a significant challenge due to the fact that such oxides
may have several possible terminations along a particular
crystal direction. It is crucial to determine the most energeti-
cally stable surface termination because surface properties
depend greatly on atomic composition and structure includ-
ing defects, impurities, and adsorbates that are commonly
present on surfaces. Slight differences in sample preparation
often bring about different phases, which make it difficult to
determine surface termination.

The (111) surface of magnetite Fe;O, offers a good ex-
ample of this challenge. Magnetite is one of three naturally
occurring iron oxides and has attracted much attention be-
cause of its ferrimagnetic properties, theoretically predicted
half metallicity,"? and unique phase transition, known as the
Verwey transition.’ As the temperature decreases, at the Ver-
wey transition temperature of ~120 K, conductivity drops
by two orders of magnitude and bulk structure transforms
from cubic to monoclinic. At room temperature (RT), the
structure is inverse spinel, where O?~ anions form a face-
centered-cubic (fcc) sublattice and Fe?* and Fe?* cations lo-
cate at interstitial sites with tetrahedral and octahedral coor-
dination; further details may be found in Ref. 4.

The (100) surface is fairly well understood. There are
only two types of stable planes along the [ 100] direction: “A”
that contains only tetrahedrally coordinated Fe cations and
“B” that consists of oxygen anions and octahedrally coordi-
nated Fe cations. Recent density-functional theory (DFT),>¢
spin-polarized photoelectron spectroscopy (SP-PES),” scan-
ning tunneling microscopy (STM),”® and low-energy elec-
tron diffraction'® (LEED) all showed consistent results: the
(100) surface is terminated by B planes with Jahn-Teller dis-
tortion.

In contrast, stable termination of the (111) surface is still
in debate. The (111) surface of magnetite has been studied
using various surface science techniques because of its im-
portance in geochemistry, device application, and catalysis.*
There are six atomic planes along the [111] direction, which
can be written as, using notations used in previous
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studies, "1 Fe,;, O, Feyo1> Oy, Fepn, and Fe . Adsorp-
tion and reaction of molecules on Fe;0,(111) have also been
studied, but with the assumption of a certain type of
termination.'”~23 These results may have to be revisited when
the stable surface termination is reliably identified.

It has been suggested both theoretically and experimen-
tally that either Fe,,; or Fe ., is the stable termination. Fe
is a surface terminated by a layer of Fe’* cations at tetrahe-
dral sites and Fe,, is a surface where the next layer of Fe
cations at octahedral sites is added to the Fe,, termination.
Several groups have grown thin films on Pt(111) in a con-
trolled manner. The resultant Fe;O,(111) surfaces routinely
exhibit identical surface structures, which appear in RT STM
images as a hexagonal lattice with approximately 0.6 nm
periodicity.*!> RT STM on synthetic single crystals exhibited
exactly the same surface structures as thin-film samples.!>>*
This surface is referred to as the “regular termination” in
Refs. 13 and 24, and we hereinafter use the same terminol-
ogy. Based on the LEED /-V measurements,'!"!>23 the regu-
lar termination has been suggested to be the Fe,, termina-
tion with strong relaxation along the [111] direction. In
contrast, another group has found evidence supporting the
Fe,., termination by temperature programmed desorption,
infrared reflection absorption spectroscopy, and high-
resolution electron energy loss spectroscopy after adsorbing
CO molecules.' Structures that are attributed to FeO(111)
have also been observed on thin film'? and synthetic single
crystal,'3 but only when the surface was prepared in oxygen-
poor conditions.

In addition to the hexagonal and FeO(111)-like structures,
a honeycomb structure has been found using a naturally
grown single crystal.’®?” The reason for its appearance
seems more related to the high annealing temperature than
the quality of the crystal.'* The authors determined the types
of termination based on the positions of protrusions and ap-
parent step heights in STM images.?®?’ Their conclusion was
that the hexagonal lattice corresponds to 1/4 monolayer of O
that caps Fe,, trimer, and the area showing the honeycomb
structure corresponds to the Fe,., termination.”” The same
group later performed STM studies of the same surface, but
with adsorption of molecules.”® The STM images prior to
adsorption of molecules showed two different types of hex-
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agonal lattice regions instead of one. By investigating the
adsorption preferences of molecules on different regions,
they proposed a new interpretation: the region exhibiting the
honeycomb structure is the Fe,, termination with oxygen
atoms on top of each Fe,., site; two types of hexagonal
lattice regions are the Fe,; termination and that with oxygen
atoms on top of each Fe; site.

Theoretical works have not reached consensus on this is-
sue either, although they all predict that iron termination is
more stable than oxygen termination. The first report by Ah-
djoudj et al. used ab initio periodic Hartree-Fock calculation,
which suggested Fe,, termination.?® Grillo et al. questioned
its validity because ‘“Hartree-Fock bulk band structure did
not reproduce the known antiferromagnetic alignment of
magnetic moments within the tetrahedral and octahedral sub-
lattices.” Instead, they proposed the Fe,,; termination based
on DFT with generalized gradient approximation (GGA)
+U method.'® Zhu et al. predicted that the Fe,, termination
is energetically favored from their DFT using local density
approximation (LDA)+U approach. In the presence of va-
cancies of the outermost iron layer, however, the Fe ter-
mination becomes more stable.'?

Here, we report an experimental STM study of
Fe;04(111) at RT (cubic phase) and at 77 K (monoclinic
phase), above and below the Verwey transition temperature.
STM image simulations based on the first-principles calcula-
tions have also been carried out for the cubic phase. Com-
bining these methods, we were able to identify the routinely
observed surface, or regular termination, as the Fe,,; termi-
nation. In contrast, the Fe,, termination appeared only when
the sample was prepared under oxygen-poor conditions. In
addition, scanning tunneling spectra supported the position
that Fe;04(111) undergoes the metal-insulator transition.

II. EXPERIMENTAL

Experiments were performed in two ultrahigh vacuum
(UHV) systems. A low-temperature STM (Omicron LT-
STM) was employed for STM imaging and scanning tunnel-
ing spectroscopy (STS) at 77 K and RT. STS was acquired
using a standard lock-in technique with a bias modulation of
50 mV and 797 Hz while opening the feedback loop. LEED
was performed in the preparation chamber before STM. An-
other UHV system was used for x-ray photoelectron spec-
troscopy (XPS). STM was also performed at RT (Omicron
VT-STM) after XPS measurements to confirm the surface
termination being the same as that prepared in the LT-STM
system.

We used a naturally grown Fe;O4(111) single crystal pur-
chased from MaTeck GmbH for all of the experiments de-
scribed here. It was first degassed in UHV by gradually in-
creasing the temperature up to 770 K. It was then cleaned
with a few cycles of Ar* ion sputtering (800 eV) for 10 min
and annealing at 850 K in UHV for 10 min. The annealing
temperature was chosen based on the phase diagram (tem-
perature vs partial pressure of O,) provided in Ref. 30 in
order to prevent the reduction in the surface. After undergo-
ing this cleaning procedure, LEED exhibited the same pat-
terns as those observed in previous studies.!'-'32326 The
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crystal gradually lost oxygen while under UHV for several
months. Every time we found an oxygen deficient area in the
STM images (see Sec. IV A), we cleaned the sample again
with cycles of Ar* ion sputtering and annealing in partial O,
pressure of 1 X 1077 mbar at 850 K, which resulted in a sur-
face with regular termination.

For identification of adsorbed species, we introduced
milli-Q water that was degassed with repeated cycles of
freezing, pumping, and thawing into the UHV chamber
through a leak valve. The sample was placed right next to the
dosing tube attached to the valve. The sample temperature
during the adsorption was RT.

III. THEORETICAL

First-principles calculations using GGA and GGA+U
methods were carried out in order to investigate the interac-
tions of Fe,; and Fe,, terminated Fe;0,(111) surfaces with
the tunneling electron. The Perdew-Wang exchange-
correlation functional’'*? was used and the inner electrons
were replaced with  projector augmented wave
pseudopotentials,’*3* expanded in a basis set of plane waves
up to a cutoff energy of 460 eV. We used the on-site Cou-
lomb (U) and exchange (J) parameters of 5 and 1 eV, respec-
tively, which were used successfully to reveal the electronic
and magnetic properties of the low temperature monoclinic
(P2/c) crystal structure.® A Gaussian smearing (o
=0.05 eV) of the eigenstates was used to improve the con-
vergence.

The (1 X 1) surface supercells were employed to describe
the Fe, and Fe,, terminated Fe;O,(111) surfaces [Fig.
1(a)]. The calculated lattice constants are 8.37 and 8.46 A
using GGA and GGA + U, respectively, which agree with the
experimental value of 8.3956 A.3%37 Figure 1(b) shows the
slab model used in the calculation, with periodic separations
of about 18 A. During the ionic relaxations, the bottom two
oxygen (O, and O,), two Fe,, (Fe, and Fe.,), and two
Fe (Fey and Fe,,) layers were fixed at their bulk values

of the cubic (Fd3m) phase structure. Calculated layer spac-
ing agrees well with experimentally obtained values using
LEED I-V.!'' Tonic relaxations were performed until the
atomic force was less than 0.01 eV/A. A 9X9x1
Monkhorst-Pack grid was used for k-point sampling of the
Brillouin zone. STM image simulations were performed for
Fe and Fe,, terminated Fe;O,(111) surfaces using the
Tersoff-Hamann approach,®® with experimental biases and at
a height of 4 A above the metal surface. The Vienna Ab-
initio Simulation Package (VASP) code3®*? was used in the
calculation.

IV. RESULTS AND DISCUSSION
A. Surface structure of the regular termination

When magnetite is cooled below the Verwey transition
temperature 7, ~ 120 K, the crystal experiences a structural
phase transition. We find protrusions that are hexagonally
arranged with approximately 0.6 nm separation in STM im-
ages both at RT and 77 K [Fig. 2(a)], which is an identical
structure to those observed in earlier studies using synthetic
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FIG. 1. (Color online) Schematic of atomic arrangement of the
Fe;0,4(111) surface in cubic phase used in the calculations. (a) Top
view and (b) side view for the Fe,., termination are shown. The
Fe,; termination can be constructed just by removing the last Fe.»
layer from the schematics. Five outermost atomic layers (Fe,gp,
Feei, Oy, Feger, and O,) were relaxed to obtain a stable structure.
single crystals,'>?* natural single crystals,?®->® and thin films
on Pt(111).411121441 This may indicate that the stronger
electron-phonon coupling expected at low-temperature
phase*? does not significantly affect the structure of the (111)
surface. However, the surface might experience changes that
are too small to be confirmed by STM. The changes in three
lattice constants and an angle in the bulk are less than 2 pm
and 0.25°.* These yield only 1-2 pm difference in the dis-
tance between protrusions on the (111) surface. The absence
or very small degree of reconstruction is in contrast to the
(100) surface, for which reconstruction is observed even at
RT.”~ Based on DFT calculation, Lodziana suggested that
the reconstruction is related to the orbital ordering which
opens the energy gap.b

In most cases, we found terraces of only this type of ter-
mination with an identical step height of 0.48*=0.02 nm
throughout the surface explored. This measured height
agrees well with a half of the unit cell along the [111] direc-
tion of the inverse spinel structure. The height is identical for
RT and 77 K within experimental error, which again indi-
cates that the structural transformation at 7, is very small.
Protrusions of the lattice on the upper terrace are found to be
located at one of the two threefold hollow sites (either hcp
hollow or fcc hollow) of the lattice on the lower terrace
(STM image not shown), which is consistent with the atomic
arrangement of the bulk Fe;O,.

A few distinct features that are different from the protru-
sions forming the hexagonal lattice are visible on the surface.
In Fig. 2(a), almost all such features appear as depressions.
More detailed pictures of these features are shown in Figs.
2(b) and 2(c). The area contains three features that appear
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FIG. 2. (Color online) STM images of the regular termination of
the Fe;04(111) surface acquired at 77 K. (a) Large-scale image
(20X 10 nm?). Step height was measured to be ~480 pm, corre-
sponding to the half the basis vector along the ¢ axis in the inverse
spinel structure. Tunneling parameters are Vppe=—2.1 V and [;
=0.4 nA. (b) and (c) Smaller-scale images (10X 5 nm?) acquired
with different bias voltages: (b) Vimpe=+4 V and ;=50 pA; (c)
Viample=—4 V and ;=50 pA. Three types of defects are marked in
the images. White arrows indicate a vacancy of the protrusion form-
ing the hexagonal lattice or Fe,; vacancy; red circled (broken line)
and blue circled (solid line) sites are named as P1 and P2 species,
respectively.

differently with +4 and —4 V. One type marked by white
arrows, which was small in number, is attributed to the va-
cancy of the Fe,, atom because it appears as depressions
regardless of the tunneling parameters. The assignment
agrees with previous studies.*!>*! The second type marked
by broken red circles (P1) and the third type marked by solid
blue circles (P2) can be considered as water-related species
such as OH and H arising from dissociative adsorption of
residual water. This interpretation is based on observations.
We first excluded the possibility of metal contaminants re-
sulting from the natural growth using XPS measurements.
The spectra revealed no element except Fe and O within the
detection limit. We then intentionally introduced water vapor
to the UHV chamber while the sample was kept at RT and
observed increases in the numbers of both P1 and P2 species.
Similar species found on thin-film Fe;O,4 were also attributed
to the dissociated water since they appeared only when the
sample had been kept under UHV for a few hours.*! Identi-
ties of P1 and P2 species will be explored in more detail in
the future using both experimental and theoretical ap-
proaches.

After keeping the sample in UHV for long time, the sur-
face changed as shown in Fig. 3. We recovered the surface
by annealing the crystal at 850 K in an O, atmosphere
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FIG. 3. (Color online) STM image (20X 10 nm?) of oxygen
deficient area of the Fe;O4(111) surface acquired at 77 K, showing
a mixture of a triangular-shaped superstructure and the regular ter-
mination. Tunneling parameters are Vgppe=—3.0 V and [,
=0.2 nA.

(10”7 mbar), which indicates that the new structure appeared
because of the surface reduction in an oxygen-poor environ-
ment. Thus, the triangular superstructure found here can be
considered the same as that observed in Refs. 12, 13, and 27.

B. Verwey transition on the (111) surface

Figure 4(a) shows a typical STS measured at a protrusion
forming the hexagonal lattice at 77 K. The inset is another
spectrum zoomed into the range between —0.5 and +0.5 V.
The energy gap is clearly seen at the Fermi level, indicating
that the (111) surface is not in the metallic phase at 77 K.
Figure 4(b) shows an I-V curve and an STS measured at RT
within an area of the hexagonal lattice without defects or
adsorbates. The spectra show metallic behavior, suggesting
that the (111) surface undergoes the metal-insulator transition
between 77 K and RT.

Our observation of the gap closing at RT is inconsistent
with a report by Jordan et al.** They found an energy gap of
~200 meV both at RT and at 95 K in their numerically
derived (dI/dV)/(I1/V) curve from STM I-V measurements,
from which they suggested that the surface Verwey transition
could be described as a semiconductor-semiconductor transi-
tion. We suspect that their spectra might be averaged over the
surface with defects or adsorbates. At 77 K, we indeed found
a larger energy gap in STS taken right above adsorbates on
the (111) surface as shown in Fig. 4(c). On the other hand,
the existence of electronic states at the Fermi level has been
confirmed by SP-PES on (111) thin films at RT.#%® Our
calculated projected density of states (not shown) also exhib-
its nonzero DOS at the Fermi level both on Fe; and Fe,,
terminated surfaces in the cubic phase.

C. Identification of surface termination

When the surface still contained a small portion of oxy-
gen deficient area even after a cleaning cycle using annealing
in O, atmosphere, we also found another type of surface
structure right next to the region of the regular termination.
Figure 5 shows STM images containing such an area. Region
A corresponds to the regular termination discussed in the
previous sections. With all tips used in these experiments it
appears as a hexagonal lattice within the bias range from —4
to +4 V. A new region marked as B, in contrast, appears
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FIG. 4. (Color online) (a) STS obtained on the regular termina-
tion at 77 K. Inset: another spectrum that shows the energy gap
region in detail. (b) Current-voltage (I-V) curve (left y-axis) and
STS (right y-axis) obtained at RT on the regular termination. (c)
Site-dependent STS obtained on a protrusion forming the hexagonal
lattice or Fey; site (black dotted line), P1 (red broken line), and P2
species (blue solid line).

either as a honeycomb structure [Figs. 5(a) and 5(c)] or as a
hexagonal lattice [Figs. 5(b) and 5(d)] depending on the bias
[comparison of Figs. 5(a) and 5(b)] and the tip condition
[comparison of Figs. 5(c) and 5(d)]. Sites of protrusions in
region A are found to correspond to three of six protrusions
forming the honeycomb structure in region B [Fig. 5(a)], but
do not correspond to the sites of protrusions in the hexagonal
lattice in region B [Fig. 5(b)]. Coexistence of such surface
regions has been confirmed also at RT by Lennie et al.?

The appearance of different surface termination may be
explained by the thermodynamic calculation by Grillo et
al.,'® who suggested that although the most stable termina-
tion is the Fe,; termination, the Fe ., termination may still
appear under oxygen-poor conditions. Their calculations and
our observations are consistent. In region A, the bright pro-
trusions correspond to the Fe; sites, while in the images of
region B that appear as a hexagonal lattice, the bright pro-
trusions correspond to the Fe,., sites. In the images of re-
gion B that appear as the honeycomb structure, both Fe;
and Fe,, sites appear as bright spots.
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FIG. 5. STM images [(a) and (b) 9 X 15 nm?; (c) and (d) 10
X 10 nm?*] showing bias and tip dependences of the appearances of
two regions acquired at 77 K. Region A corresponds to the regular
termination. Appearance of region B, either honeycomb or hexago-
nal lattice, depends both on the [(a) and (b)] bias and [(c) and (d)]
tip conditions. Tunneling parameters (a) Vmpe=+2.0 V and [,
=0.2 nA; (b) Vgmple=—2.0 V and ;=02 nA; (c) and (d) Vempe
=-1.0 V and [;=0.2 nA.

To verify this possible correlation, we performed STM
simulations of surfaces terminated by the Fe.,, and Fe,,
layers for the cubic phase. Figure 6 shows the results for the
bias voltages at =2 V. For the Fe; termination, protrusions
at the Fe,,, sites (marked by blue triangles) form a hexago-
nal lattice at both bias polarities. In contrast, for the Fe .,
termination, the Fe,., sites (red circles) appear as bright

GGA+U
)

GGA GGA

Fetet1 Feoth

FIG. 6. (Color online) Simulated constant height STM images
for the cubic phase using GGA and GGA+U (U=5 V and J
=1 V) methods. Four images on the left correspond to the Fe
termination and four images on the right correspond to the Fe,.»
termination. Sample bias voltages are set to +2 V (upper row) and
-2 V (lower row). Rhombus in each image corresponds to the unit
cell. Blue triangles and red circles indicate the Fe,; and Fe;, sites,
respectively.
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spots and form a hexagonal lattice at +2 V, but both Fe.
and Fe,, sites appear bright resulting in a honeycomb struc-
ture at —2 V. There is a slight difference between the results
by GGA and GGA+U: the Fe, sites in honeycomb struc-
ture appear brighter than the Fe,., sites by GGA while op-
posite contrast is found by GGA+U. The simulations quali-
tatively agree well with the experimental observation, but
only under certain tip conditions [e.g., the tip used to acquire
Fig. 5(c)]. Bias dependence obtained by the calculation does
not agree with some of our experimental images at 77 K
[e.g., Figs. 5(a), 5(b), and 5(d)] and RT observations shown
in Ref. 26 (honeycomb at +2 V and hexagonal at +1 V). It
is not surprising that the calculated bias dependence is dif-
ferent (sometimes opposite) from the experimental results
because the simple Tersoff-Hamann approach generates
STM images using the local density of states of the surface
alone.®® It does not include the tip density of states that is
affected by, for example, chemical composition and geom-
etry. We find that the tips that produce different bias depen-
dence from the simulation often yield clearer and sharper
images, which implies chemical modification at the tip apex.

Because throughout all of the experiments the hexagonal
lattice was observed on the regular termination (region A),
we conclude that it should be the Fe, termination. The
surface of the Fe,, termination (region B) appears only after
the sample undergoes an oxygen-poor condition. The reason
why CO adsorption experiment suggested the Fe,.»
termination'* might be explained if the surface contained
both the Fe; and Fe,., terminations. Further consideration
and experiments such as STM of CO adsorbed surface will
be necessary.

V. CONCLUSION

Two debated issues of the Fe;O4(111) surface, the regular
termination and the existence of the Verwey transition, were
explored by a combined study of STM, STS, and first-
principles calculations. The regular surface is terminated by
a layer of Fe,; whereas Fe, termination appears only in
oxygen-poor conditions. The metal-insulator transition was
confirmed by STS even though the structural transformation
or surface reconstruction below the Verwey transition tem-
perature is smaller than the length scale distinguishable in
STM images.
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