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ABSTRACT: Experimental scanning tunneling microscopy
(STM) images of the hematite (0001) surface exhibit long-range
superstructures formed by coexisting domains consisting of
di erent terminations ( , , ) of the -Fe,O3(0001) surface. In
this work extensive simulations of STM images of di erent
terminations of hematite (0001) surfaces are performed and
compared with measured ones in order to identify the nature of the
superstructure unit meshes. Based on DFT calculations of -
Fe,03(0001) surfaces, the STM images are simulated using Chen’s
derivative rules approach. Di erent bias voltages and tip sample
distances as well as the role of the tip type are considered and
discussed. For some terminations an extreme dependence of the
simulated image on the distance and bias voltage is found. The
di erence between simulations of metal and insulator/semiconductor surfaces is discussed. The condition of simultaneous
agreement between simulation and experiment for all terminations within a narrow STM parameter range leads to the assignment of
the , and terminations to the ferryl, Fe-Fe O; or Fe O; Fe ,and O; Fe Fe terminations, respectively.
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INTRODUCTION

Iron oxides are of great importance in physics, chemistry, and
di erent technologies ranging from spintronics to heteroge-

long-range superstructures. These superstructures, called
biphase terminations, have been observed by scanning
tunneling microscopy (STM) on the -Fe,04(0001) surfaces.

Downloaded viaWIGNER RESEARCH CTR FOR PHY SICS on December 9, 2021 at 09:02:04 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

neous catalysis. They occur in nature in various structures and
compositions.” The best known and most studied iron oxide is
hematite ( -Fe,O;) crystallizing in the corundum structure.
The -Fe,04(0001) surface can expose di erent terminations
consisting of Fe or O ions only. Both iron- and oxygen-
terminated surfaces are polar. Despite the intensive studies
over the past two decades, the properties of the -
Fe,04(0001) surface are not well understood.>*

Polar oxide surfaces should be unstable* © but are frequently
observed. It has been demonstrated”® that polar surfaces can
minimize their total energy by forming a long-range periodic
structure of domains di ering in their work function, which is
determined by short-range interactions within the domains.
The results of density functional theory (DFT) calculations for
the surface structure of various terminations showed that Fe
terminations of the -Fe,04(0001)° surfaces are characterized
by work function values much lower (by 1.9 eV®) than the
work function of iron faces (5.07 eV'%), indicating a signi cant
positive dipole moment, while high work function values of O-
terminated surfaces (8.51 eV®) imply a large negative dipole
moment. Thus, either one of these terminations, whose surface
energy is determined by short-range interactions, has a
considerable electrostatic energy. This can be reduced by
long-range dipole dipole interactions when the surface is
broken up into regions with opposite dipole moments, forming
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They have been attributed to the coexistence of
Fe,0,(0001) and FeO(111) islands (cf. refs 11 13 and
references therein), ferryl (Fe O) groups coexisting with
domains of the Fe-terminated -Fe,05(0001) surface,"* or
long-range-ordered alternating electropositive and electro-
negative domains.”> The surfaces have a common building
block™® consisting of a central oxygen-terminated region
surrounded by three Fe and three mixed Fe O regions in a
cyclical arrangement (Figure 1). For a comparison with other
STM studies of the nature of these domains, see the
Supporting Information.

The superstructure unit meshes on the -Fe,O3(0001)
surface,"® which can be seen in Figure 1, consist of three
phases, usually with oxidation state dependent ratios, and
denoted as , , and . The and regions show 5 A
periodicity, while the periodicity of the region is 3 A. The
region was tentatively attributed to ferryl termination, the
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Figure 1. STM images of the hematite biphase surface. (a)
Topographic image; (b) current image; (¢ f) enlarged views of the
building blocks of the biphase, with (¢) and (d) from (a) and (b). (e)
Constant current image of a hematite single crystal surface; the

region is not visible under the tunneling conditions used. (f) Surface

with a large region and triangular islands on the  regions. All
images except (e) from thin hematite Ims.*® (a d, f) Adapted from
ref 15. Copyright 2016 American Chemical Society. (¢) Adapted with
permission from ref 12. Copyright 1998 Elsevier.

region was assigned to Fe termination, and the region could
be assigned clearly to oxygen termination via metal adsorption
studies.

The interpretation of STM images is generally not
straightforward because the resolved images do not simply
re ect a direct topographic map of ion positions on the surface
but rather re ect the electronic states that contribute to the
tunneling between the tip and the sample.”® The images of
relatively simple surface structures depend on the tunneling
current and the applied bias voltage between tip and sample,
and they can be calculated with the Terso and Hamann (TH)
approach.*"*® This method, based on a perturbative Bardeen
theory,'® provides a physically transparent expression for the
tunneling current, which is proportional to the integrated local
density of states of the surface in question at the position of the
STM tip apex. The TH approach provides a reliable qualitative
picture of the surface topography in many standard situations,
e.g., in studies of molecular adsorption or surface reconstruc-
tions of metal or semiconductor surfaces. However, STM
images of nontrivial surface structures can depend critically on
the tip surface separation.”” In the TH approach the
tunneling active wave function of the tip is represented by a
spherically symmetric swave. The swave approximation of the

tip state works well if there is a substantial fraction of electron
states with angular momentum | = 0 at the tip and if the tip
surface distance is su ciently large. If there are only few
electron s-states at the Fermi energy or the tip surface
distance is too short, then electron states with higher angular
momentum contribute to the tunneling and the TH approach
is expected to break down. Thus, more complex oxide surfaces,
consisting of (partially) positively and negatively charged ions
may require treatment within a more sophisticated model
including subtler e ects of the STM tip. A more sophisticated
treatment is needed in particular for Fe oxides in which the
density of states near the Fermi level is dominated by d states.
An extension of the TH theory, representing the tip electronic
structure by higher angular momentum states, has been
developed by Chen.?*?* The latter methodology *® enables
treatment of the electronic states of the tip and of the sample
separately. As exempli ed in Figure S1, at least for some
Fe203g0001) terminations, the TH approach*’*® and Chen’s
theory*?? give very di erent STM images. This suggests that
more detailed studies using a more sophisticated STM image
simulation theory®®?' 2% accounting for the electronic
structure of the tip are needed to understand the nature of
the termination of the di erent regions of the iron oxide
surfaces.

In this work we present results of extensive simulations of
the topography and the superstructures observed in the
experimental STM images'® of various surface terminations
of the -Fe,04(0001) surface. Besides the attempt to explain
the experimental observations, the most interesting aspect of
all the simulations is the surface termination dependent strong
variation with bias and distance, and the tip termination
dependence.

METHODOLOGY

DFT-based total energy calculations of the considered surfaces
utilized a plane wave basis to represent solutions of the Kohn
Sham equations®**® and the projector augmented wave
(PAW) method?® to describe the electron ion core
interactions as implemented in the VASP code. We employed
the generalized gradient approximation (GGA) functional, in
the PW91?" and PBE?® forms with a Hubbard U correction
(GGA+U), to treat the strongly correlated Fe 3d electrons®
and applied an e ective parameter Ug of 4.0 eV, respectively.’
Surface-speci ¢ values of Uy for the Fe Fe O3 termination
of hematite® were also applied. The plane wave basis energy
cuto was set to 500 eV, and the surface Brillouin zone was
sampled using a -centered 6 x 6 x 1 k-point mesh with a
Gaussian broadening of 0.1 eV. In order to improve the
electronic structure description of the surfaces for STM
simulations, a denser k-point mesh of 12 x 12 x 1 was applied.
The surfaces were modeled by symmetric slabs, and a 1 x 1
surface unit cell was replicated periodically in space. All
systems were structurally optimized with the positions of all
atoms fully unconstrained.’ The details about the slabs used to
represent di erent surface terminations are given elsewhere.**®
The used STM simulation method implemented in the
BSKAN code’®® is based on Chen’s derivative rules**
where the linear combination of tip orbitals is taken into
account as corresponding spatial derivatives of the sample
single electron wave functions to determine the transmission
function of tunneling electrons in the Bardeen current
formula.’® The tip orbitals correspond to the di erential
operators,”> which are acting on the single electron wave
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functions of the sample surface at the tip apex position. The
coe cients of the linear combination of the tip orbital states
are calculated from the electronic structures of various tip apex
atoms (see below) obtained from DFT. This so-called revised
Chen’s derivative rule method is described in detail else-
where,** and it has proved to simulate STM images in excellent
agreement with experiments in several cases considering
complex oxides** ** a complex iodide ultrathin Im,*" or
complex organic perovskite surfaces®® where the Terso
Hamann approximation is not always satisfactory. It is worth
noting that the mentioned oxides®****® were on a metal
support, whereas for Fe;0,(110)** no metal support was
considered. All the DFT calculations for the tip models were
performed by using the GGA-PW91 exchange correlation
functional, an energy cuto of 500 eV for the plane wave basis,
and an 11 x 11 x 1 Monkhorst Pack k-point grid to sample
the Brillouin zone.

Motivated by the (100) and (111) oriented Pt, Ir, and Ptlr
tips used in the experiments, we considered in the present
STM simulations the following Pt and Ir tips with Pt or Ir
atoms at their tops: Pt(001)Pt, Pt(001)Ir, Pt(111)Pt,
Pt(112)Ir, Ir(00)Ir, Ir(00L)Pt, Ir(111)Ir, and Ir(111)Pt. In
most of the cases, initial STM simulations on the iron oxide
surfaces did not show signi cant di erences among these eight
STM tip models (not shown). Therefore, in this work we focus
on pure Pt(001)Pt-based tips with some examples of Pt(111)
Pt tips. Here, the atomic model of a pure Pt tip [Pt(001)Pt]
corresponds to a ve-atom Pt pyramid with a 2 x 2 atom base
and an atom adsorbed in its center on top of a Pt(001)
substrate ve layers thick and 3 x 3 atoms wide, resulting in an
asymmetric slab. A Pt lattice constant of 2.775 A has been
used. In selected cases W tip models® were also employed.

To compare experiment and theory of STM images of the
hematite surfaces, calculations of di erent terminations were
performed. Our previous results for -Fe,05(0001) surface
terminations’ were used in the present calculations within the
same computational setup. STM images for the stable
terminations were simulated by using di erent tips for several
tip surface distances in the range from 3.5 to 5.5 A, initially
for the bias values used in the experiment ( 2, +1.4, and +2 V)
and later for di erent biases up to +6 V.

RESULTS AND DISCUSSION

In the [0001] direction the -Fe,O4 surface structure consists
of distinctly separate hexagonal Fe and O; layers (Figure 2)
stacked as a sequence of the bulk repeat unit Fe O; Fe .
Two (Fe Fe O; and Fe O3 Fe ) of the ve basic
terminations of the -Fe,O5(0001) surface are Fe-rich, and
the remaining three (O; Fe Fe ,0, Fe Fe ,and O Fe
Fe ) are dominated by oxygen atoms.

In addition, the ferryl (O Fe O; ) termination can be
formed by attaching O atoms to the surface Fe atoms of the
Fe O, Fe termination. The labeling of terminations follows
the nomenclature of ref 9. The Fe-terminated surfaces have
low work functions; the O-terminated surfaces have high work
functions. The terminations which were considered in the
STM simulations are displayed in Figure 2. The Fe-terminated
(stoichiometric) surface is the most stable over a wide range of
the oxygen chemical potential . Only at high  values GGA
calculations show that the Os-terminated surface is energeti-
cally preferred,” but with GGA+U functionals®**=%“° with Uy
= 4.0 eV the Fe termination remains stable. However,
calculations* using a newly developed SCAN meta-GGA

Figure 2. (left and middle) Top and side views of four (Fe Fe Oj |,
Fe O; Fe , O; Fe Fe , and ferryl) bulk terminations of the
hematite ( -Fe,0;) (0001) surface considered in this work. Fe and O
atoms of di erent layers are represented by small and large balls,
respectively. Unit meshes of long and short periodicities are depicted
as white and yellow rhombi, respectively. (right) Cross-section image
of Fe Fe O; and O; Fe Fe terminations showing the relaxed
layer distances (in A).

functional*? with U, = 1.8 eV show a preference for an O,
termination for high  values corresponding to an oxygen-rich
limit. This energetic preference results both from an improved
description of electron correlations in the semilocal SCAN
functional and from a much reduced U parameter used in the
SCAN+U calculation.** Thus, the relative energies of the
di erent terminations depend sensitively upon the functional
used in the calculations. The energy di erences between the
considered terminations are small and o dependent, resulting
in o-dependent contributions of these terminations to the
surface structure.

The connection between simulation and experiment is not
straightforward because the tip sample distance d and the
state of the tip are not known. Figure 3 displays STM images of
the O; Fe Fe termination of the -Fe,O5(0001) surface
simulated by using Pt(111) and Pt(001) tips with a Pt atom
apex for di erent tip surface distances and biases. For better
visualization in all simulated images presented below the
contrast was inverted. In the bias range from 2.0 to +2.0 V

Hematite (0001): O;-Fe-Fe- termination
23A 35A 45A 5.5A 23A 35A 5.5A

Tip-surface
distance:

Bias:
20V |

Pt(111) tip with Pt atom apex

Pt(001) tip with Pt atom apex

Figure 3. STM images of the O; Fe Fe termination of the -
Fe,04(0001) surface simulated using Pt(111) and Pt(001) tips with
Pt atom apex for di erent bias values and tip surface distances. The
images are 11.6 A wide and 11.8 A high.
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the calculated images vary strongly with bias, distance, and tip
orientation. Variations though weaker are also seen in the
images of the Fe O; Fe termination calculated with the
Pt(001)Pt tip as shown in Figure S2. The images for the
Pt(111)Pt tip (not shown) are very similar. In contrast to the
O; Fe Fe termination, the Fe Fe Oj; termination
images are nearly independent of bias, distance, and the state
of the tip as illustrated in Figure S2 for 2, +1.4, and +2 V bias
values and a Pt(100)Pt tip. No similarity with experiment is
obtained for all three surface terminations in this bias range.

In looking for a possible cause of the failure of the STM
simulation of the Fe Fe O; termination, which did not
produce the expected short periodicity seen in the experiment,
the unrelaxed Fe Fe O; termination was also considered,
based on the following reasoning. The calculations of the
various terminations assume that the termination is laterally
not con ned (because of periodic boundary condition). In
reality, however, we have only small patches of three
terminations coexisting and the crystal certainly can minimize
its surface energy playing the three terminations against each
other. DFT calculations actually have shown that the
coexistence of small Fe- and Os-terminated patches has a
lower energy per unit area than the combination of large areas
of these terminations.** STM images of Fe Fe Oj
termination of the unrelaxed -Fe,04(0001) surface are very
similar to those for the relaxed case and hardly di er in
contrast and applied bias from those displayed in Figure S2 for
the Pt(001)Pt tip.

Alternatively, because some of the experimental images were
taken with a tungsten tip, in order to check if this can cause the
di erence between simulation and experiment, the images of
the Fe Fe O; termination of the -Fe,03(0001) surface
were also simulated using a W(111) tip, sharp and blunt
W(110) tips, and a 90° rotated W(110) tip with a W atom
apex for atip surface distance of 5.5 A and three bias voltages.
However, the images (not presented) do not show a clear
short periodicity either and also not much di erence whether
the tip is sharp, blunt, or rotated. In conclusion, none of the
Fe Fe O; images is compatible with experiment in this bias
and distance range.

The images for the ferryl (O Fe O; ) termination of the

-Fe,04(0001) surface calculated for a Pt(001)Pt and for a
Pt(111)Pt tip (Figure S3) show for all bias voltages the
periodicity of the regions assigned tentatively to ferryl in the
experimental images (Figure 1). However, the intensity
distribution varies considerably with bias, and the best
agreement with experiment occurs at negative bias, in
disagreement with the other terminations. Agreement must
be found for the same bias in all terminations.

Thinking of the possible cause of the failure of the well-
established simulation methods to produce the structures
derived (in part tentatively) from experiments, we have
concluded that it must be the description of the electron
transfer (tunneling process) from the tip to the substrate which
was not adequately simulated. Hematite is a semiconductor,
and its static dielectric constant for bulk oxide as calculated
using density functional perturbation theory ranges from 18 to
26.*" Therefore, tunneling from the tip through the semi-
conducting oxide substrate has to be adequately simulated.

STM image simulation of semiconductor surfaces requires in
general lower bias voltages than those used in experiments due
to tip-induced band bending. However, the present calcu-
lations showed that the experimental images cannot be

pubs.acs.org/JPCC
explained with a lower bias voltage. This suggests that band
bending*>*° as observed in tunneling into semiconductors (Si,

Ge, Ill V compounds), which assumes an in nite semi-
conductor, does not apply to the case of tunneling into a very
thin oxide layer on a metal substrate. The fact that no
agreement with experiment could be found at biases lower
than the bias used in the experiments (simulating band
bending) led to the potential model proposed below.

In the tunneling process through a semiconductor layer, a
temporary Coulomb blockade may play a role.”” Tunneling
into an unoccupied state on a surface atom on a semiconductor
temporarily blocks further current ow until the electron on
the atom has di used to the electrode behind the insulator to
which the bias is applied. In order to maintain a continuous
current ow therefore, one has to use a higher bias from the
very start. Coulomb blockade e ects cannot be explicitly
included in our present tunneling model. However, in a very
simple picture, which may be equivalent to the Coulomb
blockade model, the electric eld between the tip and the
surface atom, which results from the applied voltage between
the tip and the substrate (bias), is much too small for tunneling
through an insulator/semiconductor. Simulation of tunneling
on oxides requires taking the potential drop in the insulator
into account. This means that the bias which is needed to
obtain correctly simulated STM images is (much) higher than
the bias which the experimentalist uses. Therefore, images
were calculated for all four terminations using a Pt(001)Pt tip
for +2.5 and +3 V and, for still higher bias, from +3 to +6 V.
They are displayed in Figures S4 S6. The results of the
simulations presented in these gures allow determination of
the bias distance (V, d) combinations, around 3 4.5 V and
35 45 A, which give the best agreement with experiment
simultaneously for all terminations.

The nal selection of the STM images of the four
terminations of the -Fe,O5(0001) surface, which provide
the best agreements with experiment, simulated for an
optimum bias of +3.0 V and tip surface distance of 4.1 A, is
displayed in Figure 4a d. The experimental image in the
center shows three regions, , , and , characterized by

Figure 4. Simulated STM images of the -Fe,05(0001) surface
calculated for an optimum bias of +3.0 V and 4.1 A tip surface
distance for the terminations () O; Fe Fe , (b) O Fe O,

(ferryl), (c) Fe Fe O; , and (d) Fe O; Fe , compared with
experimental image. Calculated image width is 11.41 A and height is
11.20 A Experimental STM topography image measured at bias of
+2.0 V, current 1.0 nA, and W tip, 5 showing the three regions, ,
and , characterized by di erent terminations is displayed in the
middle panel. Experimental images taken with a Pt-terminated Ptlr tip
with somewhat lower resolution; e.g., Figure 6 in ref 15 shows the
same long-period structure in the and regions while the short-
period structure, barely resolved in the W tip image, is not resolved.
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di erent terminations. Calculations in ner V, d steps would
allow a more precise determination of the optimum V, d
combination but were not attempted. It should be emphasized
that the STM image contrast is not determined by the topmost
layer but by the layer(s) with accessible empty states. An
example is the Os-terminated surface which was identi ed by
Au decoration to be the region in Figure 4a.*> One would
expect a 3 A periodicity but sees the 5 A periodicity of the Fe
layer below it (cf. Figure 2). The long periodicity of the Fe
layer may also seem somewhat surprising because the rst Fe
layer is nearly in the same plane as the second Fe layer and one
may suspect that together they give short periodicity, unless
the tunneling probability di ers strongly between them.

The domain, which has the same distances and orientation
as the domain but at a higher level, can be attributed to ferryl
termination (Figure 4b). Finally, the short distances and
orientation in the region can be assigned to the Fe Fe O,
or the Fe O; Fe termination (Figure 4c,d). In these
terminations the two Fe layers together form a honeycomb
structure, but if a third Fe layer below is involved in the
tunneling, the short distance structure seen in the experiment
is obtained. An alternative interpretation is the FeO
termination, which has been invoked frequently to explain
the short distance periodicity in hematite and magnetite. The
FeO-like layer on the O; Fe Fe termination has been
simulated in two ways: by adding Fe atoms on top of the O,
Fe Fe termination (i) in “Fe hollows” above the Fe atoms of
the subsurface layer and (ii) in “oxygen hollows” over the
oxygen atoms of subsurface O; layer (Figure S7). For a
selected narrow V, d range which gives best agreement with
experiment for four terminations simultaneously (Figure 4),
the FeO termination calculations show in this V, d range also
the short distance pattern expected (Figure S7) so that the
FeO termination cannot be excluded.

The terminations obtained from the STM simulations are in
good agreement with those expected from energy and work
function considerations. The di erent experimentally labeled
regions can be assigned to the calculated most stable
terminations. The reported assignment based on the identi ed
STM images in the narrow parameter set found is the
following: , ferryl termination; , Fe Fe O; or Fe O,
Fe termination; , O; Fe Fe termination. The energetics
of the individual terminations were previously deter-
mined®*>304148 50 from surface energy (the Gibbs free
energy per surface area) plots versus oxygen chemical
potential. They show that the energetic rank of the structures
proposed for the di erent regions changes with the oxygen
chemical potential . At intermediate oxygen pressures the
Fe O; Fe surface termination is most stable, at low 4 the
Fe Fe O; termination is predicted, and at high  the ferryl
and O; Fe Fe termination is predicted by several
calculations.

It should be emphasized that previous studies of this system
cannot explain the cause or driving force for the formation of
the superstructure. Our results suggest that the experimental
STM images can be explained by the coexistence of domains of
large periodicity, consisting of di erent low energy hematite
terminations. The long-range dipolar interactions caused by
the large work function di erences between the terminations
lead to the formation of the superstructure seen in experiment.
There is no doubt that the boundaries between the individual
terminations contribute to the energy of the domains.
Calculation of this contribution is, however, outside the
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possibilities of current DFT simulations because of size
limitations.

SUMMARY AND CONCLUSION

In this work, great e ort is undertaken to simulate the
topography of the domains which form long-range super-
structures observed in experimental STM images of the
hematite (0001) surface. Based on the extensive and detailed
calculations of the surface structures of di erent terminations
of the -Fe,0,(0001) surface, the most extensive simulations
of the STM images were performed by using the most
advanced image simulation procedure implementing Chen’s
method. It is found that for some surface terminations this
method gives images very di erent from those produced by the
method of Terso and Hamann. The principal cause of the
di erence is that, in contrast to Chen’s method, the TH
approach does not take into account the electronic structure of
the tip, which depends not only on tip material but also on tip
orientation. Therefore, using an advanced theory of STM
image formation such as the one applied in this work is needed
for complex oxide systems.

The simulated images allowed making many comparisons of
their dependence on tip surface distance, bias voltage, tip
type, orientation, and tip termination. Our results show that
the images cannot be explained with the biases used in the
experiment but require higher biases. A Pt(100)Pt tip model
can reproduce all images at the higher bias, even when a
Ptir(100) tip was used in the experiment, probably because a
single Pt atom apex is present. The model explanation for the
higher bias needed in the calculation is the voltage drop across
the dielectric Im. Taking this voltage drop into account gives
overall agreement with experiment in a narrow range of bias V
and distance d. The strong dependence of the images on these
parameters suggests that their structure and intensity
distribution are dominated by interference e ects in the
wave eld between tip and substrate.”* This includes the
quantum well interferences in the quantum wells between tip
and surface and surface and substrate, modulated by the
termination-dependent surface structure. Only at the V, d
combinations which simulate the experimental conditions can
the lateral density of states/height distribution be seen. No
information on the normal density of states distribution can be
extracted from the image. Thus, starting from the simple
density of states/height di erence model of STM contrast, the
extensive calculations have revealed a much more complex
picture of contrast formation.
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