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Abstract

A combination of density functional theory (DFT) calculations and low energy electron diffraction (LEED) analysis is used to deter-
mine the surface structure of Fe3O4 (100). We find that the surface is rich in oxygen and the observed ð
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result of a Jahn–Teller distortion as established by recent DFT-calculations [R. Pentcheva, F. Wendler, H.L. Meyerheim, W. Moritz, N.
Jedrecy, M. Scheffler, Phys. Rev. Lett. 94 (2005) 126101]. The corresponding Pendry reliability factor is 0.34. Furthermore, we investigate
the influence of the preparation conditions (temperature, oxygen pressure) on the LEED intensities of natural and synthetic samples. The
electron scattering phase shifts used in the analysis of the LEED spectra are derived from two methods, one based on the DFT electron
densities and another employing an overlap of atomic potentials with optimized muffin-tin radii. Both approaches lead to similar results.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The surface properties of transition metal oxides, like
chemical activity, magnetism, and conductivity, depend
sensitively on the surface geometry and stoichiometry.
Knowledge of the surface structure is therefore essential
to understand electronic phenomena at oxide surfaces.
However, the structural determination is often a challenge
to low energy electron diffraction (LEED) and other tech-
niques for quantitative analysis of surfaces because it in-
volves a large number of atoms, resulting often in 50–100
degrees of freedom. A viable procedure to resolve the sur-
face structure is to combine diffraction analysis with den-
sity functional theory (DFT) calculations. The latter
provide not only structural information but also means
0039-6028/$ - see front matter � 2008 Elsevier B.V. All rights reserved.
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for comparing the stability of different configurations. In
this paper we apply this approach to determine the surface
structure of Fe3O4 (001).

Recent explorations of spintronics materials have
stimulated new interest in magnetite, due to a predicted
half-metallic behavior [1,2] together with a high Curie tem-
perature of 858 K. Magnetite has the inverse spinel struc-
ture Fe3+(Fe3+, Fe2+)O4 where Fe3+ cations occupy a
quarter of the tetrahedral A sites and Fe3+ and Fe2+ ions
occupy half of the octahedral B sites. In the [001] direction
two types of layers alternate, containing either tetrahedral
iron (A layer) or oxygen and octahedral iron (B layer).
Consequently, there are two possible volume truncations,
shown in Fig. 1. In an ionic picture these two terminations
are polar with a nonvanishing dipole moment of the build-
ing unit perpendicular to the surface. According to electro-
static considerations in the scheme of Tasker [3] such
terminations should have a diverging surface energy and
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Fig. 1. Possible bulk truncations of Fe3O4(001), either with an A layer of tetrahedral iron (left), or a B layer (right panel) containing octahedral iron and
oxygen. Oxygen, FeA and FeB ions are marked with cyan (light grey), orange (grey) and pink (dark grey) circles, respectively. (For interpretation of the
references in color in this figure legend, the reader is referred to the web version of this article.)
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therefore were often ruled out in previous studies of the
surface termination of Fe3O4(001). For polar surfaces
both the ionic model of Tasker and the autocompensation
rule [4] (analogous to the electron counting rule for semi-
conductor surfaces) predict reconstructions or faceting.
Indeed, a ð
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experimentally [6,5,7–9,11], but the atomic structure has
been subject of a long controversy in the literature. A vari-
ety of models designed to fulfill the autocompensation rule
were proposed to explain the observed periodicity. The
most common are the A-layer where every second tetrahe-
dral iron is missing (cf. Fig. 2a) [6–8,10] and the B-termina-
tion with an oxygen vacancy (cf. Fig. 2b) [9,11]. Also, a
termination with a B-layer and the formation of a surface
bipolaron [12,13] as well as a full A-layer where iron ions
form dimers have been discussed [14]. To resolve this long
standing debate, we have recently performed a full struc-
tural optimization of the models proposed in the literature
as well as of the two bulk truncations based on DFT calcu-
lations and an X-ray diffraction (XRD) analysis and found
that the simple ionic picture is not applicable to magnetite
[15]. The surface phase diagram constructed in the frame-
work of ab initio thermodynamics [16,17] revealed that a
modified B-layer is stabilized over a broad range of oxygen
pressures. Instead of an ordering of surface defects as in
previously proposed models, the symmetry lowering is real-
(a) 0.5 A layer

Fig. 2. Top view of (a) the half filled A layer and (b) the B
ized by a wave-like Jahn–Teller distortion. A XRD analysis
[15] and scanning tunneling microscopy (STM) measure-
ments [11,18] are consistent with the DFT-model. We note
that also the surface bipolaron model proposed by Shvets
and collaborators [13] is closely related to the modified
B-termination.

In this paper we complement our study by low energy
electron diffraction (LEED) measurements and a combined
DFT- quantitative LEED I(V) structural analysis. In Sec-
tion 2 we compare the LEED I(V)-curves of natural and
synthetic samples and investigate the influence of the oxy-
gen partial pressure and the annealing temperature on the
LEED intensity curves. We also discuss the subtleties of
a LEED analysis of a complex oxide structure. In particu-
lar, we investigate two different ways for generating elec-
tron scattering phase shifts for an ionic compound. Phase
shifts obtained from DFT calculations both for bulk and
surface slab structures are compared with phase shifts
based on superpositions of atomic electron densities [19].
Starting from the geometries obtained from DFT [15], sev-
eral LEED and DFT-optimization cycles with different
start geometries have been performed to avoid local min-
ima in the optimisation and to ensure quantitative agree-
ment between the different methods. This combination of
DFT-, LEED- and XRD-refinement (the latter presented
in Ref. [15]) turns out to be essential for a reliable struc-
(b) B layer Ovac

layer with oxygen vacancies above an octahedral iron.
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tural determination of the Fe3O4(001)-surface. The atomic
relaxations obtained from DFT calculations and the LEED
analysis are compared and discussed in the last section.
Fig. 4. LEED I(V)-curves of the integer order and superstructure
reflections of a natural (black) and synthetic (red dotted line) sample,
taken at 200 K and 300 K, respectively. (For interpretation of the
references in color in this figure legend, the reader is referred to the web
version of this article.)
2. LEED I(V)-measurements

Systematic LEED measurements and LEED I(V)-analy-
ses were carried out on the (100) surface of a natural and a
synthetic magnetite sample. A typical LEED-pattern show-
ing the ð
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and superstructure spots is displayed in Fig. 3. In this sec-
tion we investigate the influence of the preparation condi-
tions on the LEED I(V)-curves.

The surfaces of a natural and a synthetic single crystal
were prepared by Ar+ ion sputtering in ultra high vacuum
(UHV) and subsequent annealing at 900–1000 K in UHV,
pO2
6 10�10 mbar. The degree of cleanliness of the natural

sample was checked by X-ray fluorescence analysis, indi-
cating a Mn impurity concentration of 0.2 ppm, obviously
too low to influence the surface reconstruction. LEED
measurements were performed at 200 K and 300 K on
the natural and synthetic sample, respectively. As shown
in Fig. 4, the difference between the LEED I(V)-curves of
the two samples is insignificant; the R-factor between the
two sets of experimental curves is RP = 0.1. We assign
the deviations between the I(V)-curves to the temperature
difference mentioned above and to experimental errors.
Thus from the LEED point of view the natural and the syn-
thetic sample cannot be distinguished. To explore the influ-
ence of the oxygen partial pressure on the I(V)-curves,
LEED measurements were performed on samples annealed
either in UHV (pO2

¼ 10�10 mbarÞ or in an O2 atmosphere
(pO2
¼ 10�6 mbarÞ. In these experiments the temperature

was kept at 80 K to enhance the LEED sensitivity to struc-
tural details. The I(V)-curves obtained in UHV and in an
oxygen atmosphere shown in Fig. 5 agree within a R-factor
of RP = 0.09, indicating that the formation of the
ð
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ÞR45� superstructure is insensitive to the prepara-
Fig. 3. LEED pattern of Fe3O4(001) ð
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tion conditions. The very small curve differences visible in
the figure are considered as due to different oxygen defect
concentrations of the samples and/or to technical errors,
e.g. the alignment of the sample with respect to the electron
beam.

Bulk magnetite undergoes a structural transition at
TV � 122 K from the cubic phase (space group Fd3m) to
a monoclinic phase (space group Cc or P2/c [20]). The sym-
metry of the low temperature phase is still under debate
Fig. 5. LEED I(V)-curves of the integer order and superstructure
reflections of a natural sample annealed in UHV (black) and in oxygen
atmosphere at pO2

¼ 5� 10�6 mbar (red dotted line). The LEED mea-
surement was performed at 80 K. (For interpretation of the references in
color in this figure legend, the reader is referred to the web version of this
article.)
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and considered to deviate from the Pcma pseudosymmetry
by very small atomic displacements [20]. The Verwey tran-
sition is accompanied by a drop in conductivity by two or-
ders of magnitude in the low temperature phase [21]. To
study the effect of temperature on the sample, we recorded
LEED I(V)-curves at 80 K and 200 K as shown in Fig. 6.
The temperature was measured with a thermocouple at-
tached to a specimen holder provided with a cooling facil-
ity. To fix the temperature at 80 K, the sample was first
cooled to about 50 K and subsequently heated to 80 K.
Surface charging was observed at 50 K but none at 80 K.
In the LEED pattern no additional superstructure spots
indicative of a phase transition were detected at 80 K.
The LEED I(V)-curves are quite similar with the main
maxima of the I(V)-curves occurring at the same energy
for both temperatures. The attenuation of intensity with
increasing energy in the measurement at 200 K can be ex-
plained by thermal motion and/or static displacements
around defects. Hence there was no sign of a structural
transition between 80 K and 200 K. Our finding can have
several explanations: (i) the phase transition does not take
place at the surface, (ii) it occurs at a lower temperature, or
(iii) it is suppressed by defects or impurities. A transition
below 80 K is plausible as has been reported recently for
thin films [22]. Recent soft X-ray photoemission measure-
ments found no discontinuous phase transition on well or-
dered surfaces after surface preparation [23], consistent
with our measurements. In order to enhance the sensitivity
at high energies, LEED measurements at 80 K and anneal-
ing in pO2

¼ 10�6 mbar were used for our structural
analysis.
Fig. 6. LEED I(V)-curves of the ground structure and superstructure
reflections of a natural sample annealed in UHV measured at 80 K, below
the Verwey transition (black solid) and 200 K, above the Verwey
transition (red dotted line), respectively. Only the overlapping energy
range of the two measurements is shown and the two curves are scaled to
fit at medium energies for better comparison. (For interpretation of the
references in color in this figure legend, the reader is referred to the web
version of this article.)
3. Influence of the phase shifts in the LEED analysis:

conventional vs. DFT-derived

In LEED I(V)-analyses from ionic crystals the level of
agreement between experimental and calculated I(V)-
curves is often found considerably worse than what is
achievable for clean metal surfaces. Besides the structural
complexity of oxide surfaces, one reason lies in the calcula-
tion of the muffin-tin (MT) potential of ionic crystals. The
phase shifts used for LEED I(V)-calculations are usually
obtained from a superposition of atomic potentials, ionic-
ity is neglected in most cases. The Madelung potential is of-
ten used to calculate the lattice energy of ionic compounds
but does not allow to derive the electron density inside the
MT-sphere. Therefore, the introduction of a Madelung po-
tential and the use of ionic radii is not appropriate for the
construction of the muffin-tin potential. Our initial LEED
analysis used a superposition of potentials from neutral
atoms in combination with optimized MT radii [19]. This
approach was recently applied to determine the surface
structure of Ca1.5Sr0.5CuO4(001) [24]. We note that the
phase shifts and LEED intensities are sensitive to the MT
radii; noticeable differences occur when the MT of the oxy-
gen atom is increased by 0.05 Å. This scheme of optimiza-
tion of MT radii generates a crystal potential consisting of
spherical MT potentials joined continuously to a constant
interstitial potential. The continuity ensures that electron
scattering resonances due to accidental standing waves in
the MT spheres are reduced to a minimum; remaining res-
onances caused by a discontinuous potential gradient at the
MT radius are negligible. The MT radii depend on the
number, species, and distances of neighbors and were
determined to be 0.92 and 0.96 Å for Fe and O,
respectively.

A purpose of the present paper is to exploit DFT de-
rived potentials for calculating electron scattering phase
shifts for ions in crystals. Like in an earlier work on mag-
netite [15], we used the WIEN2k implementation of DFT
[25] within the generalized gradient approximation
(GGA) [26]. Characteristic of the method is the separation
of space in non-overlapping MT spheres around the atomic
positions and interstitial region. In the present work only
the DFT potential within the MT spheres was used for gen-
erating phase shifts. DFT calculations both for the bulk
and the (100) surface of magnetite were used, but no sub-
stantial difference in the phase shifts was found for atoms
lying near the surface. We attribute this to the relatively
small muffin tin radii that had to be used for the surface
DFT-calculation due to the strong relaxation in the surface
layers.

The phase shifts obtained from the superposition
scheme and from DFT calculations are compared in
Fig. 7, and the differences are found to be marginal. Both
sets of phase shifts were applied in the final least-squares
LEED optimization. The corresponding calculated and
experimental I(V)-curves are displayed in Fig. 8 and show
an equally good agreement with the measured ones. In a re-



Fig. 7. Phase shifts of octahedral iron (left) and oxygen (right) obtained
from a superposition of atomic potentials (black) and from the DFT-
calculation for bulk Fe3O4 (red line). (For interpretation of the references
in color in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 9. Top view of the surface (S) and the subsequent subsurface layers
(S-1) and (S-2) where the positions of the atoms displayed in Table 2 are
marked. Large circles denote oxygen, small orange (light grey) and purple
(dark grey) spheres denote tetrahedral and octahedral iron. (For
interpretation of the references in color in this figure legend, the reader
is referred to the web version of this article.)
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cent LEED analysis of the TiO2(11 0) surface Lindsay et al.
[27] replaced electron scattering phase shifts produced by
an atomic superposition scheme [28] by ones generated
from DFT electron densities [29], thereby bringing down
the R-factor from 0.64 to 0.29. Unlike the reported dra-
matic change in the R-factor with phase shift design, our
I(V)-curves and structural results agree excellently with
both generation methods. The corresponding R-factors
are 0.33 and 0.34 for the phase shifts derived from the
Fig. 8. Best fit LEED I(V)-curves. The experimental data of the natural
sample at 80 K is represented by a thick black solid line, the calculated
intensities using the superposition scheme with optimized MTs (R = 0.34)
and DFT derived (R = 0.33) phase shifts are marked by a red solid and
blue dotted line, respectively. Structural parameters are given in Table 2.
(For interpretation of the references in color in this figure legend, the
reader is referred to the web version of this article.)
DFT-calculation and the superposition scheme,
respectively.
4. Structural refinement combining DFT and LEED

A quantitative LEED analysis was performed for a vari-
ety of surface terminations, including the B layer termina-
tion, a half-filled A layer with FeA either above the B layer
or nearly coplanar in the B layer (see Fig. 2a), as well as B
terminations with oxygen vacancies above a FeB ion (see
Fig. 2b) or next to a subsurface FeA. The experimental
I(V)-curves of the natural sample annealed in an oxygen
atmosphere and measured at 80 K were used in the struc-
tural optimization. In the initial search the two outermost
BA layers of each model were refined; ten phase shifts were
used together with isotropic temperature factors corre-
sponding to bulk Debye-temperatures of 400, 320 and
650 K for FeB, FeA, and oxygen, respectively. The R-fac-
tors for the optimized models are shown in Table 1. The re-
sults clearly indicate a preference for the B layer
termination, all other models produce significantly higher
R-factors.

The experimental and best-fit I(V)-curves for the modi-
fied B layer are shown in Fig. 8. The R-factor obtained
after further refinement with 53 free parameters and isotro-
pic temperature factors was RP = 0.38, and the inclusion of
anisotropic thermal vibrations [31] led to a further drop to
RP = 0.34. This value is relatively high but in line with the
ones obtained for other oxide surfaces, e.g. RP = 0.29 for
TiO2 (110) [27] and RP = 0.28 for Ca1.5Sr0.5RuO4 (001)
[24]. Besides the already discussed influence of the phase
shifts, the relatively low level of agreement between
Table 1
R-factors for the optimized models

Model RP

Modified B layer (Fig. 10) 0.34
Half occupied A layer (Fig. 2a) 0.60
B layer with O-vacancy above FeB (Fig. 2b) 0.65
B layer with O-vacancy next to FeA 0.66

Pendry’s R-factor has been used [30].



Table 2
Atomic displacements in x,y and z-direction and total (Dr) with respect to
the bulk coordinates obtained from the DFT-optimization

Dx (Å) Dy (Å) Dz (Å) Dr (Å)

B layer(S)

O1 0.00 (0.00) 0.36 (0.55) 0.02 (0.25) 0.36 (0.60)
O2 0.00 (0.00) �0.14 (0.00) 0.11 (0.24) 0.18 (0.24)
O3 �0.06 (�0.12) �0.17 (�0.09) 0.09 (0.01) 0.20 (0.15)
FeB4 �0.04 (�0.03) 0.13 (0.19) 0.14 (0.22) 0.19 (0.29)
FeA5 0.08 (0.18) 0.02 (0.00) �0.10 (�0.19) 0.13 (0.26)

B layer(S-1)

O6 0.00 (0.04) 0.02 (0.00) 0.12 (�0.03) 0.12 (0.05)
O7 0.09 (0.09) �0.01 (0.00) �0.06 (�0.04) 0.11 (0.10)
O8 �0.01 (0.05) �0.04 (0.29) 0.12 (0.18) 0.13 (0.34)
FeB9 0.00 (0.00) 0.05 (0.08) �0.05 (�0.06) 0.07 (0.10)
FeB10 0.00 (0.00) �0.09 (0.05) �0.01 (0.18) 0.09 (0.19)
FeA11 0.00 (0.00) 0.00 (0.00) 0.05 (0.16) 0.05 (0.16)

B layer(S-2)

O12 Fix (0.01) Fix (0.16) Fix (�0.10) Fix (0.18)
O13 Fix (0.00) Fix (�0.06) Fix (0.00) Fix (0.06)
O14 Fix (0.00) Fix (0.06) Fix (0.02) Fix (0.07)
FeB15 Fix (0.00) Fix (0.00) Fix (0.18) Fix (0.18)
FeB16 Fix (0.07) Fix (0.00) Fix (�0.06) Fix (0.10)
FeA17 Fix (0.00) Fix (�0.13) Fix (�0.11) Fix (0.17)

The corresponding values from the LEED-analysis are given in brackets.
The numbering of the atoms and the coordinate system corresponds to
Fig. 9.
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measured and fitted I(V) curves for oxide surfaces can be
attributed to surface roughness, domain boundaries and
the presence of defects (e.g. oxygen vacancies) in the
samples.

A common problem when using a single optimization
technique is that the structural refinement may be trapped
in a local minimum. To avoid this, we applied a combined
optimization approach for determining the structure of
Fe3O4 (001), starting the LEED analysis from the DFT
geometry of Ref. [15]. Subsequently, we performed a fur-
ther DFT optimization, taking the LEED coordinates as
an input. We note that in the DFT calculation only the
coordinates of the top two BA layers were relaxed due to
the high numerical demand, while the LEED analysis in-
cluded three BA units. Atomic positions below the third
B layer were kept fixed. In total 43 parameters1 were opti-
mized in the DFT calculation and 53 in the LEED analysis.
The shifts of the atoms with respect to the ideal bulk posi-
tions are shown in Table 2.

The main feature of the surface reconstruction of Fe3O4

(001) is that substantial relaxations occur perpendicular to
the B rows in the surface layer. In particular, for surface
oxygen O1 (the oxygen atom without subsurface tetrahe-
dral neighbor) we found a displacement in y-direction of
0.36 Å from DFT and 0.55 Å from LEED, and for the sur-
face octahedral iron FeB4 we obtained a lateral shift of
0.13 Å from DFT and 0.19 Å from LEED. These distor-
1 The number of parameters optimized in the DFT-calculation is higher
because a lower symmetry was used (one of the mirror planes was not
explicitely taken into account).
tions of FeB perpendicular to the [110]-direction give rise
to a transversal wave along [110] with neighboring rows
going in antiphase to each other and thus forming the
ð
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ÞR45�-reconstruction shown in Fig. 10. Such a

wave-like pattern is also observed in STM-measurements
[11,18]. In the z-direction, the atoms in the surface layer re-
lax inwards, while the subsurface A and B layers relax
outwards.

Through repeated cycles of DFT and LEED refinement
we could obtain a good overall agreement between the two
methods both with respect to size and direction of the
relaxations. In particular, some atomic displacements were
slightly enhanced with respect to the initial DFT optimiza-
tion reported in [15], e.g. the lateral shift of O1 and FeB4
was 0.30 Å and 0.09 Å in the initial and 0.36 Å and
0.13 Å in the final DFT-structure, respectively. In general,
we obtain stronger relaxations especially for the oxygen
positions from LEED than from DFT. One reason is that
the LEED optimization involves more layers than the DFT
leading to stronger relaxations in the z-coordinate (e.g. O1
and O7). On the other hand, LEED is less sensitive to the
oxygen positions, for example above 100 eV the total scat-
tering cross section of oxygen is about one third of that of
iron. Changes of the lateral position of O1 of up to 0.2 Å
did not influence significantly the R-factor. This indicates
a rather flat and broad minimum of the R-factor and is
possibly related to the large thermal vibrations. Similarly,
a flat and broad minimum of the potential energy with re-
spect to the oxygen coordinate was obtained from DFT for
TiO2(110) [32]. Finally, the uncertainty in the positions
determined with LEED increases in deeper layers. The
measurements are also likely to be influenced by defects
in the sample, e.g. by oxygen vacancies; however, such
structural features are not included in the present DFT
and LEED models.

5. Summary

Our LEED measurements show no noticeable differ-
ences between the natural and the synthetic sample. In
agreement with the surface phase diagram obtained in the
framework of ab initio thermodynamics [15], there was no
significant dependence on oxygen partial pressure during
sample preparation. We used the DFT and LEED methods
self-consistently for determining the structure of
Fe3O4(00 1), and we claim that such a combination of ap-
proaches is necessary for achieving a quantitative agree-
ment between these surface analysis techniques and for
ensuring a global minimization. The LEED and the previ-
ous XRD results indicate that relaxations may reach dee-
per than three BA layers.

The validity of the DFT model for the surface termina-
tion of Fe3O4(001) [15] is confirmed by the present LEED
I(V)-analysis in accord with earlier results obtained by
XRD [15] and STM [11,18]. Our results show that the
Fe3O4(10 0) surface is terminated by a B layer, a structure
previously discarded on the basis of electrostatic argu-



B layer modified

Fig. 10. Top and side view of the final DFT/LEED structure of the modified B layer.

R. Pentcheva et al. / Surface Science 602 (2008) 1299–1305 1305
ments. The stabilization of the surface involves a Jahn–
Teller distortion with a wavelike displacement of iron and
oxygen atoms in the top B layer, whereby a ð
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ÞR45� superstructure is formed.
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