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Abstract

We present a dynamical Tensor low-energy electron diffraction (LEED) study of a-Fe,05(0001) surface structures forming in an
oxygen pressure range from 10~ to 1 mbar. Epitaxial a-Fe,05(0001) films were prepared on Pt(111) in defined oxygen partial
pressures at temperatures around 1100K. In 1 mbar O,, strongly relaxed oxygen terminated surface structures are formed while in
107 mbar O, three different surface structures yield rather good Pendry R-factors. Further experimental evidence from scanning
tunneling spectroscopy (STM) and ion scattering spectroscopy (ISS) in combination with a critical review of the literature is only
consistent with a hydroxyl termination forming in 10° mbar O,. The stabilization of both structures is discussed on the basis of
electrostatic arguments considering the boundary conditions at the oxide/gas as well as oxide/substrate interface (autocompensa-
tion). For oxygen pressures between 10 to 10 mbar O,, both domains coexist as analyzed using a new, modified version of the
symmetrized automated Tensor LEED program package.

The system investigated in this study turns out to be very complex and the LEED analysis alone is not capable to identify the
involved surface structures unambiguously. Only in combination with results from other surface sensitive methods it was possi-

ble to deduce models for the most likely surface structures.

1. Introduction

The ultra-high vacuum (UHV) approach to the study of cata-
lytic materials offers many advantages over traditional
methods in that a variety of modern surface science tech-
niques are available to determine the structure and composi-
tion and to identify relevant surface species of surfaces on
an atomic level."? On the other hand, catalytic reactions are
typically performed at atmospheric or even higher pressures
with catalysts possessing complex structures. Not much is
known about how the chemical properties of a catalyst
change across a pressure range from ultra-high vacuum to
atmospheric conditions (,,pressure gap,,). Therefore, system-
atic investigations in this pressure range are necessary since
the structure of compounds at thermodynamic equilibrium
depends strongly on the ambient gas pressure,** and it may
therefore change across the pressure gap leading to materials
with different catalytic properties.’

Iron oxides are important materials that are used as hetero-
genous catalysts for various reactions. For instance, potas-
sium promoted iron oxides are used in the dehydrogenation
of ethylbenzene to styrene in presence of steam.®® During
the last years, clean and well-ordered iron oxide films have
been prepared by iron deposition onto chemically inert metal

substrates and subsequent oxidation at temperatures of 900-
1100K."*"" These films can be prepared with defined com-
position and surface termination depending on the prepara-
tion conditions which are determined by equilibrium
thermodynamics.* In order to transform heteroepitaxially
grown Fe;04(111) films to a-Fe,0;(0001), temperatures
around 1100K and oxygen partial pressures above 10” mbar
are necessary. ” -~ For such conditions, two different surface
terminations are observed in atomic resolution scanning
tunneling microscopy (STM) images dependent on the am-
bient oxygen gas pressure during annealing.'? On the basis
of ab initio spin-density functional theory calculations these
have been assigned to an unreconstructed and strongly re-
laxed a-Fe,0;(0001) surface structure terminated by an
outermost oxygen layer in high oxygen pressures and a
strongly relaxed iron-terminated surface structure in low
oxygen pressure environments, " although no direct experi-
mental evidence for this assignment exists. According to the
autocompensation principle, polar surfaces as for example
an oxygen-terminated a-Fe,O3(0001) surface should not be
stable,' and X-ray photoelectron diffraction measurements
of MBE-grown epitaxial a-Fe,O;(0001) films revealed a
strongly relaxed iron termination to be stable even after
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cooling to room temperature in highly oxidizing oxygen
plasma.” Nevertheless, several ways to reduce the dipole
moment of polar surfaces have been proposed by means of
relaxations, reconstructions or charged adsorbates,'®" and
especially in the case of thin, epitaxially grown films, the
boundary condition to the substrate may have a stabilizing
effect so that also an oxygen termination is proposed to be
stable.”” A recent study of NiO(111) proposed that thin,
octopolar reconstructed NiO(111) films also exhibit two
terminations which are Ni- and O-terminated.*

In this study, the surface structures of a-Fe,O5(0001) in
dependence of the oxygen pressure as observed in the STM
analysis by Shaikhutdinov and Weiss'? are determined by
dynamical LEED analysis. All LEED intensity-voltage (I-V-
) curves presented in this paper were recorded immediately
before or after STM investigations which led to STM im-
ages as presented by these authors.

2. Experimental and Calculation Procedure
2.1. Experimental

The experiments were performed in an ultra-high-vacuum
(UHV) chamber with a base pressure of 1x107'" mbar. As
described in detail in reference,” this chamber is equipped
with a commercial STM head (Burleigh Instruments), back-
view LEED optics (Omicron) and a cylindrical mirror ana-
lyzer for Auger electron spectroscopy (Omicron). An ion
bombardment gun and several gas inlet valves are also pre-
sent. The platinum crystal could be heated by electron bom-
bardment from the back and cooled by a liquid nitrogen
reservoir. The high-pressure oxidation was performed in a
separate preparation cell using a radiation heater that pro-
vides sample temperatures around 1130K in oxygen partial
pressures up to 10 mbar. The transfer from and to this prepa-
ration cell can be performed under ultra-high vacuum condi-
tions.

The Pt(111) surface was prepared by repeated cycles of
argon ion bombardment and subsequent annealing to 1300 K
until it exhibited a sharp (1x1) LEED pattern and no con-
tamination signals in the Auger electron spectrum. Well-
ordered Fe;0,(111) magnetite films several hundred A thick
were grown by repeated cycles of iron deposition and subse-
quent oxidation in 10°® mbar oxygen at ~1000K.? The
Fe;04(111) magnetite films can be transformed into well-
ordered a-Fe,03(0001) films by a high-pressure oxidation at
temperatures above 1100K and oxygen pressures higher than
107 mbar in order to induce the bulk structural transforma-
tion from Fe;O4 to a-Fe,O; within reasonable time (a few
minutes). This was done in the separate preparation cell
which has a base pressure of about 5x10”®* mbar. After the
oxidation process, the oxygen was pumped off when the
sample temperature dropped below ~600K and the sample
was transferred back into the analysis chamber. In order to
produce surfaces at pressures below 10~ mbar, the films
were first oxidized above 10~ mbar and then the pressure
was reduced to 10 to 10® mbar. Then, the films were trans-
ferred back to the main chamber. The time between the final
anneal in the preparation chamber and the start of STM or
LEED measurements was at least 30 minutes.

For oxygen pressures between 1 mbar and 10™ mbar, similar
a-Fe,03(0001)-(1x1) LEED patterns similar to that shown
in fig. 1 and similar Auger spectra were observed. The
LEED pattern always exhibits six-fold symmetry due to the
coexistence of equally terminated domains which are rotated
by 180° by each other. Reducing the oxygen partial pressure
during annealing to 10" mbar results in a partial reduction of
the surface and a superstructure of ordered domains of Fe;.
«O(111) and a-Fe,0;(0001) is formed similar to the struc-
ture called ‘biphase ordering’ observed by Condon et al.”*

10" mbar
E=60 eV
Fig. 1: Side and top views of the bulk structure of a-Fe,O3(0001)
and the corresponding LEED pattern (E = 60 eV).
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Fig. 2: (a) Comparison of LEED I-V spectra for a-Fe,O3(0001)
films prepared in 1 mbar and 10™ mbar O,. (b) LEED images at 80
eV and 120eV.

Except where indicated, the LEED measurements were per-
formed at a sample temperature of T=120 K which was
achieved by cooling with liquid nitrogen. Intensity-Voltage
(I-V) curves were measured at normal incidence. The dif-
fraction patterns were recorded with a CCD camera from the
backview LEED screen and stored via a VMEbus computer
onto a workstation hard disk (ultra sparc 2). Noise reduction
was possible by averaging up to 255 images. For extraction
of the I-V curves these images were processed with software
programs developed at the Fritz-Haber-Institute. The LEED
I-V characteristic of films prepared in 10~ mbar and 1 mbar
O, deviate significantly as shown in fig. 2. The reproduca-
bility of the I-V spectra for films prepared in 10~ and 1
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mbar O, is good. The R-factor calculated from comparison
of two identically prepared experimental I-V spectra is be-
low 0.07 while comparing films prepared in 10~ mbar and 1
mbar O, yields R-factors >0.65. In order to quickly distin-
guish both surface structures one may take LEED images at
energies of 80 and 120eV as shown in fig. 2(b). At these
energies, the intensity ratio between the (10) and (11) beams
serves to distinguish between the different terminations.

2.2. LEED calculations

The LEED calculations were performed on an ultra sparc 2
workstation using the Barbieri/Van Hove Symmetrized
Automated Tensor LEED (SATLEED) package® and a
modified version. The theory of this perturbation method
was mainly developed by Rous et al.,> and a detailed com-
putational description is given in reference.”® In a first step a
full dynamical calculation is performed for a chosen refer-
ence structure including the quantities needed to construct
the tensor. With this tensor, I-V-curves for a variety of mod-
els in the proximity of the reference structure can be calcu-
lated approximately with little cost in computer time. The
search for the best structure model was performed by an
automated algorithm, where the agreement between theo-
retical and experimental I-V curves was quantified by the
Pendry-R-factor.”’” Because the tensor calculations are per-
turbative, care has to be taken if atomic coordinates in the
optimized model deviate from the starting reference struc-
ture by more than about 0.1 A, depending somewhat on the
number of parameters. In this case a new reference structure
with the geometry of the optimized model has to be defined,
again a full dynamical calculation has to be performed, fol-
lowed by the tensor search in the proximity of this new ref-
erence structure. This procedure was repeated until the final
structure obtained by the tensor search deviated by less than
a few hundredths of an Angstrom from the last reference
structure. In order to rule out alternative models that reveal
higher R-factors, the variance at the R-factor minimum of
the best fit structure DR was used as a confidence interval,
where DR is calculated under the assumption of random,
non-correlated errors.”’ Since large relaxations have to be
expected for a polar metal oxide surface such as a-
Fe,05(0001), a large number of reference structure calcula-
tions with a subsequent search for an R-factor minimum in
the vicinity of each reference structure has to be performed
for all possible surface terminations. For this, a shell script
was written which automatically creates reference structures
with geometries varied in systematic ways as described in
section 3B.

The scattering phase shifts were taken from reference.”
These have been calculated for Fe?" and O ions in the FeO
sodium chloride structure. All (0001) layers in the a-Fe,O;
structure are separated by less than 1 A, the distance be-
tween two adjactent iron layers is 0.595 A and the distance
between one oxygen and the adjactent iron layers is 0.846 A.
This is too close to ensure convergence of the multiple scat-
tering computations between these layers. Therefore we
defined a composite layer consisting of 20 atomic layers
corresponding to one three-dimensional unit cell of a-Fe,Os.
The search for the best structure was performed with phase
shifts for angular quantum numbers 1=6, a temperature of
calculation of 120K, and a Debye temperature of 300 K for
oxygen and 550 K for iron. It was checked that this number
of phase shifts led to no loss in accuracy when compared
with more phase shifts. The imaginary part of the inner po-
tential V; was fixed to a value of -5 eV, the real part V, was
fitted within each calculation starting from a value of 5 eV.
In the final refinement of the best structure, the number of
phase shifts was increased from 1,,,,=6 to 8, and the imagi-
nary part of the inner potential as well as the Debye tem-
peratures for both iron and oxygen atoms were optimized.

In order to determine the structure of mixed terminated
films, the program code of the SATLEED program package
was modified. The program code of version 4 of the Bar-
bieri/Van Hove program package was left mainly un-
touched. Program part 1 which calculates the tensors was
not changed at all, i.e. the tensors have to be calculated sepa-
rately for each termination. From these tensors the diffrac-
tion matrices of the model structures were calculated as in
the standard version, and just before the R-factor for the
model structures would be generated, the diffraction matri-
ces of all terminations are incoherently mixed by a weight-
ing factor which has to be provided by the input file rfac.e.
The program enables mixing of several different termina-
tions and of several data sets recorded for different angles of
incicidence. For details of the FORTRAN program code we
refer to the comments in the program files which can be
ordered from M. A. Van Hove*

Since the tensors are calculated separately for each termina-
tion, only terminations expanding over rather large surface
areas can be treated by this program code. In other words:
Multiple diffraction paths from one termination to another
are not considered leaving a general uncertainty in the calcu-
lation (incoherent mixing). For large domain sizes this is
neglible, nevertheless in case the differently terminated do-
mains are small, the ratio of domain boundaries to domain
area becomes large and such multiple diffraction paths con-
tribute to a large extent to the I-V characteristic. We pre-
sume that this program code is not applicable in this case.
The modified program code always considers a larger num-
ber of parameters to be optimized in the iteration proce-
dures. This always leads to an improvement of the fit which
is not necessarily due to structural improvements. A crite-
rion to test whether the improvement is significant was sug-
gested by Hamilton for X-ray crystallography:***°

_ (Rsz - Rjrix )(n - )
TN PR q)p

with Ry and R,,;x R-factors for the model with smaller (q)
and larger (p) number of fitting parameters, n = number of
experimental data points. The number of experimental data
points can be estimated from the total energy range and the
peak width which is about 2|V|. A large ratio indicates real
improvements (as long as the structural coordinates are oth-
erwise reasonable), exceeding a value of 3 was found to be
sufficient.*’ The MSATLEED program code and the Hamil-
ton ratio have been succesfully applied to an extensive
LEED analysis of the a-Al,05(0001) surface structure.’'

3. Results

3.1. Bulk a-Fe;03(0001) crystal structure

a-Fe,0; (hematite) is the only binary iron oxide phase that is
stable at room temperature at thermodynamic equilibrium.*
It crystallizes in the corundum structure with a hexagonal
unit cell containing six formula units. The lattice constants
are a=5.035 A and ¢=13.72 A.** The oxygen anions form a
hep sublattice with only octahedrally coordinated Fe* spe-
cies located in interstitial sites. Along the crystal c-axis the
hexagonal oxygen (0001) planes form an ABAB stacking
sequence with two iron sublayers inbetween. The intera-
tomic distance within these iron layers is 5.03 A, which
corresponds to the lattice constant of the two-dimensional
unit cell of an unreconstructed (0001) surface, as indicated
in the top view of fig. 1. The oxygen anion postitions within
the (0001) planes also deviate somewhat from an ideal hex-
agonal arrangement, leading to an average oxygen-oxygen
interatomic distance of 2.91A. There are two different iron-
oxygen bond lengths, 1.96 A and 2.09 A, as the iron cations
form distorted octahedrons with their oxygen neighbors in
the hematite structure. The average oxygen-oxygen intera-
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tomic distance within one layer is 2.91A. Tonic radii of Fe*"
and O% are 0.64 A and 1.32 A, respectively.”® The two iron
subplanes in between the oxygen planes are vertically 0.6 A
apart. The distance between two oxygen planes is 2.29 A,
which corresponds to the distance between equivalent
(0001) surface terminations of a-Fe,O;.

3.2. Search for the best fit structure

I-V curves were recorded at normal incidence, therefore they
are more sensitive to the interlayer distance than to the
atomic positions parallel to the surface.** The aim of the first
optimization steps was the determination of the atomic layer
sequence and the first interlayer distances for the nearly
single terminated surface structures forming in 1 mbar and
10° mbar O,, respectively, since the atomic layers in a-
Fe,03(0001) are very closely spaced and large relaxations of
the interlayer distances are quite common for oxide surfaces.
Furthermore, for similar oxide surface structures like the
isostructural Cr,05(0001)* as well as Fe;04(111)*® permuta-
tions of the layer sequence were recently proposed and
therefore stacking faults have to be considered. The tested
layer sequences are shown in table I which summarizes the
first optimization step for the structure forming in 10” mbar.
Column two shows the layer sequences of the tested struc-
tural models. The different iron oxygen sublayers are abbre-
viated by symbols Fe,, Fey, Fe, and O,, Og as shown in the
side view of a-Fe,03(0001) in fig. 1. The subscripts denote
the lateral position of the atoms as indicated in the top view
of fig. 1. For the corundum structure three energetically
inequivalent bulk cleavage terminations are possible: a sin-
gle iron termination, a double iron termination and an oxy-
gen termination. All these possible structure models have to
be considered in the search. Models 1-3 are the three ener-
getically inequivalent bulk truncations, and only the layer
sequence which yielded the best agreement of experiment
and theory is shown in table I. Models 4 and 5 correspond to
an iron termination with a lateral shift of the topmost iron
layer (corresponding to a stacking fault of the iron layer
sequence). Model 6 is an oxygen capped iron termination,
i.e. the topmost iron layer is tetrahedrally saturated by oxy-
gen atoms. Model 7 corresponds to an oxygen capped dou-
ble iron termination and model 8 shows a stacking fault
where three (instead of two) iron layers are in between the

two topmost oxygen layers. The layer sequence of this
model is similar to the one recently proposed for a-
Cr,04(0001).% For all these stucture models, the first three
interlayer distances were varied systematically from 0 to
150% of its bulk value in steps of 0.15A to create the differ-
ent reference structures. Only atomic coordinates perpen-
dicular to the surface were allowed to relax in a first
optimization step. 13 atomic coordinates (7 layers) corre-
sponding to a thickness of approximately 3.5A were allowed
to relax in this first step. Structural models deviating by
more than the variance DR from the best R-factor (see
above) were ruled out from further optimization steps. In a
next step, lateral relaxations for these layers were allowed
under the constraint of symmetry conservation. Often,
atomic coordinates shifted by more than 0.1A making an-
other full dynamical calculation necessary. Optimization of
20 atomic parameters (13 layers) or even 30 parameters (20
layers) perpendicular to the surface yielded no significant
improvement of the data while allowing lateral relaxations
decreased the R-factor significantly. The increase of fitting
parameters, however, may lead to a decrease of the R-factor
which is simply due to the increased number of fitting pa-
rameters and has no physical origin as discussed in section
2.2. In order to check the maximum number of reliable pa-
rameters we applied the Hamilton test ratio introduced in
section 2.2. Plots where the decrease of the Pendry R-factor
(solid curves in figs. 3(d-f )and 4(c),(d)) with increasing
number of parameters were compared to the minimum R-
factor which would be expected for a Hamilton ratio of 3
(dashed curves) were included in sections 3.3 and 3.4 to
estimate how many parameters give reliable results. The
solid curves have to be below the dashed ones to indicate a
reliable improvement. The plots show that for the high pres-
sure models described in detail in section 3.4, more than 7
parameters do not produce a significant improvement of the
R-factor while in case of the low pressure model structure
described in section 3.3, also the variation of 20 atomic pa-
rameters gives reliable improvements with Hamilton ratios
around 3.

In a last step the Debye temperatures and the inner potential
were optimized for the best fit structures.

Table I: Tested layer sequences and Pendry R-Factors after the first optimization step for the surface structure forming in 10~ mbar O,. The layer
sequence of all structural models is abbreviated in column 2 by numbers which denote the number of atoms per 2D-unit cell and by subscripts as

introduced in fig. 1. For details see text.

# Layer sequence # structure models tested Rp for best model
1 304-1Fe,-1Fe -30p-1Fe,-1Fe,, 100 0.33
2 1Fe,-30,-1Fey-1Fe -30p-1Fe,-. 180 0.40
3 1Fe 1Fe,-304-1Fe,-1Fe-30p-_ 150 0.39
4 1Fey-30,-1Fe,-1Fe-30g-1Fe,-. 60 0.42
5 1Fe.-304-1Fey-1Fe,-30p-1Fe,-. 60 0.40
6 10,-1Fe,-30,4-1Fey-1Fe-305-. 200 0.36
7  10.1Fe.-1Fe,-30,-1Fe,-1Fe - 240 0.36
8 1Fe-304--1Fe,-1Fe,-1Fe-30;- . 96 0.37

3.3. Surface structure forming in 10°° mbar oxygen
pressure

The first optimization step for the surface structure forming
in 10° mbar O, is summarized in table I. The Pendry R-
Factor is included in the last column for the structural

model which gives the best fit between experiment and
theory without further optimization (i.e. that in some cases,
deviations of atomic coordinates by more than 0.1A occur
which would make a full dynamical calculation for this
structure necessary). One can see that in general structural
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models terminated by oxygen atoms (models 1,6,7) reveal a
better agreement between experiment and theory. Since
even the layer sequence remains unclear after this first op-
timization step, we included one further optimization step
where we varied the 4™ to 6™ layer distances in a systematic
manner in steps of 0.1 A around their bulk value. 28 struc-
ture models remained after this second optimization step
and still none of the 8 layer sequences could be unam-
bigiously identified. In a third step, also lateral relaxations
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were allowed for 7 layers and then also for 13 and all 20
atomic layers. The atomic coordinates of these layers were
optimized until deviations of only a few hundredth A re-
mained. Some of the structures evolved into the same local
minimum while others could not be located. Finally, we
ended up with three structural models shown in table II.
The Pendry-R-factors of all other structural models is
30.30.

(20) W AN
0.21
©0) XAMLQ
INAw
~0.40 028

60 120 180 240 300 60 120 180 240 300

# Parameters
Fig. 3: (a) LEED I-V spectra for the surface structure model which gives the best fit between experimental (solid curves) and theoretical (dashed
curves) I-V curves for the film forming in 10° mbar O, (Rp = 0.227). (b) LEED I-V spectra for the surface structure model which gives the sec-
ond-best fit between experimental (solid lines) and theoretical (dashed lines) I-V curves for the film forming in 10° mbar O, (Rp = 0.254). (c)
LEED I-V spectra for the surface structure model which gives the third-best fit between experimental (solid lines) and theoretical (dashed lines)
I-V curves for the film forming in 10~ mbar O, (Rp = 0.255). The Pendry R factors for the single beams are also indicated. (d)-(f) Decrease of the
Pendry R factor in dependence of the atomic parameters allowed to relax (solid curves) compared to the minimum values expected for a physi-

cally meaningful improvement (dashed curves). For details see text.
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Figure 3 compares the decrease of the Pendry R-factor for
allowing increasing numbers of parameters to be optimized
with the maximum R-factors calculated for a Hamilton
ratio of 3. These plots show whether the improvement by
allowing more parameters to relax is physically significant
or just due to the increased numbers of fitting parameters.
In case the dashed curves are above the solid lines, the
improvement is significant. This is the case for the oxygen
(fig. 3(d)) and iron terminated model (fig. 3(e)) but not for
the double iron terminated model (fig. 3(f)). A reliable
double terminated surface can only be achieved when not
more than 13 parameters were allowed to relax, this yields
a Pendry R-factor of 0.29 and can thus be clearly ruled out.
Furthermore, bond lengths in this structure are extremely
short (Fe-O distances between 1.63 and 2.53A and O-O
distances between 2.14 and 3.11 A, the overlap of the ionic
radii would thus be >0.5A) and no experimental or theo-
retical work supports the formation of a double iron termi-
nated surface for compounds M,0; with corundum
structure. For these reasons, we excluded this model.

Table II: Pendry R-factor and interlayer distances for the best fit
structural models for the film prepared in 107 mbar O,.

#1 #2 #3
Fe. - - -53%
Fe, - -79%  -23%
304 +10%  +4% +7%
Fey, +28%  +35% +8%
Fe, 24%  -28%  -4%
Rpendry 0.227 0254  0.255

The best agreement between experimental and theoretical I-
V spectra is obtained for an oxygen terminated surface
structure (model #1 in table II). The Pendry R-Factor of
0.227 is quite good, only the (11) beam yields a poor Pen-

dry R-Factor of 0.407 (fig. 3(a)). This beam has the largest
contribution from 1% order scattering at the oxygen sublat-
tice (although, of course, all scattering paths contribute due
to multiple scattering effects), and thus may be due to de-
fects in the oxygen sublattice. The role of oxygen vacancies
is discussed in section 4. This structure exhibits an outward
relaxation of the first two layer distances of 10% and 28%,
respectively (tables II, III). The third layer distance is con-
tracted by 24%. The distance between the first and second
oxygen layer is unchanged within the error bars. The lateral
oxygen positions in this structure are shifted with respect to
bulk a-Fe,0s, the trigonal symmetry of the (0001) layers is
preserved. The Fe-O distances are between 1.62 and 2.44A,
and the O-O distances fall between 2.38 and 3.29 A. The
short interatomic O-O distances of 2.38A correspond to an
overlap of 0.24A of the ionic radii. The lateral displace-
ments of the oxygen atoms yielded an improvement of the
Pendry R-factor from 0.314 to 0.227 which is unlikely to be
exclusively due to the higher number of fitting parameters
in the optimization. The interlayer distances are not af-
fected upon lateral relaxation of the oxygen atoms. Large
lateral relaxations as well as relaxations perpendicular to
the surface occur even for layers which are rather far away
from the surface. The optimized Debye temperatures are
600K for Fe and 550K for O, and the optimized imaginary
as well as the real part of the inner potential is —7eV.

A strongly relaxed iron terminated structure model yields a
Pendry R-factor of 0.254 (model #2 in table II). The I-V
spectra are shown in fig. 3(b). The first layer distance is
contracted by 79%. The second and third layer distances
are expanded by 4 and 35%, respectively. Also in this case,
lateral displacements of the oxygen atoms with respect to
the bulk positions occur (table IV). The Fe-O distances in
this structure are between 1.81 and 2.38A and all O-O dis-
tances are between 2.20 and 3.33A. The Fe-O distances are
reasonable but O-O distances of 2.20A result in a huge
overlap of the ionic radii. We ended up with Debye-
Temperatures of 275K for Fe and 350K for O. The real part
of the inner potential is 5.3eV and the imaginary part is —
6eV.

Table III: Atomic coordinates (in A) for the a-Fe,03(0001) bulk structure and for the surface structure model which gives the best fit between
experimental and theoretical -V curves for the film forming in 107 mbar O, (Rp=0.227).

Layer Atom surface structure (optimized) bulk structure (crystal structure)
z X y z X y
1 (0] -0.888 -0.091 -1.636 -0.846 -0.145 -1.762
1 (0] -0.888 -1.372 0.897 -0.846 -1.454 1.007
1 (0] -0.888 1.462 0.739 -0.846 1.599 0.755
2 Fe 0.041 0.000 0.000 0.000 0.000 0.000
3 Fe 0.803 -1.454 -2.518 0.5945 -1.454 -2.518
4 (¢} 1.448 -1.287 -0.700 1.441 -1.308 -0.755
4 (0] 1.448 0.037 1.464 1.441 0.000 1.511
4 (¢} 1.448 1.250 -0.766 1.441 1.308 -0.755
5 Fe 2.319 1.454 2.518 2.287 1.454 2.518
6 Fe 2.945 0.000 0.000 2.881 0.000 0.000
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Table IV: Atomic coordinates (in A) for the a-Fe,03(0001) bulk structure and for the surface structure model which gives the second best fit
between experimental and theoretical I-V curves for the film forming in 10 mbar O, (Rp=0.254).

Layer Atom surface structure (optimized) bulk structure (crystal structure)
z X y z X y
1 Fe -1.123 1.454 2518 -1.692 1.454 2.518
2 (0] -0.948 -0.184 -1.564 -0.846 -0.145 -1.762
2 (0] -0.948 -1.263 0.941 -0.846 -1.454 1.007
2 (0] -0.948 1.446 0.633 -0.846 1.599 0.755
3 Fe -0.067 0.000 0.000 0.000 0.000 0.000
4 Fe 0.736 -1.454 -2.518 0.5945 -1.454 -2.518
5 (¢ 1.342 -1.431 -0.729 1.441 -1.308 -0.755
5 (0] 1.342 0.084 1.604 1.441 0.000 1.511
5 (0] 1.342 1.347 -0.875 1.441 1.308 -0.755
6 Fe 2.182 1.454 2.518 2.287 1.454 2.518
7 Fe 2.874 0.000 0.000 2.881 0.000 0.000

3.4. Surface structure forming in 1mbar oxygen pres-
sure

For this film, the tested structural models after a first opti-
mization step without further refining are shown in table V.
After the first optimization step, only oxygen-terminated
models remained (regular oxygen termination #1 and the
two oxygen-capped iron and double iron terminations #6
and #7). After the second optimization step, two models
could be unambigiously identified while all other models
deviated by more than the variance DR (see table VI).
These models were refined in the last optimization steps
and the coordinates of the resulting structures are shown in
table VII and VIII. As discussed in section 3B, we found
that allowing more than 7 atomic parameters to relax led to
a decrease of the Pendry-R factor which is only due to the
increased number of fitting parameters and thus is not
physically meaningful. The Pendry R-factors of the two
structures are 0.381 and 0.408, respectively. The LEED I-V
spectra are shown in fig. 4(a),(b). The high value of the
overall Pendry R-factor may be caused by the following
reasons: Similar to the films prepared in 10° mbar O,, the
LEED images reveal a high background intensity, espe-
cially at high energies. Furthermore, STM images of films
prepared in 1lmbar O, always showed that the film is not
entirely single-terminated but up to 10% of the other termi-
nation is present in form of small domains on the surface.
As will be shown below, the R-factor decreases slightly for
this data set when 5-10% of the IV spectra of the best-fit
low-pressure model is mixed (see fig.7(a)).

Table V: Tested layer sequences and Pendry R-Factors after the
first optimization step for the surface structure forming in 1 mbar
0O,. The layer sequence of all structural models is abbreviated in
column 2 by numbers which denote the number of atoms per 2D-
unit cell and by subscripts as introduced in fig. 1.

# Layer sequence # structure Ry for

models tested best model

1  304-1Fey-1Fe-30p-1Fe,-1Fe,.. 180 0.39
2 1Fe,-30,-1Fey-1Fe-30p-1Fe,-.. 120 0.48

3 1Fe.1Fe,-304-1Fe,-1Fe-30p-.. 80 0.46
4 1Fey-304-1Fey-1Fe-30p-1Fe,-.. 60 0.49
5 1Fe.-304-1Fey-1Fe.-30g-1Fe,-.. 60 0.52
6 10,-1Fe,-30,4-1Fey-1Fe-305-.. 100 0.43
7 10.-1Fe.-1Fe,-30,-1Fe,-1Fe.-. 175 0.43
8 1Fe304--1Fe,-1Fe,-1Fe-305-.. 96 0.52

Table VI: Pendry R-factor and interlayer distances for the best fit
structural models for the film prepared in 1 mbar O,.

#1 #2
Fe. - -
Fe, - -
304 -46% -1%
Fey, +46% -95%
Fe. 0% +35%
Rpendry 0.381 0.408

The first interlayer distance in the best fit structure is con-
tracted by 46% and the second one is expanded by 45%.
Lateral displacements of oxygen atoms are shown in ta-
bleVII. The Fe-O distances are between 1.68 and 2.32A,
and the O-O distances are between 2.46 and 2.94A. The
optimized Debye temperatures are 700 K for Fe and 450 K
for O. The optimized imaginary part of the inner potential
is —9 eV and the real part is 10.8 eV.

The first interlayer distance in the second best fit structure
is contracted by 1% and the second one is contracted by
95%. The latter means that within the error bars both iron
layers underneath the first oxygen layer have moved into
one plane while the distances between oxygen layers are
approximately the same as in the bulk structure. The
trimers of oxygen atoms in the first layer are rotated by 3°
as shown in fig. 4(f) leading to a more homogenous distri-
bution of the oxygen atoms in this layer. Lateral displace-
ments of oxygen atoms are shown in table VIII. The Fe-O
distances are between 1.63 and 2.45A, and the O-O dis-
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tances are between 2.55 and 3.29A. The optimized Debye
temperatures are 350K for Fe and 450 K for O. The opti-

8

mized imaginary part of the inner potential is —7 eV and the

real part is 9.0 eV.

Table VII: Atomic coordinates (in A) for the a-Fe,03(0001) bulk structure and for the surface structure model which gives the best fit between

experimental and theoretical I-V curves for the film forming in 1 mbar O, (Rp=0.381).

Layer Atom surface structure (optimized) bulk structure (crystal structure)
z X y z X y
1 (0] -0.708 -0.133 -1.574 -0.846 -0.145 -1.762
1 (0] -0.708 -1.280 0.902 -0.846 -1.454 1.007
1 (0] -0.708 1.521 0.657 -0.846 1.599 0.755
2 Fe -0.253 0.000 0.000 0.000 0.000 0.000
3 Fe 0.608 -1.454 -2.518 0.5945 -1.454 -2.518
4 (¢ 1.450 -1.245 -0.787 1.441 -1.308 -0.755
4 (0] 1.450 -0.062 1.471 1.441 0.000 1.511
4 (0] 1.450 1.306 -0.669 1.441 1.308 -0.755
5 Fe 2.345 1.454 2.518 2.287 1.454 2.518
6 Fe 3.007 0.000 0.000 2.881 0.000 0.000

Table VIII: Atomic coordinates (in A) for the a-Fe,03(0001) bulk structure and for the surface structure model which gives the second best fit
between experimental and theoretical -V curves for the film forming in 1 mbar O, (Rp=0.408).

Layer Atom surface structure (optimized) bulk structure (crystal structure)
z X y z X y
1 (0] -0.709 -0.235 -1.723 -0.846 -0.145 -1.762
1 (0] -0.709 -1.370 1.074 -0.846 -1.454 1.007
1 (0] -0.709 1.615 0.650 -0.846 1.599 0.755
2 Fe 0.130 0.000 0.000 0.000 0.000 0.000
3 Fe 0.157 -1.454 -2.518 0.5945 -1.454 -2.518
4 (0] 1.507 -1.731 -0.773 1.441 -1.308 -0.755
4 (0] 1.507 0.209 1.878 1.441 0.000 1.511
4 (¢} 1.507 1.522 -1.122 1.441 1.308 -0.755
5 Fe 2.337 1.454 2.518 2.287 1.454 2.518
6 Fe 3.001 0.000 0.000 2.881 0.000 0.000
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Fig. 4: (a) Experimental (solid lines) and theoretical (dashed lines) LEED I-V spectra of the best fit surface structure for the a-Fe,O3(0001) film
prepared in 1 mbar O,. (b) Experimental (solid lines) and theoretical (dashed lines) LEED -V spectra of the second best fit surface structure for
the a-Fe,03(0001) film prepared in 1 mbar O,. The Pendry R factors for the single beams are also indicated. (c), (d) Decrease of the Pendry R
factor in dependence of the atomic parameters allowed to relax (solid curves) compared to the minimum values expected for a physically mean-
ingful improvement (dashed curves). For details see text. (¢) Improvement of the Pendry R factor for a film prepared in 1 mbar O, by mixing the
best and second-best fit structure models. (f) Schematic top view showing the rotation of oxygen trimers in the first layer of the second -best fit
structure model.

Table IX: Comparison of experimental and theoretical interlayer relaxations of iron and oxygen terminated surfaces of a-Fe,O5(0001), a-
AL,05(0001), and a-Cr,05(0001). Our results are indicated in table II.

1. O-terminated structure determinations:

a-AlL0;(0001) a-Fe,0;(0001) a-AlL,0;(0001) Our results
DFT, (Ref. 60) DFT, (Ref. 13)  LEED, (Ref. 61) 10" mbar O, 1 mbar O,
model #2  model #1 model #2
Dp, -15% -1% +3% +10% -54% -1%
Dy +7% -79% 2% +28% +46% -95%
Dss +12% +37% +12% -24% -1% +35%

2. Metal-terminated structure determinations:

a-Al,03(0001) a-Al,03(0001) a-Al,03(0001) a-Cr,03(0001) Our results
DFT, (Ref. 62) DFT, (Ref. 63) DFT, (Ref. 60) LEED, (Ref. 64) 10 mbar O,
model #1
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Dy, -87% -86% -17% -60% -79%
Dy +3% +3% +11% -3% +4%
Dsy -42% -54% -34% 21% +35%
a-Fe,0;(0001) a-AlL,0;(0001) a-Cr,0;(0001) a-Fe,0;(0001) a-Fe,0;(0001)
DFT, (Ref. 13)CTRD, (Ref. 65) HF, (Ref. 66) Ewald
method, (Ref. 67) XPD, (Ref. 52)
Dy, -57% -51% -50% -49% -41%
Dy; +7% +16% +3% -3% +18%
DY -33% -29% 0% -41% -8%

a-ALO5(0001)
LEED, (Ref. 61)

Dy, +29%
Dy -5%
Dss +57%

4. Discussion

4.1. High pressure surface structure

In 1 mbar O,, two structure models with the same layer
sequence but different interlayer relaxations give similar
Pendry R-factors which both being unsatisfactorily high.
We tried to improve the fit by mixing both models and
indeed, the R-factor decreases to 0.29 for a mixture of
~40:60 (see fig. 4(e)). We have no explanation why such a
mixture should be formed, nevertheless, the improvement
is significant. No evidence for such a mixture is found in
other experiments but this might also be due to very similar
chemical and electronic surface properties of both structure.
Oxygen layers in both structures are nearly at the same
positions (compare z coordinates in tables7 and 8) while
only position of the iron layers inbetween differ strongly.
Table IX compares both structures with theoretical and
experimental results. In general, experimental and theoreti-
cal investigations of the surface structure of corundum-type
metal oxides deviate significantly from one to the other. No
general trend can be observed and even the direction of the
relaxation (contraction vs. expansion) differs strongly. Our
second best structural model agrees very well with the
structural model found by Wang et al. in ab-initio DFT
calculations.”” Even there a rotation of oxygen trimers in
the first layer by 10° was observed. The same unusual kind
of reconstruction was observed in our analysis where a
similar rotation of 3° was found.

On the basis of this LEED analysis, we can conclude that
the surface structure forming in 1 mbar oxygen pressure is
oxygen terminated, although we could not determine
whether one of the two structural models or a mixture of
both represents the "true” surface structure. Although the
atomic parameters of the second best structure model match
very well with those determined by Wang et al., we find no
experimental evidence for this structure since both iron
atoms underneath the oxygen layer are in the same layer
and one would expect that changes in the local density of
states in the proximity of the additional iron atoms should
be imaged in STM which was not the case. As will be
shown below, also the good agreement between experimen-
tal I-V spectra from films prepared in 10™" to 10 mbar O,
with theoretical I-V spectra from a mixture of the best fit
model with the best fit ‘low-pressure’ model (see fig. 9)
favours the best fit model over the second best one. How-

ever, a mixture of both models decreases the R-factor con-
siderably to 0.29 and thus may have formed in the high
oxygen pressure environment.

A pure oxygen termination is polar and should not be stable
according to electrostatic considerations." The bonds of
compound surfaces possess a large covalent contribution
and a purely ionic description is not sufficient. Especially
in the surface region, the ionicity of the atoms can be
strongly reduced as has been shown by a Mulliken popula-
tion analysis of V,05(010).”” Strong relaxations lead to a
stronger overlap of the ionic radii and the covalent contri-
bution is increased thus reducing the dipole moment. Even
though large relaxations may reduce the dipole moment at
the surface, an oxygen termination is still polar and should
not be stable. Nevertheless, films (in contrast to semi infi-
nite materials) possess two interfaces, one to the gas phase
and one to the substrate. Intuitively, the interface to the gas
phase with its dangling bonds should be much more sensi-
tive to alterations of environmental variables while the
interface is supposed to be more resistive due to the spatial
isolation from the gas environment and due to the covalent
(or ionic) bonding to the substrate. Thus, we suppose that
the most stable configuration of films on chemically inert
substrates consists of charge compensated repeat units
starting from the interface to the substrate. This has re-
cently been emphasized by C. Noguera who stressed that
the boundary conditions at the interface may also be of
prime inportance for the stability of thin polar oxide films'®
as shown schematically for the a-Fe,0;(0001) surface in
fig. 5. In case the substrate is bound via an iron layer to the
substrate (shown schematically in fig. 5(a) and (b)) any
termination may be stabilized since no macroscopic dipole
moment exists, and specifically an oxygen termination is
associated with a surface dipole moment which may easily
be reduced by large relaxations as observed in our LEED
analysis. We know from high resolution transmission elec-
tron microscopy and photoelectron diffraction measure-
ments that the precursor FeO(111) and Fe;04(111) films
are bound via an iron layer to the metal substrate®®* and
the same is expected for a-Fe,05(0001) so that we suppose
that this film is stabilized in this way in combination with
the strong relaxations observed in this study.
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Fig. 5: Schematic side views of a-Fe,03(0001) films grown on a
substrate with different layer configurations. The brackets denote
charge compensated repeat units. Note the absence of a macro-
scopic dipole moment in the shown configurations. (Figure modi-
fied after Ref. 19).

In contrast, Chambers et al. always obtained a strongly
relaxed iron terminated a-Fe,0;(0001) film on a-
Al,05(0001) substrates, even under heavily oxidizing con-
ditions, and they concluded that only this autocompensated
surface is stable.”” In general, it is difficult to compare
films grown by molecular beam epitaxy (MBE) with ther-
mally grown films which can be prepared at real thermody-
namic equilibrium. Even if both preparation conditions are
able to generate films in equilibrium with an oxygen envi-
ronment, it is difficult to compare the oxygen plasma gen-
erating a chamber pressure of 2x10™ Torr with an oxygen
pressure, and it is not assured that this plasma is as oxidiz-
ing as 1 mbar molecular O, at 1100K to produce an oxygen
terminated surface. But even if this is the case, we want to
stress that the differently terminated films may originate
from the different substrates used: From the autocompensa-
tion principle, a-Fe,03(0001) single crystals should only be
stable with an iron termination. The same situation occurs
when growing hematite films on isostructural substrates
like a-Al,0;(0001)single crystals, since these substrates
have the same stacking sequence and similar layer dis-
tances. In contrat, on inert metal substrates, as pointed out
above, an oxygen termination may well be stable in case
the stacking sequence of the hematite film starts with a
single iron layer as expected for the heteroepitaxially
grown films in this study.

4.2. Low pressure surface structures

The LEED analysis of a-Fe,05(0001) films annealed in 10
> mbar O, identified three completely different structural
models to have similar and quite good Pendry R-factors.
All other relaxed or terminated structures turned out to give
significantly worse results. All three models show a poor
agreement for the (11) beam, and the O-O distances are in
some cases very short leading to an overlap of the ionic
radii of oxygen for all three models. It was not possible to
identify unambigously one structural model. Several rea-
sons may be responsible: Statistically distributed adsorbates
can be seen after a while in STM," this contamination
should proceed even faster below the condensation tem-
perature of water where the I-V curves were recorded.*
These adsorbates and/or some structural disorder may be
responsible for the increased background intensity in the
LEED images. Above 300eV, the peak to noise ratio is very
low, therefore the total energy range is restricted to about
1300eV. An unambiguous identification of one structural
model would require a larger energy range which we were
not able to produce for the investigated preparation condi-
tions. Nevertheless, information from other surface sensi-
tive techniques helps to identify the most likely structural
model.

The iron and oxygen terminated models were compared
with results from theoretical and experimental structure
determinations in table IX. Almost all theoretical and ex-
perimental determinations reveal large interlayer relaxa-
tions for the first interlayer distances. For metal terminated
surfaces these are tremendous and the first two interlayer
distances agree reasonably with the iron terminated struc-
ture model from our LEED analysis. The values for oxygen
terminated structures scatter strongly, even an expansion of
the first interlayer distance is described in the literature.
Such an expansion would even increase the dipole moment
of the polar oxygen termination and thus makes physically
no sense.

To distinguish between the oxygen (best fit) and iron (sec-
ond best fit) terminated structure models, we performed ion
scattering spectroscopy (ISS) measurements which will be
published elsewhere.* These measurements indicate that a
signal from Fe cold only be observed for incidence angles
below 45° with respect to the surface normal. For higher
incidence angles (grazing incidence), no iron signal could
be detected. This proves that the surface of a-Fe,03(0001)
films annealed in 10~ mbar O, is oxygen terminated.

One possible explanation for the outward relaxation of the
first layer spacing is a hydroxilation of the surface as pro-
posed by Wang et al. for a-Al,05(0001).*" The surface
structure of Fe;O4(111) was found to be terminated by %
ML iron.* This surface structure is fairly open and exposes
acidic as well as basic sites and was found to be very reac-
tive against dissociative water adsorption.”** Iron termi-
nated a-Fe,05(0001) would expose '/3 ML iron and should
be even more reactive against hydroxilation since no oxida-
tion is necessary to form one of the stable iron hydroxides.
Indeed, the isostructural a-Al,O;(0001), a-Cr,Os(0001)
and a-Fe,05(0001) surfaces have been found to get hydrox-
ilated in water environment.*' 7 Time-of-flight scattering
and recoiling spectrometry always detected hydrogen
within a few minutes on a-Al,05(0001) surfaces, even after
several anneals to 1100°C in vacuum although the origin of
these hydrogen species were supposed not to come from
the residual gas.*® For the clean a-Al,05(0001) surface an
aluminium terminated surface was predicted to be stable
even under high oxygen partial pressures.” However, if
hydrogen or water species are present on the surface, an
oxygen terminated surface becomes more stable. Hydroxi-
lation of a-Al,0;(0001) was also verified experimentally
by crystal truncation rod diffraction.” The mechanism of
hydroxilation by water was predicted to proceed preferen-
tially via a dissociative 1-4 adsorption geometry on the
aluminium terminated surface catalyzed by a second water
molecule.®* Also for the oxygen terminated (0001) sur-
face of a-Al,O; a hydroxilation was predicted which stabi-
lizes the surface especially in case many oxygen vacancies
are present (or created) at the surface.”’

For a-Fe,05(0001), hydroxilation was found to be even
more facile than on a-Al,05(0001).**? For an iron termi-
nated and even more for an oxygen terminated a-
Fe,03(0001) surface, the hydroxilation energy was calcu-
lated to be very large (-298.1kJ/mol).* An iron terminated
surface was found to be completely unstable in presence of
excess water (>67% coverage) and was predicted to relax,
leaving an oxygen terminated hydrated layer with Fe(OH);
subunits behind.** Hydroxyl species on the (0001) face of
hematite were found to be difficult to remove (in contrast to
surface OH groups on other hematite planes) and were
thermally stable up to at least 1073K in oxygen atmosphere
as evidenced by infrared spectroscopy,” and hydroxyl on
iron terminated a-Fe,03(0001) could not be removed by
excessive heating at 900K without reducing the near-
surface region to Fe(Il).*> Recently we performed com-
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bined LEED and thermal desorption spectroscopy meas- Thus, we would expect that both the oxygen and iron ter-
urements showing that a-Fe,0;(0001) films annealed in 10 minated surface a-Fe,05(0001) films should get hydroxi-
> mbar oxygen decompose in vacuum above 900K and lated in excess water and that once hydroxilated these
besides O" and Fe'" large amounts of H,O" and OH" were surfaces are very stable. A comparison of the relaxations of
detected simultaneously. This shows that if hydroxyl hydroxilated surfaces reveals an oxygen termination with
groups are formed on this surface, these are very stable and an expansion of the first interlayer distance of +3 to +20%
could not be removed without decomposition of the film. (see table X) which is of the same order than the outward
Since the reaction of oxygen with hydrogen to form water relaxation of our best fit structure forming in 10™ mbar thus
is exothermic and thus not favoured at high temperatures, suggesting that this surface is hydroxilated. Due to their
the immediate reaction of the liberated oxygen with resid- low scattering intensity, hydrogen atoms in form of an OH
ual gas hydrogen to form the species observed in the TD or H-termination cannot be detected by LEED.

spectra is unlikely.

Table X: Comparison of the expansion of the first interlayer distance of proposed hydroxy terminated a-Fe,0;(0001) and a-Al,03(0001) sur-
faces from theoretical and experimental investigations.

a-AL0;(0001) a-Al,05(0001)  a-AlL,O;(0001) a-Al,05(0001)  a-Fe,O;(0001) Our
DFT, (Ref. 41) atomistic potential CTRD, (Ref. 45) LEED, (Ref. 61) atomistic potential result
(Ref. 51) (Ref. 54) 10° mbar O,
model #1

D, +3% +7% +20% +14% <3% +10%

The residual gas in an UHV chamber may well hydroxilate steps with an apparent height difference of about 1.5A"
oxidic compounds as we have also observed for potassium (fig. 6). These domains exhibit different atomic corrugation
iron oxides.™ The time between final anneal and start of the amplitudes of 0.3 and 0.1 A, respectively. The interpreta-
LEED measurement at 120K or STM measurements was at tion that these domains are oxygen and iron terminated as
least about 30 minutes. During this time, the surface was suggested by the DFT calculations of Wang et al." conflict
exposed to the residual gas in the ultra-high vacuum cham- with the protrusions of both terminations being in registry.
ber and in the preparation chamber (base pressure 5x10° This might only be true in case the local density of states at
mbar). The water partial pressure in this chamber may be the Fermi level in one of both terminations possesses a
quite high when oxygen is let into this chamber. maximum electron density shifted to a hollow site and not
If a hydroxilation of the surface occured by cooling to above the iron atoms which is unlikely. The partial density
120K (where even a-FeOOH may become thermodynami- of states of oxygen as well as iron terminated a-
cally more stable)”’, the I-V characteristic at room tempera- Fe,03(0001) surface was calculated to be dominated by the
ture should look different. Therefore we recorded I-V Fe-d orbitals,™ therefore the protrusions in the STM images
spectra from a film annealed in 10~ mbar O, at room tem- were assigned to iron atoms in the top or even the second
perature. In general, the I-V characteristics resemble each layer (as also suggested by Eggleston).” Nevertheless, the
other: The peak positions are almost the same while the protrusions of both domains can not be in registry for a
peak intensities have changed. In general, the background mixture of bulk truncated iron and oxygen terminated do-
is higher and the intensity is reduced, therefore the informa- mains whereas protrusions of a coexisting oxygen and hy-
tion which can be gathered from these curves is less than droxy termination would indeed be in registry. A registry
from I-V spectra recorded at 120K. Nevertheless, in this shift of iron atoms in the topmost layer of an iron termina-
case the Pendry R-factor of the oxygen-terminated model tion can be ruled out by the presented LEED analysis.
increases slightly to 0.254 while the agreement for the iron Films prepared in 10~ mbar and 1 mbar O, possess a dif-
terminated model is 0.258 and thus almost identical to I-V ferent local density of states (LDOS) as indicated by the
curves recorded at 120K. Still, these two models yield the different corrugation amplitudes. In case our interpretation
best agreement between experiment and theory. The close is correct, the LDOS of the iron layer below the oxygen
similarity of spectra taken at 120K and 298K implies that if layer is different from the LDOS of an iron layer below the
a hydroxilation of the surface occurs, this happens already hydroxy termination leading to apparant step heights of 1-
at room temperature and may only be enhanced at the tem- 1.5A instead of the determined geometric distance between
perature of liquid nitrogen since hydroxilation is thermody- the oxygen planes of ~0.5A.

namically favored with decreasing temperature. The first
part to get hydroxilated is the surface and thus partial hy-
droxilation of the surface is very likely at room tempera-
ture. However, a quantum-chemical investigation of the
surface energies would be necessary to determine the sta-
bility and extent of surface hydroxilation quantitatively. A
fully hydroxilated termination would possess a stoichiome-
try of Fe(OH); in the topmost surface region as predicted
by Jones et al.**, but partial hydroxilation resulting in a a-
FeOOH surface region is also possible.

Atomically resolved STM images of the presented a-
Fe,05(0001) films for oxygen annealing pressures >107
mbar reveal two different domains which are separated by
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120x120A°
Fe,03(0001) annealed in 10" mbar O,. (Vg=+1.3V, I=1.25nA).
Two domains are separated by a height distance of 1.5A. Note that
the protrusions of both domains exhibit different corrugation am-
plitudes and that they are in registry. From Ref 12.

Fig. 6: atomic resolution STM image of a-

To summarize, all presented results are consistent assuming
that in 10 mbar a hydroxyl terminated surface structure
(model #1 from section 3C) is formed while in 1 mbar the
surface is oxygen terminated (see section 3D). These two
terminations could be analyzed by the modified Tensor
LEED program to model mixed terminated domains as
observed in STM for annealing pressures between 10~ and
1 mbar. Fig. 7 shows the improvement of the Pendry R-
factor for a film prepared in 1mbar (a), 10" mbar (b), 10"
mbar (c) and 10~ mbar (d) O, by mixing the best fit struc-
ture models of the nearly single terminated films. The cal-
culations reveal that the admixture of the high pressure
model for the experimental data recorded from a film pre-
pared in 10~ mbar O, gives no improvement (fig. 7(d)). A
minimum Pendry R-factor is obtained for relative surface

areas of about 20% “lmbar-structure” for a film prepared
075+

13

in 10* mbar (fig. 7(c)) and of about 50-55% in 10" mbar
0, (fig. 7(b)). The modelling of the film prepared in 1
mbar O, may even be slightly improved when admixing
about 5-10% of the best fit “10™ mbar-structure”. These
results reflect approximately the relative amounts of both
domains as estimated from STM large scale images'® and
supports that both domains can be correlated with the iden-
tified best fit structures forming in 10° and 1 mbar O,.
Mixing the other ‘low-pressure’ models does not reflect the
general trend observed in STM and especially the iron ter-
minated model identified in 10° mbar oxygen with the
second best R-factor gives significantly worse improve-
ments (Hamilton ratio H < 2.6) upon mixing. Mixing the
second best ‘high-pressure’ model with the best fit ‘low-
pressure model’ also leads to a significant improvement of
the R-factor, nevertheless, this does not reflect the general
trend observed in STM and especially for films prepared in
Imbar and 10 mbar oxygen unrealistic percentages were
obtained. Thus we propose that even if in Imbar oxygen a
mixture of both models is formed, annealing at intermedi-
ate oxygen pressures leads to the selective hydroxilation of
the domains with the second best ‘high-pressure’ model.
We cannot say whether hydroxilation of an initially iron or
oxygen terminated surface produces the hydroxyl termina-
tion, since hydroxilation of an iron termination or of a de-
fective oxygen termination both are predicted to proceed
fast.’"* It is reasonable to assume that after annealing in
lower oxygen pressures an iron termination or defective
oxygen termination is initially formed which is quickly
hydroxilated at room temperature while after annealing in
high oxygen pressures a less defective and therefore more
inert oxygen termination is formed. If indeed a mixture of
both ‘high-pressure’ models coexists than the second best
fit structure is more reactive in this respect and gets hy-
droxilated first. Thus, it seems that a-Fe,O3(0001) under-
goes a surface phase transition, specifically a hydroxilation,
after annealing in 107 or 1 mbar O,. Thermodynamics ex-
cludes two coexisting domains, so that kinetic reasons are
responsible for the observed mixed terminated domains
(see Ref. 4).

] 1 mbar . ] 1 .
- ©: '8 ® ) 10 mbar O,
0651 - sl .
00| a .
E 0,55 - g 024 -
clé, 0301 L[] & 0350 . .
B o454 L] g i
& 0,404 n - 848+ " . . .
| LI = - 045+ a "a an" [ ] "
] !
; " r r r x e , ] ! T T T
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% termination % termination
(a) (b)
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o] " IMPAC e 1 suaa_ 10mbar O,
: 4 o7 "
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Fig. 7: Improvement of the Pendry R-factor for a film prepared in 1 mbar O, (a), 10" mbar O, (b) and 10 mbar O, (c) and 10> mbar O, (d) by
mixing the best fit structure models of the nearly single terminated films prepared in 1 mbar O, and 107 mbar O,.
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We suggest the following model for the formation of both
surface phases (fig. 8): In order to transform Fe;O4(111)
films into a-Fe,05(0001) within reasonable time, we ini-
tially oxidized in oxygen pressures >10~ mbar. This leads
to an oxygen termination of the (0001) plane which may
have vacancies. Annealing at different pressures now ad-
justs different adsorption-desorption equilibria. For high
pressures, oxygen vacancies are rare and an inert oxygen
layer terminates the film. With decreasing oxygen pressure,
the adsorption-desorption equilibrium establishes more and
more oxygen vacancies by desorption of oxygen from the
terminating layer which are the initial starting point for the
hydroxilation. In 10" mbar O,, only a few vacancies may
be created while for lower pressures, more statistically
distributed starting points for hydroxilation are formed.

Annealing l

1 mbar O,

\.& \"

'
otowro no»mxo

O-termlnated
a-Fe,05(0001)

This explains why the lateral domain extension decreases
with decreasing oxygen pressure as observed in STM (from
900A at 10" mbar to 30 A at 10 mbar 0,)."* In 10”° mbar
O, either an iron termination or an oxygen termination with
many vacancies may be formed which both will be hydrox-
ilated quickly. We assume that this hydroxilation even oc-
curs in residual gas pressures of 5x10°* mbar within the
time necessary to transfer the samples from the preparation
cell to the STM or to cool the sample to 120K (which both
take at least 30 minutes). Additionally, the water partial
pressure in the high pressure cell is significantly increased
during high pressure oxidations due to the reaction of the
oxygen molecules with adsorbed hydrogen on the chamber
walls.

). t\,. ',m a-F 0,(0001)
't REL 1!.)‘(0 e
AN R

Anneallng
<10 'mbar O,

O vacancies

Hydroxilation
by residual gas

A Ve B9/

(% o
oto’-xomowmw

OH-termlnated domalns

on a-Fe 040001)

Fig. 8: Proposed mechanism for the hydroxilation of an oxygen terminated a-Fe,O3(0001) film after annealing in low oxygen pressures. Vacan-
cies are created in oxygen pressures below 1 mbar which are quickly hydroxilated by the residual gas.

For intermediate pressures, the adsorption-desorption equi-
libirium creates less vacancies which then are hydroxilated,
therefore the hydroxilation of these films is slower and
leads to less hydroxilated surface domains. The hydroxi-
lated surface seems to be very stable even at high tempera-
tures. We propose that this is due to the expected stability
for such a charge compensated surface termination. We
want to stress that there might exist experimental condi-
tions which may result in iron terminated a-Fe,05(0001) as
predicted by Wang et al.,” since we ascribe the observed
hydroxilation to a vacancy based mechanism starting from
the oxygen termination. Hydroxilation may be kinetically
favoured over a reconstruction of the surface into an iron
termination which would involve a more severe reorganiza-
tion of the surface. The relative surface free energies of

hydroxilated and non-hydroxilated (0001) planes of a-
Fe,O; have not yet been treated theoretically, such calcula-
tions may verify the high stability suggested by our results.

5. Summary

We presented an extensive Tensor LEED analysis of the
surface structure of a-Fe,03(0001) films prepared in oxy-
gen pressures between 1 and 10 mbar. Due to the high
complexity of this system we were not able to get non-
ambiguous results. Nevertheless, this structural analysis
gives valuable information on the surface structure on a
qualitative level and in combination with results from other
surface sensitive methods we were able to deduce the most
likely surface structures.
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Epitaxial a-Fe,0;(0001) films are prepared by high pres-
sure oxidation of Fe;O4(111) around 1100K in oxygen
pressures >10~ mbar O,. Dynamical LEED calculations in
combination with ion scattering spectroscopy and scanning
tunneling microscopy are only consistent with an oxygen
terminated surface structure after annealing in 1 mbar O,
while annealing in 10 mbar O, results in a hydroxy termi-
nation. The surface structure forming in 1 mbar O, is oxy-
gen terminated. Since this film is bound via an iron layer to
the Pt(111) substrate, this surface is associated with a sur-
face dipole moment which no longer is infinite and which
can be compensated by the large relaxations observed for
the first two layer distances. We propose a model where
subsequent annealing of the oxygen terminated film in
oxygen pressures between 10™' to 10 mbar O, establishes
oxygen vacancies. These oxygen vacancies are the starting
point for a fast hydroxilation of the surface by residual gas
water.

We show that the surface termination of a-Fe,0;(0001) is
highly dependent on the ambient conditions and using sig-
nificantly different substrates (e.g. oxidic substrates) or
preparation conditions like for instance molecular beam
epitaxy may lead to completely different surface structures.
The boundary conditions at the interface with the substrate
and not only the surface terminations are of major impor-
tance for the stabilization of thin, epitaxial polar oxide
films.
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