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Theoretical investigation of iron incorporation in hexagonal barium titanate
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The incorporation of Fe impurities in hexagonal barium titanate is studied in the framework of density
functional theory. Formation energies are calculated to find the most probable defect structure. The substitution
of Fe at the two inequivalent Ti sites accompanied by oxygen vacancies in different positions is studied.
Additionally, different charge states of defects are taken into account. The structural aspects of the different
defects are also studied in detail. In summary, the theoretical results are in agreement with recent experimental
results found by means of electron paramagnetic resonance.
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I. INTRODUCTION

The family of perovskite oxides of type ABO3 is extremely
interesting due to the wide range of solid-state phenomena
they possess. Perovskites exhibit ferroelectricity, magnetism,
magnetoresistance, and also superconductivity. Many of the
perovskites are used in catalytic applications [1,2]. The phys-
ical and chemical properties can be altered by a controlled
substitution of A- and/or B-site cations [3].

Barium titanate (BaTiO3) is a perovskite with a wide
range of technical applications [4–6]. Different phases of
barium titanate are known experimentally. Aside from the
well-known low-temperature-driven phase transitions of the
cubic 3C modification (c-BaTiO3), it exhibits also a high-
temperature phase transition into the 6H hexagonal poly-
morph (h-BaTiO3), also referred to as 6H-BaTiO3 in liter-
ature, occurring at 1430 ◦C in air [7,8]. This 6H hexagonal
modification can be stabilized down to lower temperatures
either by cooling in strongly reducing atmosphere [9,10] or
by doping with particular acceptor ions [11–14].

Hexagonal BaTiO3 is a system known to accommodate a
very large amount of 3d transition metal ions replacing Ti ions
in the host matrix. The influence of this ion substitution on
the stabilization of the structure has been widely investigated
experimentally, see, e.g., Refs. [11,15]. It has been shown
that in case of doping by Cr, Mn, Fe, Co, Ni, or Cu, a
relatively small concentration of <1 mol% is sufficient to
produce a partial transition to the hexagonal phase and that
a concentration of 2 mol% is almost always enough to cause
a nearly complete phase transition [12–14,16–18].

Structure and stability of impurities and intrinsic point
defects in h-BaTiO3 was also investigated theoretically. A
geometrical optimization of the hexagonal phase by means
of density functional theory was performed by Coulson et al.
[19]. Freeman et al. developed a potential model for BaTiO3

that describes the cubic and hexagonal phases. This potential
is used in rare earth metal incorporation and transition metal
doping in h-BaTiO3 [20,21]. Dawson et al. [22] used DFT

methods to study intrinsic point defects such as cation and
oxygen vacancies in h-BaTiO3. Nayak et al. [23] have ex-
plored the charge states of Cr doping in an explicit electronic
compensated scenario in h-BaTiO3.

The incorporation of magnetic ions in barium titanate has
raised the question on existence of magnetism and multi-
ferroicity. Fe doped BaTiO3 is of special interest here. Ray
et al. [24] observed room temperature ferromagnetism in Fe-
doped barium titanate as a diluted magnetic oxide and per-
formed first-principles calculations to elucidate its magnetic
properties. Valant et al. [25] discuss disorder-order transition
in Fe doped 6H-BaTiO3. The Fe3+ ions initially distributed
on both crystallographically nonequivalent Ti sites break the
symmetry of site occupancy and order onto one preferred
Ti site upon prolonged heat treatment. Such a mechanism
of atomic site redistribution is suggested to induce room-
temperature ferromagnetism. The combination of magnetism
with semiconducting properties makes 6H-BaTiO3 interesting
for spintronics applications.

X-ray absorption spectroscopy (XAS) is used as an ex-
perimental tool to study the near edge structure (XANES)
valence state of the impurity. The extended x-ray absorption
fine structure (EXAFS) setup is used to get information about
the local structure. The appearance of x-ray magnetic circu-
lar dichroism (XMCD) is a sign of ferromagnetism in the
sample. XMCD is frequently used to study dilute magnetic
semiconductors, e.g., for 3d codoping in ZnO [26,27], p-
orbital magnetism in imperfect ZnO [28], defect induced
ferromagnetism in oxides due to local reconstruction in
the presence of point defects [29]. Similar physics is also
applied to 6H-BaTiO3 [25,30]. Angle-dependent single crys-
tal electron paramagnetic resonance (EPR) allows us to re-
trieve detailed information on the charge state and defect
geometry of the impurity. A recent comprehensive analysis
of EPR experiments on Fe in 6H-BaTiO3 by Böttcher et al.
[31] provides such data.

The present paper presents results in the framework of den-
sity functional theory (DFT) for Fe impurities in h-BaTiO3.
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FIG. 1. Crystal structure of h-BaTiO3 showing exclusively
corner-sharing oxygen octahedra of Ti(1) (light blue) and the face-
sharing oxygen octahedra of Ti(2) (violet) in the elementary cell. The
stacking of layers of inequivalent atoms is indicated at the right hand
side [O(1)—yellow, O(2)—red]. The oxygen positions Ui and Vi are
related to Ti(1) and Ti(2) sites, respectively.

It is a comprehensive investigation of the Fe incorporation
accompanied by O vacancy formation. It extends the inves-
tigation of Nayak et al. [32] for Cr in h-BaTiO3. The calcu-
lated formation energies allow conclusions about the preferred
sites of incorporation and the oxidation state of the defect.
The structural information provided by Böttcher et al. [31]
encouraged also a detailed analysis of the geometry around the
defects. The calculated geometric structure around the defect
might also be useful in the interpretation of XAS experiments.

The paper is organized as follows: After a summary of
the structural properties of h-BaTiO3 and the defect structures
considered here, the theoretical method is shortly explained.
Next, the calculated formation energies are used to discuss the
preferred substitution site and compensation mechanism. Fi-
nally detailed structural information about the most important
defects is provided.

II. POINT DEFECTS IN h-BaTiO3

The crystal structure of h-BaTiO3 belongs to the space
group P63/mmc (No. 194). The primitive cell consists of six
functional units of BaTiO3 with thirty atoms in total. The
crystal structure can also be considered as layered with BaO3

and TiO2 layers stacked along the c axis. The 6H polytype
with a stacking sequence of (ABA)(CBC) is presented in
Fig. 1. The types (1) and (2) of each element appear in the
ratio 1: 2 in stoichiometric h-BaTiO3.

They occupy interstitial positions between the BaO3 lay-
ers and are located in the center of interlayer O octahedra.
Figure 1 reveals that two types of TiO6 octahedra appear in

the crystal structure. Exclusively corner-sharing octahedra are
formed by Ti(1) and O(2), while the face-sharing octahedra
are formed by Ti(2) and both types of O.

Fe can appear in different oxidation states. The most
common ones are Fe2+ and Fe3+ in the usual iron oxides,
but high-valent cations are also possible [33]. The EPR ex-
periments [31] reveal that iron is incorporated as Fe3+ at Ti
sites. Oxidation states from 2+ to 5+ will be investigated. A
supercell charge compensated by an opposite charge in the
jellium background is used to force a certain oxidation state.
The discussion of oxidation states in modern material science
is a nontrivial task [34].

Two charge compensation mechanisms are considered in
our studies: Either an exclusively electronic charge compen-
sation of the Fe defects or an additional compensation by
oxygen vacancy charge. Fe can be substituted at Ti(1) or
Ti(2) sites, designated as FeTi(1) and FeTi(2). Hence, if an
additional oxygen vacancy (VO) is considered, a series of
inequivalent positions of VO have to be taken into account if
nearest and next-nearest positions of VO to Fe are considered.
Those positions are indicated as Ui and Vi for Ti(1) and
Ti(2) sites, respectively, in Fig. 1. Related to FeTi(1) there
are three potential VO sites named U1–U3 and six for FeTi(2)

named V1–V6. The sites U1,V1,V2 are nearest neighbor sites
with respect to the substituted Fe atom, while all others are
next-nearest neighbor sites.

III. COMPUTATIONAL APPROACH

The general scheme of the calculations is presented here.
Additional details can be found in the Supplemental Material
[35] (see, also, Refs. [29,36–39] therein).

A. Electronic structure

The calculations are based on density functional theory
and are performed by the plane-wave pseudopotential method
as implemented in the Vienna ab initio simulation package
(VASP) [40,41]. The PW’91 generalized gradient functional
[39] was employed to describe electron-electron exchange
and correlation interactions through the use of projector
augmented wave (PAW) method [42,43], with Fe-[3d74s1],
Ba-[5s25p66s2], Ti[3d34s1], and O-[2s22p4] valence electrons
treated self-consistently.

The theoretically found lattice constants a = 5.805 Å, c =
14.077 Å from Nayak et al. [32] are used. A 3 × 3 × 1 super-
cell containing 270 atoms is constructed for the defect studies.
Spin polarized calculations are performed corresponding to
the substitution of Ti by Fe. One Fe atom per supercell
corresponds to a concentration of 1.85 at.% in agreement with
the impurity concentration of about 2 mol% in experiments.
The kinetic energy cutoff for the plane waves is set to 400 eV.
Structural relaxations are performed within the �-point
approximation until the interatomic forces converged below

the threshold value of 25 meV Å
−1

. The total energy and the
density of states are computed by means of a �-centered
2 × 2 × 3 Monkhorst-Pack k-point mesh.

The limitation of density-based exchange correlation func-
tionals in DFT in accounting for the strong localization char-
acter of d orbitals is overcome by the use of the DFT + U
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approach [44,45]. We have to apply such corrections to the
Fe 3d states of the impurity in h-BaTiO3 and also to the Fe
3d states of Fe2O3 which is used for the calculation of the Fe
chemical potential required in the consideration of formation
energies. The Fe-3d states are corrected in the GGA + U
framework with U = 4 eV according to the scheme of Du-
darev et al. [46].

B. Formation energy

In order to characterize the stability of the considered
configurations D of an Fe impurity in the supercell, defect
formation energies Eform(D, q) for different charge states q are
calculated. The formation energy is calculated according to
[23,32,47–49]

Eform(D, q) = E (D, q) − EHost +
∑

i

piniμi

+ q(EV + �EF) + Ecorr. (1)

Here, E (D, q) and EHost are the total energies of the supercell
with defect and charge state q and the host supercell of the
same size, respectively. The chemical potential μi is used to
take into account the change of atoms of elemental species
i. Thus, ni is the corresponding number of atoms and pi is
∓1 according to whether the atom is added or removed from
the supercell. EV is the valence band maximum of the host
and �EF represents the position of the Fermi level in the
band gap related to EV. Ecorr is a sum of corrections which
takes into consideration the finite size effect, including the
image charge and the potential alignment corrections (see
Refs. [23,32,35,50] for details). Additional information about
the stability of defect complexes follows from the binding
energy (cf. Refs. [22,51]). If the defects A and B react to
a complex AB the binding energy can be found from the
formation energies

EB = Eform(A) + Eform(B) − Eform(AB). (2)

A positive binding energy indicates a stable, bound defect
complex.

The following chemical potentials have been used in our
studies:

μTi = E (TiO2) − 2μO, μFe = 1
2 [E (Fe2O3) − 3μO]. (3)

The chemical potential of oxygen μO is treated as a variable
with an estimated upper limit of

μmax
O = 1

2 E (O2), (4)

often called an “oxygen-rich” condition, where E (O2) is the
total energy of a free, isolated O2 molecule in the triplet state
at T = 0 K [52]. Details of the calculation of the chemical po-
tentials are given in the Supplemental Material [35] (see, also,
Refs. [22,32,47–49,53,54] therein). With the above choice of
chemical potentials, the formation energy of Eq. (1) becomes,
cf. for substitution of one Ti atom by an Fe atom,

Eform(D, q) = E (D, q) − Eh-BaTiO3 + [E (TiO2) − 2μO]

− 1
2 [E (Fe2O3) − 3μO] + μO

+ q(EV + �EF) + Ecorr. (5)

FIG. 2. Relation between oxygen partial pressure (pO2 ) and the
relative chemical potential of oxygen (�μO) at T = 1400 ◦C. The
estimation is done by using Eq. (6) together with the absolute value
for μO in the O-rich condition which is set to zero as in Ref. [52]).
(Figure from Ref. [32].)

Equation (5) describes the substitution of one Ti atom by
an Fe atom. The additional μO corresponds to the compen-
sation mechanism by an oxygen vacancy. The advantage of
an expression such as of (5) is in minimizing the number
of parameters considered for the chemical potentials. In the
present case the μO becomes the free parameter that defines
the μTi and μFe through the enthalpy of corresponding oxide
compounds. Furthermore, the oxygen chemical potential μO

can be derived from the partial pressure of oxygen gas (pO2 )
and is given by the thermodynamic expression

μO(T, pO2 ) = μO(T, p◦) + 1

2
kT ln

(
pO2

p◦

)
, (6)

where, p◦ is the standard pressure of 1 bar. The values of
μO(T, p◦) are taken from the NIST-JANAF thermochemical
tables [55]. Equations (5) (and its equivalent as applicable for
the defect under consideration) and (6) allow us to simulate
real experimental conditions, i.e., a reducing or oxidizing
atmosphere.

The chemical potential μO in Eq. (5) can be linked to
Eq. (6), by choosing a common reference μO(0 K, p) = μmax

O
(cf. Reuter et al. [52]) and using �μO = μO(T, pO2 ) − μmax

O .
Figure 2 reveals the relation between �μO and pO2 calculated
from Eq. (6) at 1400 ◦C, which is the sintering temperature
of the ceramic BaTiO3 samples. The presence of a ther-
modynamic equilibrium between the atomic defects in the
sample and the oxygen partial pressure of the surrounding can
be assumed at this temperature. The experimentally covered
range of pO2 from strongly reducing conditions using a gas
mixture of H2/Ar to pure oxygen at 1 bar corresponds to �μO

ranging from −5.14 eV to −1.98 eV, respectively. Common
experimental environments are marked as vertical (blue) lines
in Fig. 2.
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TABLE I. Supercell magnetic moments (M) and formation en-
ergies (Eform) of an isolated Fe impurity for different charge states
(q = −2, −1, 0, and + 1) obtained from Eq. (5) using �μO (air)
and �EF = 0. The local magnetic moment of Fe atoms (mFe) and
the effective partial atomic charge on Fe (Qbc) from Bader analysis
is also shown. �Eform is the difference in formation energy between
the Ti(1) site and Ti(2) site.

Site Property q = −2 q = −1 q = 0 q = +1
Fe2+ Fe3+ Fe4+ Fe5+

Ti(1) M (μB) 4.00 5.00 5.00 5.00
mFe (μB) 3.71 3.83 4.22 4.21
Qbc (e) 1.42 1.68 1.81 1.83

Eform (eV) 3.392 1.477 1.040 0.739

Ti(2) M (μB) 4.00 5.00 4.00 3.00
mFe (μB) 3.72 3.79 3.83 3.34
Qbc (e) 1.36 1.49 1.68 1.80

Eform (eV) 3.214 1.379 0.968 0.226

�Eform (eV) 0.178 0.098 0.072 0.513

IV. RESULTS AND DISCUSSION

At first the calculated formation energies will be related
to the electronic structure and experimental findings. After-
wards the structural and electronic aspects of the defects will
be discussed in detail. The formation energies for the host
systems for intrinsic defect complexes and rare earth element
doping is considered in literature from DFT and empirical
potentials, respectively [20,22]. Unlike the nature of dopants
already considered in the literature, the Fe doping introduces
additional complexity due to the variable oxidation states the
dopant atom can acquire due to the interplay of crystal field
energy and electron pairing energy.

A. Formation energies

Table I summarizes the magnetic properties and formation
energies of differently charged isolated Fe impurities, i.e.,
the exclusively electronic charge compensation mechanism is
realized. The Fe atom is placed at the two inequivalent sites
Ti(1) and Ti(2).

We have assumed that the Fe2+, Fe3+, Fe4+, and Fe5+

states correspond to the respective supercell charge states
q = −2, −1, 0, and +1, in which the integral charges are
constructed by adding electrons to (q < 0) or removing elec-
trons from (q > 0) the neutral system (supercell), respectively.
Fe4+ is the neutral state with q = 0 in which Fe assumes the
oxidation state of a Ti atom in the 4+ state.

It can be seen that the formation energy at the Ti(1) site
is for all cases higher than at the Ti(2) site, i.e., Fe at the
Ti(2) site forms the more stable defect. The lowest formation
energy is found for Fe at Ti(2) for the charge state q =
+1, i.e., Fe5+. The substituted Fe is located in a deformed
octahedral environment built by the surrounding O atoms. The
difference between the total moment of the supercell M and
the Fe moment mFe is a measure of the polarization of the
surrounding oxygen atoms. For the Fe4+ and Fe5+ at the Ti(2)
site, the polarization is much smaller. In the case of Fe5+, a
small negative polarization of the oxygen atoms occurs.

The d levels of Fe in an ideal octahedral environment are
split in t2g and eg sublevels by symmetry. The magnetic mo-
ments per supercell from the DFT calculations agree with the
Fe moment in a high spin state at the Ti(2) site considered in
an ionic picture. A better understanding of the charge transfer
between the Fe atom and in its environment in the lowest
energy configurations is obtained from Bader charge concept
[56]. The calculated Bader effective charges are presented in
Table I. Qbc on Fe only provides a relative, not an absolute,
measure of the Fe charge state as Fe2+, Fe3+, Fe4+, and Fe5+

but increases with oxidation states. It is larger for Fe at the
Ti(1) site than at the Ti(2) site. The change of Qbc (Bader
charge) at Fe4+ state is between 0.1 and 0.4 e. This confirms
the fact that the oxidation states of Fe are not one to one cor-
respondence to the integer charge states q of the supercell as it
is proved in Ref. [57]. The magnetic moment of the Fe doped
h-BaTiO3 systems were further cross checked with fixed-
spin moment calculations, the lowest energy (same trend for
formation energy) and the corresponding magnetic moments
obtained from such analysis are shown in Table I. Overall,
from the analysis of integrated partial density of states it
is concluded that the minority eg defect state controls the
electronic compensation of Fe2+ and Fe3+ both at Ti(1) and
Ti(2) sites. The Fe4+ state and the electronic compensation of
Fe5+ at the Ti(2) site is controlled by majority spin channel
t2g near the Fermi level (see Ref. [35]). The Ba states are not
considered here in this context of the defect problems. Thus,
Figs. 3(a)–3(h) present the partial DOS of the Fe 3d states,
the Ti 3d states, and the O 2p states. A strong hybridization
of all those states can be seen in the valence band region. O
2p state contributions are negligible in the conduction band.
The localized Fe 3d states hybridize mainly with 2p states of
the neighboring O atoms. Changing from Fe4+ to Fe5+ state
causes only small changes in the DOS in the case of Fe at the
Ti(1) site. Hence, the magnetic moment is nearly unchanged.
In the case of Fe at Ti(2) the change of the charge state
shifts the peak at the Fermi energy into the unoccupied energy
region accompanied by the appearance of a pronounced peak
in the minority spin region, resulting in a lower Fe moment in
the Fe5+ state. This means an electron is removed from the Fe
atom. The density of states for isolated Fe doping for the Fe2+

and Fe3+ states show peaks at the Fermi energy which are
mainly due to the d states of Fe for both Ti(1) and Ti(2) sites.
In the case of Fe4+ and Fe5+, there is strong hybridization
between Fe-3d and O-2p states with more states of O-2p at
Fermi level. This means that the holes in the valence band
state due to the electron deficient condition is partly localized
on the oxygen 2p orbitals that introduces hole carriers in a
p-type system. The screening effect of hole charges affects
the magnetic moment of Fe, which for 0 and +1 charges
states are obtained ≈4.2 μB. On the other hand, the magnetic
moment of electron rich charge states −2 and −1 is found to
be 3.7 μB and 4.2 μB, respectively. The second compensation
mechanism includes an O vacancy. The different positions
of the vacancy with respect to Fe at the Ti(1) or Ti(2) site
are indicated in Fig. 1. The O vacancy induces two excess
electrons, thus only Fe2+-VO and Fe3+-VO are possible in the
range of assumed oxidation states of Fe. Again, the effective
Bader charges (Qbc) calculated for Fe2+-VO and Fe3+-VO

for Fe at Ti(1)/Ti(2) are on the average 1.35/1.15 and
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FIG. 3. Partial density of states for exclusively electronically
charge-compensated defects at the Ti(1) site (a)–(d) and the Ti(2)
site (e)–(h). Configuration (h) is the most stable one.

1.73/1.58 e, respectively, which are almost the same values
for Fe2+ and Fe3+ states of the isolated point defect of Fe at
Ti(1)/Ti(2).

The results for the different configurations, ordered with
respect to the formation energy, are given in Table II. In
both charge states the lowest formation energy is found for

the U2 configuration. It can be seen that the configurations
V2 and V6 [at the Ti(2) site] are close in formation energy.
The oxygen vacancy is located in the first neighbor shell for
the V2 configuration but in the next-nearest shell for V6.
The formation energies for the Fe2+-VO’s are considerably
higher. Table II also reveals that the formation energy does not
systematically depend on the distance between Fe impurity
and VO.

Binding energies have been calculated from (2) for the
complexes with U2, V2, and V1 structure from Table II. All
complexes are stable (Eb > 0). The binding energy of Fe-VO

complex is larger for Fe3+-VO than those for Fe2+-VO. The
largest binding energy is found for the complex with the
U2 structure, i.e., the binding energies follow the formation
energies given in Table II.

In the case of the isolated Fe impurity, Fe5+ at the Ti(2)
site is the most stable one with a magnetic moment of 3.3 μB.
In the case of the complex with VO the substitution at the
Ti(1) site is more favorable. The magnetic moment of about
4.2 μB for Fe3+-VO agrees with the corresponding value for
the isolated Fe impurity in Fe5+ state. For the substitution
at the Ti(2) site the magnetic moment in the complex does
not change considerably, but it is larger than for the isolated
defect.

Figure 4 reveals that in the case of the VO charge-
compensated defects the Fe 3d DOS shows similar features
like for the single Fe defects presented in Fig. 3. Charge
state and configuration affect the Fe 3d DOS mainly near the
Fermi energy. In the higher oxidation state spin-down states
are pushed into the unoccupied energy region leading to a
small increase of the magnetic Fe moments. The theoretical
results can be related to the recent EPR investigations of
Fe doped h-BaTiO3 single crystals by Böttcher et al. [31]
which reveals three different Fe3+ defect centers. Two of
them were attributed to isolated Fe3+ defects incorporated
at Ti(1) and at Ti(2) sites, which could be distinguished by
the different distortion of the Ti(1) and Ti(2) surrounding O
octahedra which is reflected by a distinct difference of the
fine structure parameters of both centers. The third detected
center consists of Fe3+ and a neighboring oxygen vacancy.
From the EPR point of view ‘isolated defect’ means that

TABLE II. Comparison of the calculated properties for the FeTi-VO complexes for various lattice positions of VO. The different VO sites
are indicated in Fig. 1.(dFe−VO —distance between Fe impurity and O vacancy, mFe—magnetic moment of Fe atom, Eform—formation energy of
the defect obtained from Eq. (5) using �μO (air), �Eform—difference in formation energy with respect to the lowest value.) Data are presented
in ascending order of Fe3+ formation energy (Calculation for �EF = 0.)

site VO dFe−VO neighbor q = 0, M = 4 μB, (Fe2+-VO) q = +1, M = 5 μB, (Fe3+-VO)

at type (Å) shell mFe (μB) Eform (eV) �Eform (eV) mFe (μB) Eform (eV) �Eform(eV)

Ti(1) U2 O(1) 4.57 2 3.71 −0.1876 0.0000 4.22 −1.6774 0.0000
U1 O(2) 2.01 1 3.66 0.2856 0.4732 4.13 −0.9931 0.6844
U3 O(2) 4.59 2 3.71 0.5642 0.7518 4.22 −0.9758 0.7020

Ti(2) V2 O(1) 2.01 1 3.91 −0.1183 0.0693 4.11 −1.6322 0.0453
V6 O(1) 4.77 2 3.70 −0.0540 0.1336 4.16 −1.4848 0.1926
V4 O(2) 4.39 2 3.69 0.6186 0.8062 4.16 −0.9038 0.7736
V1 O(2) 1.98 1 3.62 0.3591 0.5467 4.07 −0.9017 0.7758
V3 O(2) 4.10 2 3.69 0.3718 0.5594 4.14 −0.8640 0.8135
V5 O(2) 4.54 2 3.69 0.5941 0.7817 4.16 −0.8608 0.8167

184108-5



WAHEED A. ADEAGBO et al. PHYSICAL REVIEW B 100, 184108 (2019)

FIG. 4. Partial density of states for VO charge-compensated de-
fects with lowest formation energy at site Ti(1) in U2 configuration
(a), (b) and at site Ti(2) in V2 configuration (c), (d). Configuration
(b) is the most stable one.

the Fe surrounding oxygen octahedron is complete, i.e., no
nearest neighbor oxygen vacancy exists. But the VO necessary
for charge compensation could be situated already in the
second coordination sphere of the Fe defect, which cannot
be detected by the mentioned EPR experiments. Hence, the
configurations U2, U3, and V3–V6 (cf. Fig. 1 and Table II)
correspond to the isolated Fe defect from EPR point of view,
while only configurations U1, V1, V2 could correspond to the
EPR-detected Fe3+-VO associate. Table II proves that the cal-
culated formation energies correspond very well with the EPR
findings. First, in experiment only Fe3+ defects are found.
The calculated formation energies for Fe3+ are also lower
than those for Fe2+. Second, the lowest in formation energy
are the U2, V2, and V6 configurations, which corresponds
perfectly with the EPR results relating the experimentally
detected Fe3+

Ti(1), Fe3+
Ti(2), and Fe3+-VO to U2, V6, and V2,

respectively. Using this assignment, quantitative EPR deter-
mines the concentration ratio of Fe3+ defects to U2: V6: V2
= 12: 10: 1 [31]. In agreement with experiment, the formation
energy of the U2 defects is found to be slightly lower than the
V6 formation energy. But there is one distinct disagreement
between experiment and calculation. Experimentally, the con-
centration of associates Fe3+-VO (V2) is one order lower
compared to the concentrations of isolated defects. Since the
calculated formation energies of V2 and U2 are practically
the same, one would expect similar concentrations which is
not the case. This remarkable inconsistency in the case of
the associate Fe3+-VO occurs again in the following section
discussing geometrical aspects of the iron defects. With a
view on understanding the EPR results, we expanded our
theoretical analysis to the ab initio thermodynamics. Figure 5
shows the dependence of the formation energy on the reduced
chemical potential �μ for the two compensation mechanisms.
Only a selection of those configurations, which are lowest in
formation energy (cf. Tables I and II) are presented. The fact
that the exclusively electronically compensated defects Fe2+,
Fe3+, Fe4+, and Fe5+ exhibit considerable higher formation
energies (see Fig. 5 and Table I) is in correspondence with

FIG. 5. Formation energies for a selection of defect configu-
rations in dependence on the reduced formation energy �μ for
�EF = 0.

the known defect chemistry of BaTiO3. Room temperature
p-type conductivity of BaTiO3 was never observed until now.
Thus the formation of movable holes in the oxygen 2p band,
corresponding to the defects in Fe2+ and Fe3+, is not expected.
On the other hand, the formation energy of Fe5+ state corre-
sponding to donor doped material becomes only probable at
highest oxygen chemical potentials near the O-rich limit. Al-
ready somewhat lower oxygen chemical potentials, still much
higher than that of air, cause enough oxygen vacancies which
lower the probability of the formation of Fe5+ significantly.

Figures 6(a) and 6(b) better elucidate how the relative sta-
bility of charged defects is modified with respect to the posi-
tion of Fermi level in the band gap. The formation energies for
a selected defect configuration in dependence on �EF both for
the normal air condition and oxygen rich limit, respectively,
are shown. As explained in connection with Fig. 5, Fe5+ is
not probable for normal air condition but it is highly favored

FIG. 6. Formation energies for selected defect complexes as a
function of �EF, with the position of the Fermi energy parametrized
to lie between the VBM, �EF = 0, and the DFT band gap value.
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FIG. 7. Local geometric structure around the inequivalent Ti
sites in h-BaTiO3: (a) structure around the Ti(1) site and (b) structure
around a Ti(2) site. Furthermore, the angles θi are defined as angle
between the bonds Li and the positive and negative c axis, respec-
tively. For pure h-BaTiO3 the distances Li are identical around the
Ti(1) site.

together with other uncompensated defects of Fe3+ and Fe2+

in the oxygen rich limit. The former defect is favorable when
Fermi energy is close to the valence band maximum or the p-
type condition, while the latter stability increases with Fermi
level shifting toward the conduction band in the n-type region
which are not experimentally observed. Other compensated
defects are highly unfavored with increasing �EF in the
oxygen rich limit but their formation is probable under the
reduced oxygen condition, especially when Fermi level shifts
toward the top of the valence band maximum.

B. Local geometric structure around the Fe impurities

To discuss the local geometric structure at the defects
considered here, the quantities defined in Fig. 7 are used.
The structures will be characterized by bond lengths of the
surrounding oxygen atoms to the two inequivalent sites (Li)
and angles θi measured to the positive and negative c axis,
respectively. The angles and bond lengths are results from our
DFT calculations. (see Ref. [35] for a comparison with other
data). In undoped h-BTO the oxygen atoms around Ti(1) are
equivalent, i.e., the bond lengths are Li = 2.0117 Å and the

FIG. 8. Fe-O bond lengths around the Fe impurity at the Ti(1) site (a)–(c) and at the Ti(2) site (d)–(f). The O labels i correspond to the
distances Li as defined in Fig. 7. (a) and (d) correspond to the exclusively electronic charge compensation mechanism, while the other cases
include VO. The dashed lines indicate the bond lengths in pure h-BTO. Symbol “◦” marks the position of the oxygen vacancy in the first
neighbor shell and the distance of VO from Fe (cf. Table II for the configurations). The background color helps to distinguish O(1) (gray) and
O(2) (white) atoms.

184108-7



WAHEED A. ADEAGBO et al. PHYSICAL REVIEW B 100, 184108 (2019)

FIG. 9. Angles θi, as defined in Fig. 7, around the Fe impurity at the Ti(1) site (a)–(c) and at the Ti(2) site (d)–(f) [the gray background
marks O(1) atoms]. (a) and (d) correspond to the exclusively electronic charge compensation mechanism, while the other cases include VO.
The dashed lines indicate the angles in ideal h-BTO. Symbol “◦” marks the position of the oxygen vacancy in the first neighbor shell and the
corresponding angle of VO (cf. Table II for the configurations).

angles are θi = 55.708◦, i.e., the oxygen octahedron is slightly
compressed along the c axis. The Ti(2) site is coordinated by
nonequivalent oxygen atoms. One gets a stronger distortion
of the oxygen octahedron and two distinct bond lengths
Ti(2)-O(1) LA = Li (i = 1, 2, 3) and Ti(2)-O(2) LB = Li (i =
4, 5, 6) and the corresponding angles θA and θB are different.

The values are LA = 2.0154 Å and LB = 1.9783 Å, θA =
47.686◦, and θi = 58.6◦ respectively. A comparison of our
crystal structure data with experimental data and other calcu-
lations is given in the Supplemental Material [35] (see, also,
references [7,19,21,58–61] therein).

In Figs. 8 and 9 the deviations of bond length and angles
from the ideal structure caused by the impurity are shown.
The distances and angles of the pure h-BTO are indicated
by dashed lines. Only three configurations with the lowest
formation energy V2, V6, V1 are displayed in the case of
FeTi(2).

If Fe is incorporated at the Ti(1) site [cf. Figs. 8(a)–8(c)]
a tendency to larger distances can be seen. Figures 8(b) and
8(c) describe the oxygen vacancy compensation mechanism.
The configurations U2, U3 show similar behavior because
the vacancy is located in the next-nearest shell. Stronger

changes are obtained for U1 having the vacancy at position 1
(cf. Fig. 7). The comparison of Figs. 8(b) and 8(c) reveals a
stronger dependence of the distances from the oxidation state
if the vacancy is located in the nearest neighbor shell. For the
exclusively electronic charge compensation mechanism at the
Ti(2) site [cf. Fig. 8(d)] it can be seen that a higher oxidation
state leads to decreasing distances. Fe at Ti(2) for Fe5+ is the
lowest in formation energy for the exclusively electron charge
compensated defects. Opposite bond pairs and also adjacent
bonds behave such that one is contracted and the other is
extended.

Fe3+-VO with Fe at Ti(1) (U2 configuration) is the most
stable defect configuration. The O vacancy is of O(1) type
in the next-nearest-neighbor shell. The slight increase in the
bond lengths are due to the Fe atom and not mainly caused
by VO. Next in formation energy comes Fe3+-VO at Ti(2) (V2
and V6 configuration). For V2 the O vacancy is at position
1. Thus the length L1 increases and the opposite bond L4

decreases, while the others are approximately unaffected. In
the V6 configuration the O vacancy is located in the next-
nearest-neighbor shell. Thus, a slight increase in the bond
lengths is obtained. Figure 9 summarizes the results for
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the angles defined in Fig. 7. In the case of the exclusively
electronic charge compensated defect the angles deviate only
slightly from the values in undoped h-BaTiO3. An increase
of the angles for the O(1) atoms and a decrease for the O(2)
atoms is obtained for Fe at Ti(2) for Fe5+ representing the
configuration with lowest formation energy.

The calculated angles θ1 (U1, V2) and θ4 (V1) related to
associates Fe-VO for Fe3+-VO (where VO and Fe are nearest
neighbors) can be compared with data obtained by our EPR
experiments [31]. The EPR spectrum of the associate Fe3+-VO

could be explained by a nearly axial crystal field, which sym-
metry axis corresponds to the direction between Fe3+ and the
neighboring VO. Hence, the direction of the main axis of the
fine structure tensor with the largest eigenvalue corresponds
to this direction. Its angle to the c axis was estimated to be
58.5◦ [31]. On the other hand, according to Figs. 9(c) and 9(f)
the angles for VO with respect to the c axis are found to be:
θU1 = 57.5◦, θV2 = 47.5◦, and θV1 = 58.5◦. The comparison
between experiment and calculation clearly prefers the con-
figurations U1 and V1 and excludes configuration V2, where
the oxygen vacancy is located in the plane between the two
adjacent Ti(2) sites. This oxygen plane is the peculiarity of
the hexagonal compared to the cubic BTO structure. Since
configuration V2 has the distinctly lowest formation energy
among the three Fe-VO associate configurations for Fe3+-VO,
interestingly, the DFT results are in contradiction with the
experiment again only for this configuration. Remarkably,
other theoretical work by Dawson et al. [21] using interatomic
potentials between the constituents of the h-BaTiO3 structure
also found the V2 configuration as the most probable among
the three possibilities. This shows that the isolated point defect
obtained for the transition metals doped and the intrinsic
defect especially for the compensating oxygen vacancy, like
it is obtained in Refs. [21,22], has strong influence on the
formation of the complexes.

V. CONCLUSION

Ab initio calculations are used to study the incorporation
of Fe in h-BaTiO3 in detail. Defect formation energies are
calculated for different oxidation states of Fe and both exclu-
sively electron charge compensation and additional compen-
sation by an oxygen vacancy. Due to high formation energies
exclusively electron charge compensated defects are ruled out.
Fe-VO complexes are lower in formation energy for Fe3+-VO

than the corresponding Fe2+-VO. This is in accordance with
the results from EPR experiments. The kinds of the three
defect configurations agree well with experiment, because two
of them have the vacancy in the next-nearest-neighbor shell,
which is an isolated defect from the EPR point of view. On the
other hand, the differences in the formation energies found
in the calculations do not reflect correctly the probability of
the defects found in experiment. The angle of the Fe-VO

direction can be extracted from the EPR experiments as well.
We find a good agreement with this result for one investigated
configuration, but this configuration is too high in energy.
Both discrepancies between theory and experiment are related
to the oxygen vacancy in the sharing plane of the oxygen
octahedra surrounding the Ti(2) site.

The results from the DFT calculations help to interpret
the experimental results with some caveats. The detailed
structures for the defects in different charge states might be
helpful to understand the doping physics in complex systems.
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