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We performed a systematic full-potential density functional theory study with the generalized gradient and
local density approximation+U approaches on five possible �1�1� terminations of the low-index polar �111�
surface of Fe3O4. Applying the concepts of first-principles thermodynamics, we analyze the composition, the
structure, and the stability of the Fe3O4 �111� orientation at equilibrium with an arbitrary oxygen environment.
The densities of states of the unrelaxed and relaxed Fe3O4 �111� surfaces were calculated and compared with
that of bulk Fe3O4. The calculations reveal that the Feoct2-Fetet1-O1-terminated surface is energetically favored,
showing metallic properties. The Feoct1-O2-terminated surface is more active than the other two Fe-terminated
surfaces, showing half-metallic properties, similar to bulk Fe3O4. The Fetet1-O1-terminated surface, the
O-terminated surfaces, and the surfaces with vacancy defects all show metallic properties.
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I. INTRODUCTION

Metal oxides with strong electronic correlations are of
great interest due to their technologically important uses,
such as catalysis, magnetic data storage, high-temperature
superconductivity, and the colossal magnetoresistive
materials.1–4 To obtain a microscopic understanding of these
compounds, it is necessary to know their surface atomic
structure. A lot of research has been done for polar surfaces
of different materials by using the density functional theory.
They all used thin atomic layers to simulate a semi-infinite
truncation surface, and obtained good results.5–8 Magnetite
�Fe3O4� is important in geophysics and mineralogy, and it is
also attracting increasing attention as a potential material for
spintronic devices, due to the predicted half-metallic
behavior9 and the high Curie temperature of 858 K.

Magnetite has the inverse spinel crystal structure based on
a fcc lattice of oxygen �O2−� anions, containing Fe cations in
tetrahedrally �so-called A sites� and octahedrally �B sites�
coordinated interstices, with close-packed O planes lying
perpendicular to the �111� direction. The A sites are occupied
by Fe3+ ions and the B sites are occupied half by Fe3+ ions
and half by Fe2+ ions.10 Along the �111� direction, there are
two types of iron sublayers, one with all octahedrally coor-
dinated Fe atoms, and the other with octahedrally and tetra-
hedrally coordinated Fe atoms alternating between cubic
close-packed oxygen sublayers. The stacking sequence along
the �111� direction can be schematically represented by
Fetet1-O1-Feoct1-O2-Fetet2-Feoct2-Fetet1-O1, as shown in Fig.
1�a�. Here the subscripts tet1 and tet2 refer to fourfold-
coordinated Fe layers, and oct1 and oct2 correspond to Fe
layers where the iron atoms are sixfold coordinated to O
atoms. O1 and O2 correspond to cubic close-packed O sub-
layers. In the Fe3O4 �111�-�1�1� unit cell, each cubic close-
packed O sublayer comprises four oxygen atoms. Figure 1�b�
presents a top view with the Fe3O4 �111�-�1�1� unit cell.
Here each letter denotes the lateral registry of the two-
dimensional �1�1� unit cell containing four oxygen atoms
as indicated in the top view. The four-O monolayer splits into

two monolayers, which are about 0.04 Å apart. Three oxy-
gen atoms are symmetrically equivalent �Ob� and coordi-
nated to one top-layer iron atom, while the single Oa atom is
not. The surface of magnetite has been studied intensively
over the past decade, as it is a very interesting material for
spintronics. It is one of the few materials with a very high
degree of spin polarization at the Fermi level. Spintronics
almost invariably involves electron transport across or along
a material interface. Therefore, an understanding of the struc-
ture and the electronic properties of the surfaces and inter-
faces is a key issue for making progress in this area. At the
same time, progress on exploring the potential of magnetite

FIG. 1. �a� Side view of the Fe3O4 �111� surface structure. �b�
Top view of the Fe3O4 �111�-�1�1� unit cell.
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for spintronics is slowed by the complexity of the magnetite
structure. Magnetite has six possible bulk terminations in the
�111� direction.11 Two of them represent terminations con-
sisting of close-packed oxygen layers, and the other four are
surface planes containing cations �Fe2+ ,Fe3+�. There are sig-
nificant differences among the four Fe terminations. One of
them, consisting of Fe terahedral sites, is arranged in a hex-
agonal �honeycomb� lattice with a 6 Å periodicity �Fetet1-
O�.12–14 Another one has octahedral-site Fe atoms and is ar-
ranged in a Kagome lattice with 3 Å interatomic distances
�Feoct1-O�. The two others, with octahedral and tetrahedral
iron layers are separated by 0.6 Å in the �111� direction
�such as Feoct2-Fetet1-O�.15 One of the two oxygen termina-
tions appears as an oxygen monolayer on top of the octahe-
dral Fe, while the other one covers a multilayer of tetrahedral
and octahedral Fe atoms.16 The surface is highly sensitive to
the preparation conditions. Moreover, self-consistent band
structure calculations of the magnetite surface and surface
reconstruction models for low-index terminations are still not
available.

In this paper, we have studied five of these six bulk ter-
minations of the Fe3O4 �111� surface. They are the Fetet1-
O1-, Feoct1-O2-, Feoct2-Fetet1-O1-, O1-Feoct1-, and O2-
Fetet2-terminated surfaces. The vacancy defect of the surface
is considered in the calculation.

II. COMPUTATIONAL METHOD

The calculations were performed in the framework of
density functional theory �DFT�. We use the full-potential
augmented-plane-wave �FP APW� method in the WIEN2K

package.17 The optimized calculation of the lattice constants
is carried out with the generalized gradient approximation
�GGA�,18 and the calculation of the total energy and the
analysis of the electronic structure are all done by using
the self-interaction-corrected �SIC� local density
approximation19,20 �LDA� with electron correlation �LDA
+U�. In this LDA+U�SIC� method, the strong correlation
between localized d electrons is explicitly taken into account
through the screened effective electron-electron interaction
parameter Ueff, which is an empirical parameter with the
physical background of the Hubbard model. Usually, the
Hubbard-like Ueff is evaluated by comparison of the theoreti-
cally calculated energy positions of energy bands with x-ray
photoemission spectroscopy and ultraviolet photoemission
spectroscopy measurements. However, the Ueff term is diffi-
cult to calculate accurately since it depends on the covalency
of the system.21 As a consequence, the U term may vary for
the same element in different polymorphs, and needs to be
fitted for each structure under investigation. In our case, we
have two types of Fe ions in Fe3O4 with different occupation
numbers for their 3d shells. Obviously, the effective repul-
sion of 3d electrons described by Ueff depends on the number
of holes in the 3d shell �the ionicity�, and Ueff should in-
crease with increasing ionicity.22 The estimation in Ref. 9
gave the value of the on-site Coulomb interaction parameter
for the Fe�B� site equal to 4.1±0.5 eV. Constrained
calculations23 with two types of charge ordering gave Ueff
=4.5 eV. The LDA+U band structure calculations with Ueff

varying from 4 to 6 eV provide optical, magneto-optical,
and x-ray magnetic circular dichroism spectra in reasonable
agreement with the experimental data. On the other hand, the
value of the energy gap strongly depends on the value of
Ueff. We have also justified the Ueff values within the
full-potential linearized augmented-plane-wave �FPLAPW�
method for bulk Fe3O4. The calculated value of Ueff depends
on theoretical approximations and for our purposes it is suf-
ficient to regard the value of Ueff as a parameter; we try to
ascertain its value from comparison of the calculated physi-
cal properties of Fe3O4 with experiments. We set the Ueff to
4.0 and 4.5 eV for the Fe�B�- and Fe�A�-site ions, respec-
tively. These Ueff values also have been used for Fe�B�- and
Fe�A�-site ions in bulk Fe3O4 by Antonov et al.,24,25 and they
got a good result. All the parameters chosen are consistent
during calculations. By electronic structure calculations us-
ing the LDA+U method we have obtained a periodic charge
disproportion along the c axis in bulk Fe3O4. The proposed
charge ordering is in good agreement with the one derived
from experiment.26 Calculations for the total energy of the
surface slab and analysis of the electronic structure are all
carried out using the spin-polarized implementation.

In this paper, the self-consistent field calculations are
based on the following parameters: the atomic-sphere radii
RMT are chosen as 2.0 and 1.0 a.u for the Fe and O atoms,
respectively. With the DFT GGA approach the optimized lat-
tice constant �a0� for the cubic bulk Fe3O4 is 8.41 Å and the
u parameter is 0.0046, in good agreement with the experi-
mental values27 of 8.394 Å and 0.0048. The optimized lattice
constant of the Fe3O4 �111�-�1�1� surface is a=b
=5.932 Å, which is also in good agreement with the experi-
mental value of 5.92 Å. Inside the muffin tins �MTs� the
wave functions are expanded in spherical harmonics up to
lmax
wf =12, and the nonspherical contributions to the electron

density and potential are considered up to lmax
pot =6. The

charge density Fourier expansion cutoff Gmax=14 in the muf-
fin tins; 300 k points in the first Brillouin zone were adopted

FIG. 2. Calculated surface free energy ��T , P� as a function of
the chemical potential of oxygen �O−�O

gas �eV� for all studied ter-
minations. The dotted vertical lines indicate the allowed range of
the oxygen chemical potential.
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FIG. 3. �Color online� Total density of states �DOS� of bulk Fe3O4 and the Fe-terminated Fe3O4 �111� unrelaxed and relaxed surfaces: �a�
bulk Fe3O4, �b� Feoct2-Fetet1-O1-terminated surface �top, unrelaxed surface; middle, relaxed but unreconstructed surface; bottom, relaxed and
reconstructed surface�, �c� Fetet1-O1-terminated surface �top, unrelaxed surface; bottom, relaxed surface�, and �d� Feoct1-O2-terminated
surface �top, unrelaxed surface; bottom, relaxed and reconstructed surface�. The solid and dotted lines denote the majority and the minority
spins, respectively. The Fermi levels are located at 0 eV.
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in the calculations �243 points in the irreducible part of the
surface Brillouin zone� with 241 899 plane waves at the
equilibrium lattice constant. The cutoff parameter RMTKmax

limiting the number of plane waves is equal to 5.0, where
Kmax is the maximal value of the reciprocal lattice vector
used in the plane-wave expansion, and RMT is the smallest
atomic-sphere radius in the surface cell, so the plane-wave
cutoff energy is 340 eV. With these cutoff parameters an
accuracy of energy differences better than 0.1 meV has been
achieved.

III. RESULTS OF SURFACE CALCULATIONS

To simulate the �111� surface of Fe3O4, we use supercells
containing 13–19 atomic planes; the vacuum is used in the
simulations, the vacuum between the repeated slabs amount-
ing to 10 Å. We have restricted the calculations to structures
compatible with a �1�1� cell and some surfaces to �2�2�
supercells. First, we expose the two surfaces of the slab to
the vacuum; then we carry out a full geometry optimization
of the two surfaces of the slab, and both surfaces converge to
the same geometry. The relaxation is complete; all atoms of

FIG. 4. �Color online� Partial density of states for �a� the Feoct2-Fetet1-O1-terminated surface �unreconstructed� �the Fe atoms are in the
topmost layer; O1 is next to the topmost Fe layer�; �b� the Feoct2-Fetet1-O1-terminated surface �reconstructed� �the Feoct2 atoms are in the
topmost layer, O1 is next to the topmost Fe layer, Fetet1 is under the second sublayers of oxygen�; �c� the Fetet1-O1-terminated surface �top,
3d states of Fetet1 in the topmost layer; bottom, 2p states of O1 next to the topmost Fe layer�. The solid and dotted lines denote the majority
and the minority spins, respectively. The Fermi levels are located at 0 eV.
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the slab are allowed to relax and no symmetry restrictions are
applied. After optimization, it is found that four of the five
bulk terminations of the Fe3O4 �111� surface are unrecon-
structed but strongly relaxed. Dynamical low-energy electron
diffraction and scanning tunneling microscopy image analy-
sis also show these surfaces are unreconstructed but
relaxed.13–15 It is found that the outmost atomic layers of the
Feoct1-O2-terminated surface are switched. After optimiza-
tion, the Feoct1-O2-terminated surface becomes an O2-
terminated surface. The optimized interlayer relaxations as
percentages of the corresponding bulk values and the inter-
layer spacings for the five Fe3O4 �111� relaxed slabs are
shown in Table I, and are compared with the bulk values
�experimental values28 on the left-hand side and calculated
values on the right-hand side�. The relaxed interlayer spac-
ings of the Fetet1-O1-terminated surface are compared with
Ref. 14 �experimental values on the left-hand side and cal-
culated values on the right-hand side�. According to the
optimized calculation, we find that the coordination of
the atoms on the surface of Fe3O4 �111� slab has been
reduced relative to that of the bulk, the atoms moving
inward to strengthen their interaction with the atoms of the
sublayer. The defect considered in our calculation is that one
of the outmost atoms is vacant. We have also fixed the bot-
tom 6–14 atomic planes at their ideal bulk position and fully
relaxed the outermost 5–8 upper atomic layers. From the
results, we find that the Fetet1-O1-terminated surface, the
Feoct1-O2-terminated surface, the O1-Feoct1-terminated sur-
face, and the O2-Fetet2-terminated surface have similar relax-
ations with simultaneous full geometry optimization of the
two surfaces of the slab, and the outmost atomic layers of the
Feoct1-O2-terminated surface are also switched. As for the
Feoct2-Fetet1-O1-terminated surface we also find that the sur-
face layer are rearranged, as shown in Table II. The recon-
struction induces a switch in the upper layers. Therefore, the
ordering of the layers from the surface toward the bulk is as
follows: first, a single layer of octahedral iron atoms coordi-
nated to the three atoms Ob of the layer beneath; the atoms
Oa come next and the tetrahedral iron layer is the fourth
layer, close to the empty site of the dense layer.

In order to compare the relative stability of structures con-
taining different numbers of atoms, we consider different
surfaces in contact with an oxygen atmosphere described by
oxygen pressure P and temperature T. The most stable sur-
face composition is the one that minimizes the surface free
energy ��T , P�,29

��T,P� =
1

A
�Etot − NFe�Fe�T,P� − NO�O�T,P�� . �1�

Here, Etot is the total energy of the slab, NFe and NO are the
numbers of Fe and O atoms in the supercell, and �Fe and �O
are the chemical potentials of the Fe atom and the O atom,
respectively. However, if there is enough bulk material to act
as a thermodynamic reservoir, the potentials are in fact no
longer independent, but are related to the Gibbs free energy
of the bulk oxide,

3�Fe�T,P� + 4�O�T,P� = gFe3O4

bulk �T,P� ,

where g is used to denote the Gibbs free energy per formula
unit. The Gibbs free energies can be approximated by the
internal energies E�T=0, P=0,NFe,NO� from DFT �DFT
+U� calculations. Inserting this constraint into Eq. �1� leads
to

��T,P� =
1

A
�Etot −

1

3
NFegFe3O4

bulk �T,P�

+ �4

3
NFe − NO��O�T,P�� . �2�

This surface energy depends on the total energy of the slab,
the slab stoichiometry, and the oxygen chemical potential. To
determine the surface stability in an oxygen atmosphere, the
surface energy calculated for different surface terminations
�i.e., different slab stoichiometries� is plotted against the
oxygen chemical potential. The termination with the lowest
energy is the stable surface at this oxygen partial pressure.

The elemental Fe or O chemical potential must be less
than the corresponding bulk chemical potential; otherwise,
the element would form the energetically more favorable
bulk structure. That is to say,

�Fe � �Fe�bulk�, �O � �O�bulk�. �3�

Therefore, this �O can be varied within certain boundaries.
The lower boundary for �O, which will be called the O-poor
limit, is defined by the decomposition of the oxide into iron
and oxygen. A reasonable upper boundary for �O, on the
other hand �O-rich limit�, is given by gas-phase conditions
that are so oxygen rich that O condensation will start on the
sample at a low enough temperature. Therefore, the range of
the O chemical potential is

�Gf�0,0� � �O − �O
gas � 0, �4�

where �Gf =�Fe3O4�bulk�−3�Fe�bulk�−4�O�gas� is the 0 K for-
mation heat of the bulk Fe3O4. The O chemical potential is
referenced with respect to the total energy of an oxygen mol-
ecule.��O=�O−�O

gas=�O− �1/2�EO2

total. To consider the un-
certainty in these theoretically well-defined but approximate
limits for ��O, we will always plot the dependence of the
surface free energies some tenths of an eV outside these
boundaries. From this it will be shown below that the uncer-
tainty in the boundaries does not affect at all our physical
conclusions.

The results for the surface energy as a function of
the oxygen chemical potential according to Eq. �2� are
shown in Fig. 2. From Fig. 2, we can see that the Fe-
terminated surfaces are more stable than the O-terminated
surfaces at low oxygen chemical potential �O−�O

gas. At the
allowed oxygen chemical potential, the surface free energy
of the Feoct1-O2-terminated surface is higher than those of
the other two Fe-terminated surfaces over the whole range. A
surface with large surface energy is in a rather unfavorable
state, that is to say, the Feoct1-O2-terminated surface is more
active than the other two Fe-terminated surfaces, and the
Feoct2-Fetet1-O1-terminated surface is energetically favored.
This result is consistent with that found by Ahdjoudj et al.
and Noguera,11,30 who confirmed that the stability of the
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TABLE I. Optimized calculation of the interlayer relaxations and the interlayer spacings for Fe3O4 �111�
relaxed slabs compared with the bulk values �experimental values on the left-hand side, taken from Ref. 14
for the Fetet1-O1-terminated slab and from Ref. 28 for the bulk, and calculated values on the right-hand side�
when the two surfaces of the slab are fully optimized.

Fetet1-O1 terminated
Layer distance �Å�
�Relaxation� �%�

Feoct2-Fetet1-O1 terminated
Layer distance �Å�
�Relaxation� �%�

O1-Feoct1 terminated
Layer distance �Å�
�Relaxation� �%�

Fetet1 Feoct2 3Ob

0.38±0.05↑ 0.37 ↑ 0.23 ↑ 0.14

�−41±7�↓ �−41� ↓ �−62� ↓
3Ob Fetet1 1Oa

0.08±0.09↑ 0.10 ↑ 0.40 ↑ 0.77

↓ ↓ �−36� ↓ �−32�
1Oa 3Ob Feoct1

0.87±0.05↑ 0.82 ↑ 0.13 ↑ 1.15

�−26±4�↓ �−28� ↓ ↓ �+1�
Feoct1 1Oa 1Oa

1.36±0.05↑ 1.28 ↑ 0.91 ↑ 0.12

�+15±4�↓ �+12� ↓ �−20� ↓
3Ob Feoct1 3Ob

0.12±0.09↑ 0.14 ↑ 1.03 ↑ 0.49

↓ ↓ �−10� ↓ �−22�
1Oa 1Oa Fetet2

0.57±0.05↑ 0.52 ↑ 0.05 ↑ 0.95

�−11±7�↓ �−17� ↓ ↓ �+56�
Fetet2 3Ob Feoct2

↑ 0.54 ↑ 0.31

↓ �−14� ↓ �−49�
Fetet2 Fetet1

O2-Fetet2 terminated
Layer distance �Å�
�Relaxation� �%�

Feoct1-O2 terminated
Layer distance �Å�
�Reconstruction�

Bulk
Layer distance �Å�
�Relaxation� �%�

1Oa 3Ob Feoct2

↑ 0.06 ↑ 0.02 0.606 ↑ 0.606

↓ ↓ ↓
3Ob 1Oa Fetet1

↑ 0.37 ↑ 0.26 0.626 ↑ 0.629

↓ �−41� ↓ ↓
Fetet2 Feoct1 3Ob

↑ 0.42 ↑ 0.629 0.04 ↑ 0.047

↓ �−30� ↓ ↓
Feoct2 Fetet2 1Oa

↑ 0.80 ↑ 0.996 1.154 ↑ 1.14

↓ �+32� ↓ ↓
Fetet1 Fetet1 Feoct1

↑ 0.52 ↑ 0.198 1.154 ↑ 1.14

↓ �−18� ↓ ↓
3Ob Feoct2 1Oa

↑ 0.11 ↑ 0.720 0.04 ↑ 0.047

↓ ↓ ↓
1Oa 3Ob 3Ob
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slabs depends on the overall composition, specifically on the
deviation from stoichiometry, and on the dipole moment per-
pendicular to the surface. An ab initio Hartree-Fock study in
a slab geometry11 predicted that termination by an iron
bilayer �Feoct2 /Fetet1 /4O/¯ sequence� is energetically fa-
vored, due to exchange of iron and oxygen layers in the
slab. We have also found a similar switch of oxygen and
Fe�tetrahedral� in an Feoct2-Fetet1-O1-terminated slab as
shown in Table II. The switch allows the positive charges of
the ferrous and ferric ions to be distributed on both sides of
the first oxygen layer, which reduces the local dipole perpen-
dicular to the surface. In Ref. 11, it is suggested that the
stability of an Fe-monolayer-terminated slab �Fetet1 /4O/¯
sequence� can be enhanced by adsorption of hydrogen. The
O1-Feoct1-terminated surface is more stable than the Fe-
terminated surface at high oxygen chemical potential �O
−�O

gas. As the oxygen chemical potential �O−�O
gas increases,

the O1-Feoct1-terminated surface gradually becomes more
stable, because when the oxygen pressure increases, the di-
pole moment of the Fe-terminated surface increases, but the
dipole moment of the O-terminated surface decreases. We
believe that decreasing the spacing between the Fe and O
layers reduces both the length of the total dipole and the
charges borne by the atoms, which stabilize these polar sur-
faces. The relative surface energies of the relaxed surfaces
and that of the unrelaxed slab show very large differences.
After relaxation, the surface energies decrease a lot. The
change of coordination and the subsequent reduction of the
Madelung potential also induce surface stability.

The stabilization and the large relaxation of the Fe3O4
�111� surface are connected with strong changes of the
electronic and magnetic properties. To understand the elec-
tronic nature of these surfaces, we have calculated the den-
sity of states �DOS� of the unrelaxed and relaxed �111� sur-
faces. In the bulk, magnetite shows a half-metallic behavior
with a band gap in the majority-spin channel of approxi-
mately 0.5 eV and 100% spin polarization due to the t2g
states of Fe�B� at EF in the majority-spin channel.1 Figure 3
shows the total density of states of the bulk Fe3O4 and the
total DOS of Fe-terminated Fe3O4 �111� unrelaxed and re-
laxed surfaces, where the plotted energy range is from
−6.0 to 2.0 eV and the Fermi level is set to zero. The densi-
ties of states of the unrelaxed and relaxed slabs have a simi-
lar character, which does not depend strongly on the absolute

values of the interlayer relaxation. From Fig. 3, one can see
that the Feoct2-Fetet1-O1- and the Fetet1-O1-terminated sur-
faces and their outmost Fe vacancy surfaces with relaxation
and unrelaxation all have metallic properties. That is to say,
there is no longer a gap in the density of states for minority-
spin electrons and the system is transformed to a normal-
metal state due to the surface structure. But the
Feoct1-O2-terminated surfaces with relaxation and unrelax-
ation have half-metallic properties, similar to bulk Fe3O4.
The O-terminated and O-terminated O-vacancy surfaces with
relaxation and unrelaxation all have metallic properties, con-
sistent with the results found by Berdunov et al.31 It is
known that in transition metals the 3d electrons make a large
contribution to the tunneling current. In the case of O- and
Fe-terminated surfaces, one might not expect a tunneling
contribution from the oxygen p states. However, on the sur-
face the hybridization between oxygen p states and transition
metal d states changes the situation by altering the oxygen p
orbitals from insulating to conductive.32 Figure 4 depicts the
atom-projected partial DOSs of the first two or three atom
layers of the Feoct2-Fetet1-O1-terminated surface �unrecon-
struction�, the Feoct2-Fetet1-O1-terminated surface �recon-
struction�, and the Fetet1-O1-terminated surface. The layer-
projected partial density of states in Fig. 4 shows significant
p-d state hybridization between the topmost Fe ions and the
oxygen anions in the layer underneath. The p states of the
oxygen anions are shifted to the Fermi level, eliminating the
band gap. The p states of the outmost oxygen of the
O-terminated surface also contribute to the tunneling current.
The modification of the surface electronic structure, the total
and partial filling of surface states, destroys the electrostatic
instability.

Bulk magnetite is a ferrimagnet with the magnetic mo-
ments of tetrahedral iron �−3.94�B� and octahedral iron
�3.83�B� oriented antiparallel to each other and a total mag-
netic moment of 4.0 per formula unit. The magnetic mo-
ments of Fe atoms are all calculated by the LDA+U in our
study. Without applying the LDA+U, the magnetic moments
of tetrahedral and octahedral iron in bulk Fe3O4 are 3.53�B
and 3.46�B, respectively. In the FL APW method, the unit
cell is divided into two parts: �1� nonoverlapping atomic
spheres �centered at the atomic sites� and �2� an interstitial
region. If we chose the radius of the atom large enough, but
without overlapping of the sphere atoms, the magnetic mo-
ment will be almost all from the atoms, and the contribution

TABLE I. �Continued.�

Fetet1-O1 terminated
Layer distance �Å�
�Relaxation� �%�

Feoct2-Fetet1-O1 terminated
Layer distance �Å�
�Relaxation� �%�

O1-Feoct1 terminated
Layer distance �Å�
�Relaxation� �%�

↑ 1.12 ↑ 0.14 0.626 ↑ 0.629

↓ �−2� ↓ ↓
Feoct1 1Oa Fetet2

↑ 1.011 0.606 ↑ 0.606

↓ ↓
Feoct1 Feoct2
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TABLE II. As for Table I, with the bottom atomic planes fixed at their ideal bulk positions.

Fetet1-O1 terminated
Layer distance �Å�
�Relaxation� �%�

Feoct1-Fetet1-O1 terminated
Layer distance �Å�
�Reconstruction�

O1-Feoct1 terminated
Layer distance �Å�
�Relaxation� �%�

Fetet1 Feoct2 3Ob

0.38±0.05↑ 0.33 ↑ 0.59 ↑ 0.03

�−41±7�↓ �−47� ↓ ↓
3Ob 3Ob 1Oa

0.08±0.09↑ 0.17 ↑ 0.13 ↑ 0.69

↓ ↓ ↓ �−39�
1Oa 1Oa Feoct1

0.87±0.05↑ 0.86 ↑ 0.96 ↑ 1.04

�−26±4�↓ �−25� ↓ ↓ �−9�
Feoct1 Fetet1 1Oa

1.36±0.05↑ 1.31 ↑ 0.81 ↑ 0.23

�+15±4�↓ �+15� ↓ ↓
3Ob Feoct1 3Ob

0.12±0.09↑ 0.13 ↑ 0.91 ↑ 0.59

↓ ↓ ↓ �−6�
1Oa 1Oa Fetet2

0.57±0.05↑ 0.56 ↑ 0.05 ↑ 0.82

−11±7 ↓ �−11� ↓ ↓ �+30�
Fetet2 3Ob Feoct2

↑ 0.26 ↑ 0.35

↓ ↓ �−42�
Fetet2 Fetet1

O2-Fetet2 terminated
Layer distance �Å�
�Relaxation� �%�

Feoct1-O2 terminated
Layer distance �Å�
�Reconstruction�

Bulk
Layer distance �Å�
�Relaxation� �%�

1Oa 3Ob Feoct2

↑ 0.06 ↑ 0.24 0.606 ↑ 0.606

↓ ↓ ↓
3Ob 1Oa Fetet1

↑ 0.31 ↑ 0.23 0.626 ↑ 0.629

↓ �−51� ↓ ↓
Fetet2 Feoct1 3Ob

↑ 0.44 ↑ 0.46 0.04 ↑ 0.047

↓ �−27� ↓ ↓
Feoct2 Fetet2 1Oa

↑ 0.79 ↑ 1.20 1.154 ↑ 1.14

↓ �+30� ↓ ↓
Fetet1 Fetet1 Feoct1

↑ 0.59 ↑ 0.25 1.154 ↑ 1.14

↓ �−6� ↓ ↓
3Ob Feoct2 1Oa

↑ 0.03 ↑ 0.46 0.04 ↑ 0.047

↓ ↓ ↓
1Oa 3Ob 3Ob

↑ 0.96 ↑ 0.21 0.626 ↑ 0.629

↓ �−16� ↓ ↓
Feoct1 1Oa Fetet2
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from the interstitial region is very small. In our case, the
atomic-sphere radii RMT are chosen as 2.0 and 1.0 a.u for the
Fe and O atoms, respectively. The magnetic moment is also
affected significantly by the correlation energy U. The differ-
ence of the magnetic moments between results considering
and not considering U is almost 0.41�B per Fe atom in the
bulk Fe3O4. When U is added, the magnetic moment of the
Fe atom is increased. After relaxation, the magnetic moment
of the surface Fe atoms is substantially reduced due to the
strong relaxations. In the Fe-terminated surface, the magnetic
moment of the outmost Fe�A� is about −3.36�B and the mag-
netic moment of the outmost Fe�B� is about 3.24�B. The
magnetic moment of the other subsurface Fe is close to that
of the bulk. Additionally, a substantial magnetic moment of
approximately 0.23�B is induced in the undercoordinated
surface oxygen with a missing bond to iron, while the mag-
netic moments of the rest of the surface oxygen atoms are
close to those of the bulk, 0.07�B. A similar magnetization
was also observed for the Fe3O4 �001� and oxygen-
terminated �-Fe2O3 �0001� surfaces.4,33

IV. CONCLUSIONS

We have performed ab initio calculations by employing
density functional theory with the GGA and LDA+U ap-
proaches to determine the structure of Fe3O4 �111� surfaces
at equilibrium with an oxygen environment. The surface free
energies of the five possible �111� surfaces of Fe3O4 were
calculated. Different structures with periodicity �1�1� were
fully optimized. According to our calculation, it is found that
the Feoct2-Fetet1-O1-terminated surface is energetically fa-
vored and has metallic properties. The Feoct1-O2-terminated
surface has half-metallic properties, similar to bulk Fe3O4.
The Feoct2-Fetet1-O1-terminated surface, the O-terminated
surfaces, and the surfaces with vacancy defects all show me-
tallic properties.
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