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Charge imbalance and magnetic properties at the Fe;0,/BaTiO; interface
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The electronic structure and physical properties at the interface in the superlattice Fe;O4/BaTiO; were
investigated by using the first-principles all-electron full-potential linearized augmented plane-wave method.
The loss of half metallicity of bulk Fe;O, in the multiferroic superlattice Fe;0,/BaTiOj is related to the charge
imbalance effect at the interface. The effect of strain strongly influences the Fe magnetic moments and the
spin-polarized carriers at the interface. Oxygen vacancies are shown to recover the almost half-metallic ground
state in the superlattice. The effects of the charge imbalance, the strain, and the oxygen vacancies at the
interface in the superlattice Fe;0,/BaTiO5 can be applied to designing better multifunctional oxide-based

systems.
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I. INTRODUCTION

The emergence of multiferroic materials in applications
for multifunctional devices makes it very important to under-
stand the interplay between ferromagnetic (or ferrimagnetic)
and ferroelectric properties, where it is required that the fer-
romagnetic property is controlled by an applied electric field
and vice versa. There are some bulk-type (single phase) mul-
tiferroic materials, such as BiMnO;, CdCr,S,, and BiFeOs;,
etc.; however, they have low Curie temperature (below 135
K) or low reproducibility.! On the contrary, by choosing the
appropriate bulk materials, two phase systems made by con-
tact between two different single phase materials can be ro-
bust at room temperature.! Among two phase systems, super-
lattices and films are especially good candidates for studying
the relations between ferromagnetic and ferroelectric proper-
ties rather than single phase materials since they interact with
each other only through the interface. Thus, it is important to
study the interfaces in the multiferroic devices in the form of
superlattices and films, in which the interface plays a deci-
sive role in determining their functionality since its physical
properties are different from those of the bulk materials.

The physical properties of these interfaces are, however,
not well known in multiferroic thin films and superlattices.
To understand them, the Fe;0,4/BaTiO; superlattice has been
studied in this paper. Now, spinel magnetite Fe;O, has a
ferrimagnetic ground state (total magnetic moment of 4.33up
and T~ 860 K)>3 and a high spin polarization, and perov-
skite BaTiO5 has a ferroelectric tetragonal structure at room
temperature (saturation ferroelectric polarization 0.26 C/m?
and T~ 393 K).* Given these strong ferroic properties, su-
perlattices of these materials are good candidates for possible
multiferroic applications. However, the effect of the interface
on the electronic properties of the superlattice, which will
eventually affect ferromagnetic and ferroelectric properties,
should be clarified first.

In this paper, for the study of the Fe;0,/BaTiO; superlat-
tice, the highly precise all-electron full-potential linearized
augmented plane-wave (FLAPW) method>® is used, and a
number of important issues are discussed. First, theoretically
whereas bulk Fe;0, is half metallic, the half metallicity in
our calculations is destroyed at the interface in the
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Fe;0,/BaTiO5 superlattice. Even though this loss of half
metallicity by interface states was reported in previous works
for several Heusler/semiconductor interfaces, such as
Co,MnGe/GaAs (Ref. 7) and Co,CrAl/InP (Ref. 8), the rea-
son behind the loss is still not clear. As one possible mecha-
nism, the effect of charge imbalance is proposed in Sec.
IIT A. Second, experimentally, it has been reported that strain
affects the magnetic properties of Fe;O, with the different
substrates and in superlattices.’"'* However, to our knowl-
edge, there are theoretical studies only for the bulk strain
effect.’>1° In Sec. III B, we discuss the strain effect at the
interface due to charge imbalance which cannot occur in the
bulk. Moreover, recently it was reported that the strongly
bias-dependent magnetoresistance at the Fe;O,/BaTiO; bar-
rier is measured in a multiferroic Fe;0,/BaTiO; bilayer.? In
this experiment, the sign of the magnetoresistance is
switched from negative at low bias to positive at high bias,
which shows well the interaction between magnetic and
ferroelectric properties in the Fe;O,/BaTiO; bilayer. Here,
we discuss the change in the spin polarization of carriers!’
through the strain at the interface, which is possibly con-
trolled by an external electric field. Finally, in the oxides
systems, oxygen vacancies can be considered in many cases
to play an important role. In Sec. III C, we show that indeed
oxygen vacancies can recover the half metallicity destroyed
by charge imbalance in the oxide multiferroic superlattice
and thus increase the spin polarization of the carriers. We
show that the results from these oxygen-vacancy effects can
be explained by a shift of E to a higher energy level, which
accordingly causes the change in the magnetic moments of
Fe ions in the superlattice.

II. DETAILS OF THE CALCULATIONS

For a study of the Fe;O,/BaTiO; interface, we investigate
the electric and magnetic properties of their superlattices by
using the FLAPW method with the local exchange-
correlation scheme formulated by Hedin and Lundqvist.'®
We use a half unit cell of spinel Fe;0,,'° and one and a half
unit cells of perovskite BaTiOs (Ref. 20) for constructing the
supercell in the experimentally reported [001] direction!
[Fig. 1(a)]. The interface in the superlattice is composed of
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FIG. 1. (Color online) (a) (upper) Crystal structure of the superlattice Fe;0,/BaTiOs, (lower left) interfacial Fe,O, layer, (lower right)
interfacial TiO, layer, and (b) projected DOS of octahedral Fe 3d, Ti 3d, and O 2p states at the interface, where the O 2p state is located in
the interfacial Fe,O,4 layer. These atoms are marked on (a) by Fe(D), Ti(D), and O(D), respectively. (solid line: fixed structure; dotted line:

relaxed structure).

(Fe,0,)* and (TiO,)° layers from Fe;O, and BaTiO;,
respectively,”! to match the Fe-O bonds more efficiently.
Three kinds of in-plane lattice constants are considered from
the spinel Fe;0, (8.398 A), perovskite BaTiO; (7.988 A
=2Xx3.994 A), and average lattice constants are taken for
the study of the strain effect. If not otherwise specified, the
superlattice with spinel Fe;O, lattice constant is mainly con-
sidered here, which corresponds to a direct structure.? Next,
atomic structure relaxation was also performed in all direc-
tions for all superlattices. The magnetic moments of ions are
considered only inside muffin-tin spheres of 2.0, 2.1, 1.5 a.u.
for Fe, Ti, O ions, respectively, in the fixed structure, and for
the relaxed structure, muffin-tin spheres of 1.3 and 1.4 a.u.
for the oxygen ions are employed. Energy cutoffs of 3.873

Ry and 250 Ry are employed for the plane-wave basis and
the potential representation, respectively. An expansion in
terms of spherical harmonics with angular momenta up to /
=8 is used to describe the wave functions inside the muffin-
tin spheres. For the k mesh and the k-point integrations, a
15X 15X 7 and the improved tetrahedron scheme???3 are
adopted, respectively.

III. RESULTS AND DISCUSSIONS
A. Loss of half-metallic property

Whereas the ground states of bulk cubic Fe;O, and tetrag-
onal BaTiO; are a half metal®* and an insulator,” respec-
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FIG. 2. Total DOS for (a) the bulk Fe;0,4 and (b) the Fe;04/BaTiO; superlattice with the fixed structure; (c) schematic diagram of the
charge imbalance model and projected DOS of octahedral Fe 3d at the central and interfacial Fe,O, layers and (d) schematic diagram of the
change in 3d DOS for the octahedral Fe ion from the bulk Fe;O4 to the Fe;0,/BaTiO5 superlattice by the charge imbalance.

tively, a simple metallic ground state is obtained for the
Fe;0,4/BaTiO; superlattice in both the fixed and relaxed
structures [Fig. 1(b)]. From an analysis of the projected den-
sity of states (DOS), we find that the 3d states of Ti ions in
the superlattices do not contribute to the DOS near the Fermi
energy (Ep) [Fig. 1(b)]—a result that is different from pre-
vious Fe/BaTiOj; calculations, which show hybridization be-
tween the Ti 3d and Fe 3d orbitals.2® In our results, such a
hybridization is absent since the Ti 3d orbitals can interact
with Fe 3d only through the interfacial oxygen 2p orbitals.
Moreover, considering our result of unoccupied Ti 3d orbit-
als, we do not expect any serious problems (e.g., partially

occupied Ti 3d orbitals) in our calculated results, which may
be caused by the possible underestimated band gaps in the
local-density approximation (LDA) scheme. Therefore, a
metallic ground state different from the half-metallic ground
state of bulk Fe;0,4 [compare Figs. 2(a) and 2(b)] originates
from a change in the Fe 3d states and the oxygen 2p states
near Ep. In Figs. 2(a) and 2(b), the total DOS of the
Fe;0,/BaTiO; superlattice is compared to that of the bulk
Fe;0, instead of the bulklike part of the superlattice for clar-
ity since the bulklike Fe atoms in the central layer in the
Fe;0, part of the superlattice do not show the clear nomi-
nally half-metallic property [as seen on the projected DOS
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FIG. 3. (Color online) (a) Crystal structure for the relaxed atomic position of superlattice Fe;0,/BaTiO5 and (b) displacement of Ti and
O ions in the TiO, plane, where the length of arrows is proportional to the displacement of ions, and the solid-line and the dotted-line arrows

mean the slight displacement toward up and down, respectively.

for Fe 3d in the central layer in Fig. 2(c)] by its short period
supercell geometry. The destruction of half metallicity in the
Fe;0,/BaTiO; superlattice is caused by the charge imbal-
ance at the interface, in which the interfacial (Fe,0,)3" layer
lacks 1.5 electrons for the charge neutralization, since the
BaTiO; has the insulating surface and thus the (TiO,)° layer
in the BaTiO5 does not contribute electrons to the (Fe,0,)~
layer [Fig. 2(c)]. Therefore the valence of Fe ions near the
interface is changed, which shifts the Fermi energy to the
lower energy level, and destroys the half metallicity of bulk
Fe;0, [Fig. 2(d)]. Indeed, the projected DOSs of Fe 3d from
the interfacial and central layers show the evident depth pro-
file of the metallic and half-metallic properties, respectively
[Fig. 2(c)]. In addition, from our projected DOS results for
the larger superlattice with one unit cell of Fe;0,,'° the more
evident change is seen from the interfacial metallicity to the
central half metallicity. Hence, the interface properties in our
study are not affected by the superlattice thickness, specifi-
cally, beyond the half-unit-cell thickness of the Fe;O, part.
Moreover, charges inside the muffin-tin radius of Fe ions in
the superlattice decrease by as much as 0.13-0.16e~ com-
pared to bulk Fe;0,4; however, the case of oxygen ions shows
a negligible decrease of 0.02-0.05e~. This lack of half me-
tallicity at the interface may cause several problems such as
lower spin-polarization and possibly stronger screening of
the dipolar field in ferroelectric materials.?’-?8

B. Strain effect on magnetic properties

The Fe magnetic moments in the superlattice with the
fixed structure are similar to those in bulk Fe;O,, which are

—3.3 and 3.43up for the tetrahedral and octahedral Fe ions,
respectively. From Fig. 3(a), the four types of Fe ions are
marked as Fe(I) in the tetrahedral site and Fe(II), Fe(III), and
Fe(IV) in the octahedral sites, and have magnetic moments
of —3.3, 3.36, 3.39, 3.53 up, respectively, which shows a fer-
rimagnetic ground state as in bulk Fe;O,. The notable thing
is the large induced magnetic moment of oxygen at the in-
terface; these oxygen atoms are located in the plane with the
Fe(II) ion and have moments of 0.21 and 0.25ug, which are
three times larger than in the bulk Fe;O, system. These in-
duced magnetic moments can be explained by the charge
imbalance at the interface, in which the hybridized spin-
polarized partially empty 2p states of interfacial oxygen at-
oms are generated by the shifted Er, which causes metallic-
ity in Fe ions [see projected DOS of O 2p in Fig. 1(b)].
Interestingly, the geometry optimization shows a noticeable
decrease in the Fe(IIl) magnetic moment in all superlattices
with different lattice constants. That is, the Fe(III) magnetic
moment is reduced by 0.64, 1.37, and 1.1up for the super-
lattices employing the bulk Fe;O,, the bulk BaTiO;, and
their average lattice constants, respectively [Fig. 4(c)]. As
seen from Fig. 3(a), the upper and lower oxygen atoms,
O(II), of the Fe(Ill) ion are tilted, that is, shifted from the
apical axis parallel to the d.2 state of the Fe(Ill) ion. There-
fore, the spin-up d,2 state of Fe(Ill) near E becomes a lower
energy level than the d,» > state under the crystal-field
scheme, which results in the unoccupied split spin-up state.
Moreover, the magnetic moment of Fe(IIT) is reduced by the
increase in the number of electrons in the spin-down (minor-
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FIG. 4. The change in magnetic moments of (a) Fe(I), (b) Fe(I),
(c) Fe(Il), and (d) Fe(IV) ions marked in Fig. 3(a) by the atomic
position relaxation and the strain. The lattice constants, 7.988,
8.193, and 8.398 A, correspond to the lattice constants of BaTiO;,
average, and Fe;O,4. For all superlattices, the constraint of fixed
volume is applied.

ity) t,, states near Ey, which comes from the reduced occu-
pation of the spin-up (majority) d,2_,» state due to its shift to
higher energy.

With the atomic position relaxation of the whole superlat-
tice, we have obtained large displacements of the Ti and O
ions. In the TiO, plane, the distance between Ti and O ions
are changed in the [110] direction of the bulk BaTiO; by as
much as —0.013, =0.133, —0.231, and 0.417 A for the Ti(I)-
O(I), Ti(I)-O(II), Ti(IT)-O(I), and Ti(I[)-O(II) pairs, respec-
tively [Fig. 3(b)]. This corresponds to a monoclinic r
phase?>3 being stable at positive misfit strains of the lattice
constant of bulk Fe;O,4. By these large atomic displacements
in the TiO, and Fe,O, layers, the instability caused by the
high DOS at Ej. of the fixed structure superlattice is reduced
much, which stabilizes the Fe;O,/BaTiO; superlattice as
much as 0.15 eV/unit cell compared to the fixed structure. In
addition, the in- and out-of-plane symmetries are broken at
the heterointerface of the Fe,O, and TiO, layers, which may
affect the atomic displacement. Further, to see the relation
between the displacements of BaTiO; and Fe;O, in the su-
perlattice, only the relaxation of Fe;O, layers was per-
formed, and this shows similar relaxed atomic positions of
the Fe and O ions as that of the relaxation of the whole
superlattice. Thus, it is envisioned that the displacement of
the Fe;0, is independent of the displacement of the BaTiOs,
and originates mainly from the discontinuity of the crystal
structures inducing atomic bonding mismatches at the inter-
face. The change in magnetic moment by relaxation is, how-
ever, slightly different between the above two cases. In the
case of the relaxation of the Fe;O, only, the Fe(Il) has
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smaller magnetic moment (by 0.2u5) than those in the case
of the whole structure relaxation, and the Fe(III) also has a
smaller magnetic moment (by 0.15ug). These results show
that the displacements of Ti ions by relaxation also contrib-
ute to the physical properties of the interfaces in the super-
lattices.

The strain effect also shows interesting results for the Fe
magnetic moments. In the smaller lattice constants (BaTiO;
and average), the crystal symmetry of the magnetite in the
superlattice is not cubic but tetragonal. As seen in Figs. 4(b)
and 4(c), the Fe(IT) and Fe(IIl) magnetic moments in the
relaxed structure increase significantly (2.53 and 1.12u, re-
spectively), as the lattice constant increases. These results
show that the high- and low-spin states of interfacial Fe(II)
and central Fe(IIT) ions compete with each other through the
change in strain. This increase in the Fe magnetic moments
also increases the induced magnetic moments of nearest oxy-
gen ions from 0.05 to 0.21ug. The total magnetic moments
are 15.6, 2.2, and 2.8 for the superlattices with the lattice
constant of bulk Fe;0,, bulk BaTiOs, and average, respec-
tively. This large difference in total magnetic moments be-
tween bulk Fe;0, and other lattice constants is mainly due to
the dramatic change in the magnetic moments of atom type
Fe(IT) as shown in Fig. 4(b).3! Indeed, recently magnetiza-
tion jumps, which are induced by the strain due to the struc-
tural phase transition of BaTiOs, were reported in Fe;O, thin
film grown on BaTiO; single crystal.'* Moreover, this large
variation in total magnetic moments can be compared with
the experimental results of Fe;O,/MgO, where the total
magnetic moment is reduced to half the value by the strain.’
These changes of magnetic moments by strain are also re-
lated to the change in the spin polarization of carriers. Spin
polarizations of 11, 38, and 23% are obtained'” for the su-
perlattices with the lattice constants of Fe;O4, BaTiO;, and
average, respectively. Based on these results, we can simply
understand the previous experiments for bias-dependent
magnetoresistance.> By applying an external electric field, it
is possible to change the strain of BaTiO;,*? and then the
resulting strain changes the spin polarization of Fe;O,4, which
has an influence on the amount of magnetoresistance.

C. Effect of oxygen vacancies

To see the possibility of restoring the half metallicity,
oxygen vacancies are considered in the superlattice which
may reduce charge imbalance at the interface. Now, for the
oxygen vacancy in bulk Fe;Oy,, it was reported that the oxy-
gen vacancies and their complexes with iron defects can be
formed in bulk Fe;O,4 when it is equilibrated with the low
oxygen partial pressure at high temperature.*® To see the pos-
sibility of oxygen vacancies, we obtained the calculated for-
mation energy of 4.79 eV for the oxygen vacancy in the bulk
Fe;0, under extreme oxygen poor conditions, where the for-
mation energy of the oxygen vacancy (E/[O,]) is defined as

Ef[ov] = E,[0,] - E[Fe;04] + 1/2E,,[ O, ]
+ 1/4AH [Fe;0,], (1)

where E,,[O,] is the total energy derived from the supercell
calculation with one oxygen vacancy and E,,[Fe;0,] is the
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total energy for the bulk Fe;O, with the same supercell size.
E[O,] is the energy of oxygen in an O, molecule, and
AH{Fe;0,4] is the enthalpy of formation (negative for a
stable compound). Therefore, it is anticipated that it is diffi-
cult in bulk to form oxygen vacancies, as a point defect.
However, recently, oxygen vacancies were also found near
the film Fe;0, [001] surfaces on a MgO [001] substrate by
scanning tunneling microscopy (STM),**¥ in which the re-
lation between oxygen-vacancy-induced surface reconstruc-
tion and the relaxation of the charge in the polar Fe;O, [001]
surface is discussed. By a similar compensation mechanism,
our charge imbalanced system at the interface is expected to
be stabilized by oxygen vacancies, as in the experiments.
Therefore, the oxygen vacancies can be one of the candidates
among the native defects for restoring the half metallicity
near the interface of our Fe;0,/BaTiO5 system.

Hence, we have designed a model which has two oxygen
vacancies at the center plane of magnetite in the superlattice
structure. The calculations with the atomic position relax-
ation for this model show that the effect of oxygen vacancies
is simply to shift Er to a higher energy level, and thus to
recover the almost half-metallic ground state at the interface.
In this strategy, it is important to keep oxygen vacancies at
the central layers of magnetite since this rigid-band picture
can be easily destroyed by oxygen vacancies near the inter-
face layer. Note that the mainly interfacial Fe ions contribute
to the DOS at Er. In addition, we have found that oxygen
vacancies at the central layer have a 0.25 eV lower formation
energy than those at the interface layers. These oxygen va-
cancies in the central layer induce the large structural rear-
rangement in which the tetrahedral Fe ions move into inter-
facial Fe,0, layers by as much as 1.13, 0.18, and 0.91 A for
the x, y, and z directions, respectively. By this large rear-
rangement, the constituent of the interfacial layer changes
from Fe,0, to Fe;0,, which reflects the compensation of the
excess charge state of the interfacial Fe,O, layer induced by
the oxygen vacancies. In contrast, in bulk Fe;O,, the oxygen
vacancy does not induce such a large rearrangement, in
which the relaxed tetrahedral Fe ions are located near their
bulk position. Therefore, this peculiar large structural rear-
rangement near the interface can be understood by the en-
ergy gain obtained from reducing charge imbalance at the
interface. Moreover, the half metallicity of the central layer
as a bulklike region is also conserved by forming the neutral
Fe,0, layer due to two oxygen vacancies, different from the
bulk Fe;O, where oxygen vacancies destroy half metallicity.

As for the effects of these oxygen vacancies, an enhanced
spin polarization of 63% is obtained, which is much larger
than the 11% spin polarization for the superlattice with no
oxygen vacancy. The magnetic moment of the tetrahedral
Fe(I) ion increases by as much as 0.2ug; in contrast, the
octahedral Fe ions decrease their magnetic moments by as
much as 0.3-0.5u. On the contrary, in the bulk Fe;O, with
oxygen vacancies, the tetrahedral Fe ions near the oxygen
vacancy show a decreased magnetic moment by as much as
0.2up, which leads to the loss of half metallicity in bulk
Fe;0,4. The changes of magnetic moments near the interface
of the Fe;O,/BaTiOj; superlattice systems originate from the
shift of E to a higher energy level due to the oxygen va-
cancy, which increases the electron occupancy. The increase
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in the spin polarization is consistent with this magnetic-
moment behavior in the tetrahedral and octahedral Fe ions;
the additional electrons mainly occupy the spin-down DOS
for all Fe ions since the tetrahedral Fe ions have partially
occupied spin-down (majority) and fully empty spin-up (mi-
nority) states, while the octahedral Fe ions have increasing
spin-down DOS (minority) and decreasing spin-up DOS
(majority) at Ep. Moreover, in our calculated results, the 3d
states of interfacial Ti are not affected by the oxygen vacan-
cies in the Fe;O, part so it still has empty 3d occupancy as in
bulk BaTiO; and in the superlattice without oxygen vacancy.
This means that without destroying the insulating behavior
of central layers of BaTiOs, the spin polarization of the car-
riers can be controlled by the oxygen partial pressure during
the growth of Fe;O, as a part of the superlattice.

When a metal contacts a ferroelectric material, the effect
of screening must be considered at the interface.”® However,
as mentioned above, Ti ions in BaTiO; have empty 3d occu-
pancy, and thus there is no long-range hybridization between
the Fe;O,4 and BaTiO; systems. This possibly indicates that
Fe;0, has no significant effect on the polarization instability
of BaTiO;, and so the BaTiO5; and Fe;O, can interact with
each other mainly by the strain effect. The fact that the dis-
placements of the BaTiO; in the superlattice do not affect
significantly the relaxed results of the Fe;O, layers, which
was mentioned in Sec. III B above, also supports these ideas.
In this study, only the superlattices with inversion symmetry
are considered so it is not appropriate to discuss the depolar-
izing electric field effect inside ferroelectric BaTiO5, which
possibly affects the critical thickness for ferroelectricity. For
obtaining the critical thickness of BaTiO; showing ferroelec-
tricity and analyzing the relationship between the metallic
interface and the ferroelectric properties, further studies in
the thicker cases are needed.

IV. CONCLUSIONS

We have investigated the physical properties at the
interface of a short-period multiferroic superlattice
Fe;0,/BaTiOs. A metallic ground state is obtained, which is
different from the half-metallic ground state of bulk Fe;O,.
The loss of this half metallicity can be understood by the
charge imbalance between the charged (Fe,O4)*~ and the
neutral (TiO,)? layers. This metallic ground state at the in-
terface is not expected to affect significantly the ferroelectric
property of the BaTiO; part in the superlattice because the
position of the conduction-band minimum (3d states) of Ti
ions is higher than the Er of magnetite, which results in
empty 3d states inducing the ferroelectric polarization. The
displacement of ions by atomic position relaxation and the
strain effect on the magnetic property are important for the
application of multiferroic devices since they have a large
influence on the magnetic moment of Fe ions and the spin
polarization of carriers in the superlattice Fe;04/BaTiO;.
For the recovery of half metallicity in the superlattice, the
control of oxygen vacancies can be considered.
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