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1. Introduction

The discovery of the first oxide quasicrystal (OQC) by Förster
et al.[1] formed in a BaTiO3 (BTO) layer on the Pt(111) surface
was practically a change of paradigm. The BTO quasicrystal
has dodecagonal symmetry and is formed by squares, triangles,
and 30� rhombs as parts of a Niizeki–Gähler tiling.[2–4] By the
same group, it was shown later that SrTiO3 also forms an oxide

quasicrystal on the Pt(111) surface.[5] Until
this discovery, quasicrystals in one, two, or
three dimensions are found mainly in
intermetallic systems[6] or are fabricated
artificially, for instance, for applications
in photonics.[7–9]

Quasicrystal approximant structures
(QCAs) are periodic arrangements which
are closely related to the local structure
of the quasicrystal itself.[10] Thus, such a
structure can serve as a starting point for
a detailed investigation of the local struc-
ture of the quasicrystal. Due to its lattice
periodicity, QCAs can be studied theoreti-
cally by means of standard methods based
on density functional theory (DFT).

An approximant structure related to the
BTO quasicrystal was investigated by Förster

et al.[11] by means of a combination of experimental techniques
and first-principle calculations. The structure was identified as
the 32.4.3.4 Archimedian tiling, already described by Kepler in
1619. Atomic positions in this tiling have been identified by
Förster et al.[11] Experimentally, a rich variety of different perov-
skite-like oxides with different crystal structures are known, com-
bining an alkaline earth metal (A) such as Ca, Sr, and Ba and a
transition metal (B) such as Mn, Fe, Co, and Ni.[12–26] BTO and
SrTiO3 form oxide quasicrystalline or quasicrystalline approxim-
ant structures on Pt(111). We expect that, in between the variety
of the ABO3 structures, other potential candidates for OQCs can
be found.

Because neither BTO nor SrTiO3 is magnetic, it is interesting
to ask the question whether other perovskites-like ABO3 oxides
having magnetic or other interesting properties would be candi-
dates to form OQCs or corresponding approximant structures.

Of special interest in this context are the magnetic alkaline-
earth ferrates CaFeO3, SrFeO3, and BaFeO3 (BFO), because of
a high spin state of Fe. The oxide CaFeO3 is insulating below
290 K.[27] Fe appears as Fe3þ and Fe5þ in this oxide.[14] In contrast,
SrFeO3 contains Fe in the high spin state Fe4þ and shows metallic
conductivity even below TN¼ 134 K, i.e., in an antiferromagnetic
(AFM) state.[28] Below TN, it shows a G-type helical spin order.[19]

BaFeO3–δ adopts different phases depending on the oxygen
deficiency as studied in detail by Mori et al.[29,30] The hexagonal
phase exists in a wide range of oxygen content and is known for
a long time.[29] The hexagonal modification of BaFeO3–δ is an
excellent example of a magnetic perovskite-like oxide with a
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Perovskite-like ABO3 oxides A¼ (Ca, Sr, Ba) and B¼ (Ti, Mn, Fe, Co, Ni) show a
large variety of structures and physical properties. Among them is BaTiO3 (BTO),
one of the most investigated and used perovskites. In a BTO film on Pt(111), the
first oxide quasicrystal was discovered. Herein, by means of first-principle
methods, the cubic and hexagonal phases of bulk BaFeO3 (BFO) are investigated.
Both phases show ferromagnetic order. Monolayers and double layers of BFO are
studied on a Pt(111) surface. The double-layer configuration of the cubic and
hexagonal phases is structurally inequivalent but both double-layer films show
antiferromagnetic order. In analogy to the BTO quasicrystal approximant
structure on Pt(111), a corresponding BFO structure is investigated. The Fe
atoms are surrounded by three oxygen atoms and the resulting FeO3 units are
separated by barium atoms with the total stoichiometry Ba5Fe4O12.
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charge disproportion of Fe4þ. A change of the Fe4þ concentration
was experimentally found to exist around 170 K.

The stoichiometric cubic perovskite phase was synthesized
only recently by Hayashi et al.[24] The cubic BFO also favors
Fe4þ and is characterized by an A-type spin spiral below
111 K.[24] A small magnetic field of 0.3 T is enough to destroy
the spin spiral and to stabilize ferromagnetic (FM) order with
a magnetic moment of 3.5 μB.

[24]

In a series of articles, the electronic and magnetic structures
of cubic BFO are investigated.[31–33] A thorough analysis of
the electronic and magnetic properties and the role of oxygen
vacancies as well as the Fe oxidation state in cubic BFO was given
in a previous study,[31] but detailed first-principle calculations of
hexagonal BFO are not available, to the best of our knowledge.

With respect to Pt(111) as a substrate, BFO has a very good
lattice match and also robust magnetic properties. Thus, new
interesting features could appear in thin BFO layers on Pt(111)
and possibly in a corresponding quasicrystal or its approximant
structure.

This article is organized as follows. After a short introduction
to the crystal structures, forming the basis of the investigation,
the computational methods are introduced. Afterwards, bulk
properties of the cubic and hexagonal phase of BFO are studied.
In preparation for the discussion of the QCA with its large unit
cell, monolayer and bilayer structures of BFO on Pt(111) with
the usual small unit cells are considered. Finally, the BFO
approximant structure will be constructed and compared with
the corresponding BTO structure on Pt(111). A conclusion will
end this article.

2. Crystal Structures and Computational Details

2.1. Crystal Structures

At room temperature, BTO, forming a quasicrystalline structure
on Pt(111), is stable in the tetragonal ferroelectric phase. It also
exists as a 6H hexagonal polymorph. This phase occurs at
1430 �C in air.[34,35] The hexagonal phase can be stabilized down
to room temperature by a small amount of transition metal
atoms.[36–38] Interestingly, BFO also appears in both phases.

Figure 1 shows the cubic perovskite and the 6H hexagonal
structure of BFO. The cubic phase is shown along the 〈111〉

direction for ease of comparison with hexagonal setting. Both
cells contain 30 atoms and differ by the stacking sequence.

In the cubic phase, there exists only one type of site per atomic
species, but in the 6H modification, all three atomic species
occupy two different sites. The cubic phase in Figure 1a is
characterized by exclusively corner-sharing octahedra. In h-BFO
(Figure 1b), appear corner-sharing but also face-sharing octahedra.
The Fe(1) atoms are located in the center of the corner-sharing
octahedra, but the Fe(2) atoms occupy the center of the face-
sharing and corner-sharing octahedra. Fe(2) and Fe(20) are
structurally equivalent, but it is important to distinguish the layers
in the discussion of the magnetic properties. The O(1) atoms are
located in the layers between the Fe(2) and the O(2) atoms are at
the vertices of the corner-sharing octahedra. Ba and O appearing
in two types in h-BFO are not of primary interest in the following
consideration. Thus, those atom types are not marked in the figure
explicitly. Although the 6H structure is stabilized by an oxygen
deficiency at the O(1) sites,[30] the ideal structure is assumed in
the following investigation, if not mentioned otherwise.

It is immediately obvious from Figure 1 that both structures
possess different stacking sequences. Therefore, this has to be
considered in a systematic investigation of thin layers.

2.2. Computational Details

The calculations are based on DFT and are performed by the
plane-wave pseudopotential method as implemented in the
Vienna Ab Initio Simulation Package (VASP)[39,40] and a self-
consistent Green function method within multiple scattering
theory.[41–43]

2.2.1. VASP Calculations

The Perdew–Wang 91 (PW91) generalized gradient approxima-
tion (GGA)[44] was used to describe electron–electron exchange
and correlation interactions. By means of the projector
augmented wave (PAW) method[45,46] with the following valence
state configurations (Fe[3d74s1], Ba[5s25p66s2], and O[2s22p4]),
the valence electrons are treated self-consistently.

The kinetic energy cutoff for the plane waves is set to 400 eV.
All calculations were done in spin-polarizedmode. The structural
relaxation is performed until the interatomic forces converged
below the threshold value of 25meV Å�1. The total energy,
the density of states (DOS), and other bulk-related properties
are computed at the Γ-centered 6� 6� 8 Monkhorst-Pack
k-point mesh. For layer calculations, a Γ-centered 6� 6� 1 mesh
was used. Due to the size of the unit cell, the Γ-point approxima-
tion was used for the discussion of the approximant structure
on Pt(111).

The problem of standard exchange correlation functionals
in DFT in accounting for the strong correlations caused by
localized d electrons can be partially fixed in the framework of
the DFTþU approach.[47,48] For iron oxides, correlations of
the 3d electrons of Fe have to be corrected. A Hubbard-U value
between 3.0 and 5.0 eV[49] is typically recommended for Fe
to scan the whole electronic properties of Fe in oxides. Best
overall agreement of structural, magnetic, and electronic proper-
ties of α-Fe2O3 with experimental data is obtained forU¼ 4 eV in
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Figure 1. Phases of BFO. a) (3C) cubic phase, b) (6H) hexagonal phase
(golden: Fe, green: Ba, red: O).
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previous studies.[50,51] Also, BiFeO3 (U¼ 4 eV)[49] and ZnFe2O4

(U¼ 3.5 eV)[52] fit into this scheme. Several first-principle calcu-
lations on cubic BFO[32,53,54] also come to the conclusion that
U¼ 4 eV is appropriate in case of BFO. Thus, we have also used
U¼ 4 eV for the Fe 3d states corrected in the GGAþU frame-
work according to the scheme of Dudarev as implemented in
VASP code.[39,40,55]

The structural parameters such as the lattice constants and
atom coordinates were optimized via minimizing the total
energy. We use the four-parameter Birch–Murnaghan equation
of state to fit the volume dependence of the total energy to obtain
the bulk modulus (B0) and its pressure derivative (B0) at zero
pressure.[56] Layer structures are modeled with a four-layer thick
Pt substrate. The layers are separated by a 22 Å-thick vacuum
layer to prevent any surface–surface interaction.

2.2.2. Green’s Function Method

A first-principle Green’s functionmethod[41,57] based onmultiple
scattering theory within DFT GGA was used to study magnetic
properties in detail. A maximum angular momentum of lmax¼ 3
was used to consider the nonsphericity of charge density and
crystal potential. The influence of oxygen vacancies was
described using a coherent potential approximation[58] as it is
implemented within the multiple scattering theory.[59] The mag-
netic interaction was estimated using the magnetic force theo-
rem, in which exchange parameters entering the Heisenberg
model are calculated from the energy cost due to an infinitesimal
rotation of magnetic moments.[60]

3. Results and Discussion

We start the discussion with a detailed analysis of both bulk
phases discussed in Section 2.1. Finally, the BFOQCA, a periodic
monolayer structure on Pt(111), is studied. Thus, to gain some
insight in the complex relaxations of BFO on Pt(111), a BFO
monolayer and BFO bilayers are considered. Due to the different
stacking in cubic and hexagonal bulk crystals, bilayers with two
different structures are investigated. Structural, mechanical, and
magnetic properties of both bulk phases are discussed in
Section 3.1. The results for the layer structures (Section 3.2) and
the approximant structure (Section 3.3) are presented afterwards.

3.1. Bulk Properties

It was already mentioned that small magnetic fields destroy the
spin spiral and stabilize FM order.[24] Thus, spin spirals are not
included in the following investigation. A series of magnetic
structures are assumed to find the ground-state magnetic
structure. Due to the two inequivalent Fe positions in the 6H
modification, more magnetically inequivalent structures can
be constructed than for the cubic phase.

3.1.1. Cubic Structure

The magnetic structures considered for the cubic phase are
shown in Figure 2. In addition to the FM structure, three

AFM configurations, designated as usual as A-type, C-type, and
G-type, are considered. (For more details, see ref. [61]). Structural
relaxations have been performed without and with correlation
corrections. They differ only slightly. Thus, only the results
calculated in the GGAþU framework are presented.

The results shown in Table 1 confirm that the FM structure
has the lowest energy of the considered magnetic structures in
our calculation. Except for the energy differences between the
magnetic structures, all self-consistently calculated properties
are nearly equal. A little increase in the lattice constant a going
from FM to G-AFM is connected with a decrease in B0 and B0.

A good agreement is not only achieved with experiment but
also with other calculations. Cherair et al.[32] used the ABINIT
code, whereas Wien2K was applied by Noura.[33] In both calcu-
lations, correlation corrections are performed in the LDAþU
framework.

3.1.2. Hexagonal Structure

The hexagonal phase of Figure 1b is in the focus now. The cubic
structure in hexagonal setting shown in Figure 1a is considered
for comparison. Figure 3 shows the magnetic structures consid-
ered for the hexagonal phase. As shown in Figure 1b, Fe occupies
two inequivalent sites, Fe(1) and Fe(2). In addition to the
FM phase, we not only consider a configuration, in which each
Fe sublattice is FM, but also the two Fe sublattices which are
antiferromagnetically coupled to each other. This results in a

A−AFM C−AFM G−AFMFM

Figure 2. The magnetic configurations considered for cubic BFO: FM
structure and three antiferromangetic configurations (A-AFM, C-AFM,
G-AFM). Only the Fe atoms are shown for clarity.

Table 1. Calculated properties of cubic BFO configurations and comparison
with experimental results and other calculations. Energy differences
per formula unit ΔE are related to FM structure (α—lattice constant,
mFe—magnetic moment of Fe, B0—bulk modulus, B0

—pressure
derivative of bulk modulus).

Structure ΔE [meV] α [Å] mFe [μB] B0 [GPa] B0

FM 0 4.013 3.81 119.59 4.79

A-AFM 177 4.015 3.78 117.99 4.78

C-AFM 226 4.021 3.80 116.44 4.67

G-AFM 297 4.033 3.86 113.23 4.41

Exp.[24] – 3.971 3.5 – –

Calc.[32] – 3.990 4.01 124.70 4.59

Calc.[33] – 4.026 3.97 116.00 4.50

Calc.[62] – 4.021 3.87 – –
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ferrimagnetic solution (FiM in Figure 3). In the two AFM struc-
tures AFM1 and AFM2, both sublattices reveal an AFM coupling
with a ferromagnetic (AFM1) or antiferromagnetic (AFM2)
coupling between the sublattices.

First, we compare the calculated lattice structure with experi-
mental results. The lattice constants for the studied magnetic
structures differ only slightly as for the cubic case. By means
of GGAþU, we find a¼ 5.690 Å and a c/a ratio of c/a¼ 2.428.
The structural data given by Mori et al.[30] for lattice constant
a¼ 53 674 Å and c¼ 13.930 Å (c/a¼ 2.455) are in good agree-
ment with the calculation. It should be mentioned that Mori’s
data belong to a crystal with oxygen deficiency (BaFeO2.913).

The results of all calculations are shown in Table 2. All ener-
gies are related to the FM state of the 6H hexagonal phase BFO.
The energy difference between FM and AFM1 is small, as for
FiM and AFM2. It follows that the layers Fe(2) and Fe(2) are
magnetically coupled very weakly. Therefore, it is necessary to
study the effect of oxygen vacancies located between them.

The coupling constants for the hexagonal structure are
calculated by means of the Green’s function method. The
oxygen vacancies between Fe(2) and Fe(20) are described by
the coherent potential approximation. As expected, the corner-
shared octahedra are coupled strongly ferromagnetically, as it
was found in c-BFO.[31] The coupling between Fe(1) and Fe(2)
(J12) is strongly positive in both ideal structures and in
BaFeO2.913. An oxygen atom is located between Fe(1) and
Fe(2), which is typical in a perovskite structure and results in
the double exchange coupling between the magnetic moments.
In contrast, the coupling between two Fe(2) atoms is AFM
(J22 is negative). The coupling constants J11, J12, and J22 as a
function of distance in both BFO and BaFeO2.913 are shown
in Figure 4. The coupling constant J22 is responsible for a
tendency to AFM ordering in the Fe(2) sublattice in different
layers. Other J0s except at distance 7.8 Å are negligible small.

Due to this fact, we expect for single layers no magnetic coupling
at all. However, the presence of a vacancy is crucial for the
magnetic interaction between the moments at 7.8 Å. Although
without vacancies the interaction is strongly positive, in the
presence of a vacancy, it becomes negative. The reason for this
behavior is an increase in d–d hybridization between the Fe
atoms due to the absence of the oxygen atom. This enhancement
of the AFM interaction between Fe(2) layers leads to a stabiliza-
tion of the AFM configuration AFM1 (Figure 3).

3.2. Layer Structures on Pt(111)

The periodic layer structures discussed here are cut out of the
crystal structures shown in Figure 1 perpendicular to the c-axis.
Monolayers from both c-BFO and h-BFO structures are equivalent.
Different stacking sequences follow for bilayers. Due to the inequi-
valent iron sites in h-BFO, it is interesting to study the relaxation
on the Pt(111) surface and the magnetic properties of those layer
systems in comparison with the bulk structures and the QCA.

A stacking of an Fe(1) and the consecutive Fe(2) plane in
the hexagonal structure is equivalent to the stacking of two
layers in the cubic model of Figure 1. Such a bilayer will be
named stacking sequence 1 (SS1). A different stacking follows,
if we cut out two consecutive Fe(2) planes from the hexagonal
structure. This will be termed stacking sequence 2 (SS2). The
stacking SS2 of two monolayers does not appear in the cubic
model.

In the following calculations, the unit cell of the added BFO
layers is fixed to the Pt surface such that the Ba atoms are either
in registry with the hollow sites or on top of Pt. The calculated
starting configurations with minimum energy before relaxation
are shown in Figure 5, 6, and 7. The Fe surface termination is
always energetically preferred to the BaO termination. This is in
agreement with the experimental growth pattern of thin film of
BTO on Pt (111).[63] A Ti surface termination is preferred in this
case. In case of one monolayer and two monolayers of SS2 stack-
ing Ba resides at the hollow side, but for the SS1 case on top of Pt.
All inner coordinates are allowed to relax. What follows is a quali-
tative discussion of the relaxations. We avoided to present large
tables of the detailed relaxation data.

FiM AFM1 AFM2

Fe(1)

Fe(2)

Fe(2’)

Fe(1)

Figure 3. Magnetic configurations considered for the hexagonal structure
of BFO shown in Figure 1. Only the Fe atoms are shown for clarity.

Table 2. Calculated magnetic properties of the structures in Figure 3. The
energy of the FM hexagonal phase per formula unit is taken as reference.

Structure ΔE [meV] mFe(1) [μB] mFe(2) [μB]

FM 0 3.99 3.58

FiM 86.9 4.10 �3.35

AFM1 0.7 3.99 3.56

AFM2 87.0 4.11 3.32

2 3 4 5 6 7 8 9 10 11 12
−6

−4

−2

0

2

4

6

8

10

12

14 BaFeO3 BaFeO3−

Distance (Å)

(m
eV

)

11 11

12 12

22 22

Figure 4. Exchange coupling constants, calculated for the 6H hexagonal
structure BaFeO3–δ, with δ¼ 0, the absence of oxygen vacancy (solid lines)
and δ¼ 0.087, the presence of oxygen vacancy, VO (dashed lines).
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3.2.1. Monolayer

Figure 5 shows the relaxation of the monolayer. In the unrelaxed
structure, all atoms are located in hollow sites. The relaxation
is characterized by a minimal inward relaxation of Ba and also
an outward relaxation of oxygen toward the Fe atoms. The Fe
atoms shift out of the symmetric hollow site position. FM and
AFM arrangements of the Fe moments have been tested.
Both structures differ in total energy by less than 1meV.
The magnetic moment is 2.14 μB, practically half of the typical
bulk values, shown in Table 1 and 2.

3.2.2. Bilayers

Figure 6 and 7 show the bilayers in the two different stacking
sequences on Pt(111). Differences in the relaxations are obvious.
Ba relaxations in the interface layer for SS1 stacking is again
minimal, but a stronger inward relaxation of Ba at the interface
for SS2 stacking is obtained. The Ba atoms in the surface layers
show an outward relaxation. From the side views of Figure 6b
and 7b, it can be seen that oxygen is located in the Ba planes
without relaxation. Afer relaxation, practically all O atoms move
outward. The Fe atoms in the surface layer are also affected by
relaxation. They move toward the Pt surface. For the SS1 stacking
that leads to a surface plane containing practically all types of
atoms (Figure 6c). The distance of the Fe atoms in the bilayer
of the SS2 stacking corresponds to its bulk value. In SS2, stacking
a partial oxygen termination is obtained, as shown in Figure 7c.

An FM and an antiferomagnetic (AFM) coupling of the layers
in the bilayer system was investigated. The results for the
magnetic moments are compiled in Table 3. In the SS1 stacking,

the AFM structure is preferred with respect to the FM structure
by an energy difference of 34meV. The Pt atoms in the Pt surface
layer are partially polarized by the interface Fe atoms. Thus, the
Fe moment at the interface is lower than in the surface layer.
The SS2 stacking sequence also leads to a stable AFM coupling

[0
00

1]

[1100]-

[1000]

[0100]-

(a)

(b) (c)

Fe

Ba

O

Pt

Figure 5. One-monolayer BFO on Pt(111). a) Top view of the unrelaxed
structure; b) side view of the unrelaxed structure; c) side view of the relaxed
structure.

[0
00

1]
[1100]-

[1000]

[0100]-

(a)

(b) (c)
FeBa

O

Pt

Figure 6. Two-monolayer BFO on Pt(111) in SS1 stacking. a) Top view
of the unrelaxed structure; b) side view of the unrelaxed structure;
c) side view of the relaxed structure.

[0
00

1]

[1100]-

[1000]

[0100]-

(a)

(b) (c) Fe
Ba

O

Pt

Figure 7. Two-monolayer BFO on Pt(111) in SS2 stacking. a) Top view
of the unrelaxed structure; b) side view of the unrelaxed structure;
c) side view of the relaxed structure.
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lower in energy by 195meV compared with the FM order.
Also, in this case, the moment of the interface Fe atoms is
decreased, but the moment of the surface Fe atoms is a bit higher
than in the SS1 case. The enhanced superficial magnetization
found for all our considered surface terminations in Table 2
are peculiar for undercoordinated magnetic nanoparticles of
reduced sizes at the surfaces, as reported for perovskite-like
MnTiO3

[64] and the spinel structure, Co3O4.
[65,66] It is known

that the enhancement of surface magnetism arises because of
band narrowing at the surface due to decrease in the coordina-
tion number and symmetry.[67–70] Such undercoordination
or reduced symmetry play an important role in the magnetic
ordering of the films compared with the bulk.

3.3. BFO Approximant Structure

For the construction of the QCA, the same procedure was
applied and that was already successfully used in case of the
BTO OCQ.[11] First, a 13.9 Å� 14.4 Å surface supercell of Pt
is constructed based on the Pt lattice constant of a¼ 3.92 Å.
The formal stoichiometry of the BTO case is transferred to
the new system, i.e., Ba5Fe4O12 is used. In the first step, the size
of the Fe rhombi in a free-standing layer is varied and the Ba and
O positions are relaxed. Figure 8 shows the corresponding
structures. The procedure is used to find the optimal rhombus
size, i.e., the structure with minimal energy. This is structure (3)
of Figure 8, as shown from the energies in Figure 9. The most
stable rhombus has a side length of L¼ 6.78 Å and an angle
α¼ 43.77�. Although in this approximation the approximant is

substrate unsupported, all the atoms relax in the 2D plane.
No vertical relaxation is observed.

The relaxed structure shown in Figure 8(3) is used as the start-
ing structure for further relaxation on top of the Pt(111) surface.
The final relaxations in this structure with a large unit cell are
different from those discussed for one monolayer, as shown
in Figure 5. The whole monolayer relaxes away from the Pt
surface. The buckling in the monolayer (Figure 5c) disappears
in the QCA, i.e., Fe and Ba atoms are in plane. In Figure 10,
not only the magnetization density in the approximant structure
is plotted, but also the structural information can be readout of
the figure. The monolayer case is characterized by an outward
relaxation of the oxygen atoms. Figure 10b,c reveals that all
O atoms can be divided into two types. One part of the O atoms
is located slightly over the Ba─Fe plane (average Fe─O bond
length 1.72 Å), whereas the rest is located in this plane and is
bound to the Pt surface (average Fe─O bond length 1.93 Å).
Each Fe atom is bound to three oxygen atoms in a FeO3 complex.
The relaxation for the BFO approximant structure are quite
similar to BTO.[11]

The magnetization density in Figure 10 is shown for an FM
ordering of the Fe atoms. Other magnetic states are possible
because due to the large distance between Fe atoms in the
approximant, the spin polarization can be switched separately
for each atom. The shortest distance between Fe atoms in the
approximant is 5.84 Å, which is comparable with in-plane

Table 3. Calculated magnetic moments of Fe and energy differences
ΔE related to FM structure in layer systems on the Pt(111) surface.

Structure ΔE [meV] mFe [μB]

Interface Surface

ML 2.14

ML SS1 FM 0 2.40 2.74

ML SS1 AFM �34 �2.42 2.63

ML SS2 FM 0 1.92 3.04

ML SS2 AFM �195 �1.88 2.23

Approximant 3.30

(4)(3)(2)(1) (5)

Fe Ba
O

Figure 8. Relaxation of the rhombi forming the free-standing approximant structures of different free-standing layers. A series of rhombi of
different dimensions with four Fe positions were constructed. The opposite pairs of Fe positions are equivalent by symmetry. Each Fe atom is saturated
arbitrarily with three oxygen atoms, whereas four Ba atoms are distributed on the side of a rhombus and the fifth Ba placed at the origin of the square.
The exact positions of Ba and O are then energy minimized in (1)–(5).
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Figure 9. Energy differences between structures of different rhombus
sizes for the free-standing approximant structure.
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distances in h-BFO structure. Such Fe atoms do not interact
directly, as shown in Figure 4. A magnetic moment of 3.3 μB
is obtained for iron, a bit larger than for the layer systems
discussed before. A strong polarization of the O atoms and
the polarization of Pt atoms underneath can also be seen in
Figure 10b,c.

The induced moments on upper oxygen atoms are 0.15 μB,
whereas the total magnetic moment induced on an oxygen atom
bound to Fe and Pt is ten times smaller. Pt atoms which are
sitting directly under Fe atoms become a little magnetic with
induced magnetic moment 0.1 μB, whereas other Pt and Ba
atoms do not show any evidence of spin polarization.

The calculated total and partial DOS for one unit cell of the
approximant structure is compared with the DOS of cubic
and 6H hexagonal BFO in Figure 11. The shape of Fe 3d states
around the Fermi level in the approximant structure in
Figure 11a is most similar to the shape of the DOS of the Fe
atoms in the c-BFO structure in Figure 11b, despite the fact
that the value of moment of the atom Fe in the approximant is

closer to the value of the moment of a Fe(2) atom in h-BFO
than for a Fe atom in the cubic structure.

The DOSs of c-BFO and h-BFO in Figure 11b,c are calculated
in the FM state with U¼ 4 eV. The half-metallic character is
obvious in both cases and completely absent in the case of the
QCA structure shown in Figure 11a. It should be noted that
in the GGA calculations (not shown here for Figure 11b,c), both
c-BFO and h-BFO are metallic. Because the magnetic moments
of the Fe atoms are caused by the Fe 3d electrons, only the Fe 3d
partial DOS are shown in Figure 11a–c. All figures reveal that the
states near the Fermi energy are mainly from O 2p states. Due to
the reduced symmetry, the d-DOS of both Fe species in h-BFO is
different, and also the Fe of the QCA. The gap in the minority
channel of the hexagonal phase is larger than that in the cubic
phase and completely zero in the case of the QCA.

4. Conclusions

A comparative first-principle study of bulk BFO in cubic and
hexagonal phases was performed. The real structure relaxations

(a)

(b) (c)
FeBa O

Pt

Figure 10. 3D magnetization density plot of the approximant structure
of BFO on Pt(111). The isodensity value is set to �0.005 μB Å

�3, with
positive isodensity (spin-up) in yellow and negative isodensity (spin-down)
in blue. a) Top view; b) top view of a characteristic building block;
c) side view of the block shown in part (b).
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Figure 11. The total and partial density of states (PDOS) for BFO unit
in a) the cubic, b) the 6H hexagonal, and c) the approximant structure
are compared. The DOS has been shifted such that the Fermi energy
is at zero in the plots.
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for a monolayer and bilayers with different stacking sequences
are discussed in detail. The stacking sequence has strong
influence on the relaxation. No preference between FM and
AFM order can be found for the monolayer, but the layer
AFM state is stabilized for the bilayers, independent on the
stacking sequence. The relaxation of the BFO quasicrystal
approximant structure on Pt(111) is similar to the corresponding
BTO structure, but the BFO structure remains magnetic on
Pt(111) with high magnetic moments of Fe.

If this approximant structure or the corresponding quasicrys-
tal could be prepared, the magnetism in the quasicrystal layer
would open a new field in OQC research.
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