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First-principles prediction of switchable metallic ferroelectricity in multiferroic tunnel junctions
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Coexistence of metallicity and ferroelectricity has been a curiosity without a practical application, both be-
cause free-electron screening due to metallicity prevents the polarization from being switched by an electric field,
diminishing the value of ferroelectricity, and because metallicity is usually achieved by doping, which leads to
disorder and is often detrimental to other electronic properties. Here, we predict via first-principles calculation a
switchable metallic ferroelectric barrier in (Co2)9-TiO2-(BaO-TiO2)m-CoO-Co (m = 4, 5, 6, 7, 8, 9) multiferroic
tunnel junction without doping. The metallic ferroelectricity is caused by an electrode proximity effect that is
common to ionic ferroelectric materials and shifts the Fermi energy as a function of the termination layer at
the interfaces. This effect is accentuated by the large polarization of the CoO layer relatively to that of BaTiO3

(BTO), leading to a larger electrostatic potential drop on the interface containing CoO, thus further pulling the
conduction band bottom of the entire BTO region below the Fermi energy. Increasing the polarization of BTO
relative to that of CoO, e.g., by applying strain, can remove the metallicity, allowing the polarization to be
switched electrically. Switching between metallic and insulating states by controlling ferroelectric polarization
leads to a large tunneling electroresistance.
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I. INTRODUCTION

Ferroelectric (FE) materials are marked by a spontaneous
polarization reversible by an external electric field [1]. This
property can be combined with ferromagnetic (FM) electrodes
to form multiferroic tunnel junctions (MFTJs) [2–4] to enable
novel electronic device designs. The interaction between the
FE barrier and the FM electrodes in a MFTJ allows a mul-
titude of possibilities for application [5,6]. The conductance
of a MFTJ depends on both the polarization switching of
the FE barrier (tunneling electroresistance or TER) and the
relative direction of the magnetization arrangement of the
two FM electrodes (tunneling magnetoresistance or TMR).
TER and TMR are important performance parameters of
MFTJs. A large TER effect usually arises from asymmetry
in the FE barrier height [7–11] and width [7–9] under op-
posite polarization directions. In the extreme case, if the FE
material is metallic under one polarization orientation and
insulating the opposite polarization [12], the TER can be
maximized.

In the past, ferroelectricity was considered to be unable
to coexist with metallicity due to the screening effect of free
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electrons on the long-range Coulomb interaction, which was
believed to be necessary for the FE phase [13]. However,
counterexamples have been known for a long time [14]. It
is now recognized that a short-range part of the Coulomb
interaction with the interaction range in the order of lattice
constant is enough to cause ferroelectricity [15], such as the
polar metal LiOsO3 [16–18]. When the free charge concen-
tration in a conventional FE is low but above a metal-insulator
critical concentration [15,19], it cannot completely screen the
“short-range” Coulomb interaction, allowing the coexistence
of ferroelectricity and metallicity. Ferroelectricity is lost only
when the free charge concentration exceeds the FE critical
concentration and both long-range and short-range Coulomb
interactions are screened [15]. This defines a narrow range of
free-electron concentration between the onset of metallicity
and the disappearance of ferroelectricity. Experimental means
to achieve metallic FE include doping [20], introducing va-
cancies [19], or electrostatic doping [21]. However, doping
or introducing vacancies often lead to disorder. Even when
metallic FE is achieved, its value for application may be
limited due to the concern that its polarization might not be
switchable electrically. Metallic charge can screen an applied
electric field sufficiently to prevent the polarization from
reversing. Ideally, metallic FE may be turned on and off by
changing the pertinent bond lengths in the material, either
by an applied strain along the polarization direction or by an
applied electric field to switch the polarization.

In this work, we demonstrate from first-principles cal-
culations that a metallic FE BaTiO3 (BTO) barrier in
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FIG. 1. The electronic charge density in the energy window from
EF − 0.2 eV to EF in the (Co2)9-TiO2-(BaO-TiO2)5-CoO structure
for two opposite polarization: (a) upward polarization and (b) down-
ward polarization. Light-blue arrows indicate the polarization direc-
tion. Dark blue, green, red, and light blue represent the Co, Ba, O, and
Ti atoms. The CoO layer is marked by the black dotted line frame.
(c) and (d) are the enlarged views of the interfacial BaO-TiO2-CoO
layers.

(Co2)9-TiO2-(BaO-TiO2)5-CoO-Co MFTJs terminated by
two TiO2 layers is switchable with strain. Due to the uncom-
pensated charge layer at the BTO interface in this system,
the BTO barrier has a tendency to acquire electrons. When
two metal electrodes are very close to BTO but not bonded
with BTO, charge transfer still occurs from the electrodes
to the barrier through tunneling. Such an electrode prox-
imity effect moves the Fermi energy close to the barrier
conduction band. When the polarization orientation points
from the electrode with a CoO layer to the other electrode
(upward polarization), the relatively large (small) head-to-
tail polarization of the CoO (BTO) layer induces a larger
electrostatic potential drop on the CoO layer than on BTO
and causes the entire BTO barrier region to become metallic.
Increasing the polarization of BTO by applying strain turns off
the metallic FE. When the polarization is reversed (downward
polarization), the Fermi level is also close to the conduction
band due to the electrode proximity effect, but it remains in the
band gap almost everywhere in the BTO barrier, maintaining
an insulating state. This metallic-insulating BTO difference
between two polarization configurations is shown to appear
in a (Co2)9-TiO2-(BaO-TiO2)m-CoO-Co system, where m =
4, 5, 6, 7, 8, 9, and leads to a sizable TER.

II. COMPUTATIONAL METHOD AND DETAILS

First-principles calculations are carried out using the Vi-
enna ab initio simulation package (VASP) [22] based on the
density functional theory (DFT). The projector augmented
wave (PAW) pseudopotential [23,24] and PBEsol generalized
gradient approximation (GGA) exchange-correlation poten-
tial [25] are used. For clarity of presentation, we define the
xyz directions in Fig. 1. The xy-plane lattice constant a is
fixed at 3.906 Å. All calculations are spin polarized. The

plane-wave cutoff energy is 500 eV. For structural relaxation,
Gaussian smearing with σ = 0.1 eV and gamma k-point mesh
with 7 × 7 × 1 are used. All atomic positions are relaxed
along the z direction with a conjugate-gradient algorithm,
until the residual force of each atom is less than 0.01 eV/Å.
The self-consistent calculation at the final relaxed structure
is carried out with the Gaussian smearing σ = 0.05 eV and
k-point mesh of 16 × 16 × 1. Structural relaxation is achieved
by initially breaking the structural symmetry, giving different
initial displacements of Ti and O atoms along the z direc-
tion. The total energy of (Co2)9-TiO2-(BaO-TiO2)5-CoO-Co
MFTJs with upward polarization is about 0.143 eV lower than
the downward polarization.

Additional calculations are performed to check whether
the interfacial Co atoms have antiparallel moment alignment
with respect to the Co electrodes. When the magnetization
direction of the Co atoms in both the CoO layer and the
Co layer on the CoO/Co interface is antiparallel to the Co
electrodes, the energy of the antiparallel configuration is about
0.537 (0.720) eV higher than the parallel configuration with
upward (downward) polarization. Calculations are also per-
formed to check whether the Co atoms in the CoO layer can
form antiferromagnetic (AFM) states, by doubling the number
of atoms in the xy plane. Calculations with fixed magnetic
moments show that the energy of the AFM state is about 0.447
(0.535) eV higher than the FM state with upward (downward)
polarization. We conclude that the Co atoms in both the CoO
layer and the Co electrode have parallel magnetic moments.

III. RESULTS AND DISCUSSIONS

The structure of the junction and the charge density near
the Fermi energy are shown in Figs. 1(a) and 1(b). Both sides
of the BTO barrier terminate with the TiO2 layer [26], similar
to the structure of Fe/BTO MFTJs in Ref. [27]. The enlarged
view of the interfacial BaO-TiO2-CoO layers is shown in
Fig. 1(c). The relative displacement of the CoO layer indicated
in Fig. 1(d) is 0.718 Å, which is much larger than that of
Ti-O and Ba-O relative displacement. The yellow region in
Figs. 1(a) and 1(b) shows the charge density for opposite
polarization configurations calculated over an energy window
from EF − 0.2 eV to EF . At the TiO2-CoO interface, the
charge density of Ti (in the TiO2 layer) and O (in the CoO
layer) atoms shows significant overlap in both panels, sug-
gesting hybridization between the orbitals on the interfacial
Ti and O atoms near the Fermi energy in both upward and
downward polarization configurations. In the BTO region, the
charge density of Ti atoms near the two interfaces is relatively
high regardless of the upward or downward polarization con-
figuration. For upward polarization, the high charge density
extends from the interfaces to all BTO layers, suggesting the
possibility of metallicity.

The free-electron density can be estimated from the spin-
polarized density of state (DOS) for each TiO2 layer, which
is plotted with smearing σ = 0.05 eV in Fig. 2 for major-
ity spin (black curves) and minority spin (red curves). The
DOS of the BaO layers is not plotted because their states
are further away from the Fermi energy. The top (bottom)
side corresponds to the Co2-TiO2 (TiO2-CoO) interface. The
conduction band minimum (CBM) in the FE barrier layers
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FIG. 2. Layer-resolved DOS of TiO2 layers in the
(Co2)9-TiO2-(BaO-TiO2)5-CoO structure as a function of energy.
From top to bottom, the DOS figures correspond to the TiO2 layer in
the Co2-TiO2 interface to the TiO2 layer in the TiO2-CoO interface.
(a) and (b) are the DOS for polarization pointing up and down,
respectively. The blue solid line connects the CBM of each TiO2

layer. The black (red) line is the DOS of majority (minority).

is marked by the blue solid line. The relative position of
the Fermi level with the conduction band in the upwardly
polarized (Co2)9-TiO2-(BaO-TiO2)5-CoO-Co system implies
a very high free-electron concentration. For the upward
polarization in Fig. 2(a), we integrated the DOS of each unit
cell layer in the energy range from CBM to the Fermi en-
ergy to calculate the conduction band electrons concentration.
Without considering the two interfacial TiO2 layers, the free-
electron concentrations of different BTO unit cells are from
0.011 to 0.041 electrons per unit cell in the upwardly polarized
barrier, i.e., from 1.7 × 1020 to 6.4 × 1020 cm−3. This is above
the metal-insulator transition critical concentration (1.6 ×
1020 cm−3 [28]), but not more than the critical concentration
of ferroelectricity disappearance (1.9 × 1021 cm−3 [15,19]) in
the BTO barrier.

The estimate of the free-electron concentration indicates
that the BTO layer under this condition is metallic. Yet such
a metallicity may not be strong enough to kill ferroelectric-
ity. The calculated Ti-O relative displacements along the z
direction, measured from a reference plane of constant z,
are 0.086, 0.133, 0.159, 0.173, 0.176, and 0.150 Å from the
top to the bottom of the TiO2 layers, respectively, showing
a noncentrosymmetric structure and ferroelectric nature. We
conclude that the BTO barrier with upward polarization in this
system is a metallic FE.

FIG. 3. Schematic diagram of band structures for BTO with
different termination layers in a Co/1 nm vacuum/BTO/1 nm
vacuum/CoO/Co system. The dotted line represents the Fermi level.
The inclined conduction band Ec and valence band Ev are influenced
by the polarization.

We first show that the Fermi energy is moved toward the
conduction band bottom or valence band top in any ABO3

ferroelectric barrier, where A and B are two metal elements
with different valence charges, depending on the termination
layers in contact with the metal electrodes. In Figs. 2(a)
and 2(b), the Fermi level is very close to the conduction
band for both upward and downward polarization. The same
phenomenon has been seen in many tunnel junctions with
FE barriers [29–31]. The common occurrence of this phe-
nomenon suggests a deeper reason for it. To identify its
mechanism, we performed relaxation and self-consistent cal-
culations with the BTO layer separated from the electrodes by
additional vacuum layers. This removes the interface bonding
effects and allows the pure electrode proximity effect to be
isolated. The equilibrium self-consistent potential of Co/1 nm
vacuum/BTO/1 nm vacuum/CoO/Co with different termina-
tion layers for BTO are calculated. The Fermi energy relative
to the band edges in the BTO layer is schematically shown in
Fig. 3. For the structure of TiO-BaO-TiO-BaO-TiO, which has
the same extra TiO layer as the TiO2-(BaO-TiO2)5 structure
in the (Co2)9-TiO2-(BaO-TiO2)5-CoO-Co system, the Fermi
level is very near the conduction band. For the structure of
BaO-TiO-BaO-TiO-BaO, which has an extra BaO layer, the
Fermi level is very near the valence band. For the structure of
TiO-BaO-TiO-BaO where the two types of layers are equal
in number, the Fermi level is near the middle of the band
gap but a little closer to the valence band. Similar results
are also obtained when we performed the calculations with
the added vacuum layers but removed the CoO layer. These
results indicate that the location of the Fermi level relative
to the conduction band is mostly determined by an electrode
proximity effect that is dependent on the termination layer.

The electrode proximity effect is distinct from the “patho-
logical regime” [32] caused by the well-known band-gap error
of DFT calculation. First, the Fermi level remains in the
middle of the band gap when the BTO termination layers are
different on the two interfaces. This means that the DFT band-
gap error itself does not cause any pathological charge transfer
and metallicity. Second, when the BTO termination layers are
the same on both interfaces (TiO-BaO-TiO-BaO-TiO or BaO-
TiO-BaO-TiO-BaO), the Fermi level is moved to near the
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FIG. 4. Orbital-resolved DOS for Ti (in the TiO2 layer), O (in the
CoO layer), and Co (in the CoO layer) atoms with upwardly polar-
ized BTO barrier: (a) Ti-4s 3pz 3dz2 , (b) O-2s 2pz, and (c) Co-4s.
Upper and lower panels indicate majority spin and minority spin,
respectively.

conduction band bottom or valence band top independently
of the band gap size. Again, the DFT band-gap error has no
effect.

The Bader charge analysis shows that the TiO-BaO-TiO-
BaO-TiO barrier receives about 0.0133 electrons from the
electrodes. This excess charge brings the Fermi level to
near the conduction band. The same analysis for the BaO-
TiO-BaO-TiO-BaO barrier shows that it loses about 0.0314
electrons, and for the TiO-BaO-TiO-BaO barrier shows that
it loses about 0.0096 electrons. These charge transfers can
account for most of the movements of the Fermi energy.

The effect discussed above pulls the Fermi level close to
the conduction band in the TiO2-(BaO-TiO2)5 barrier, but it
is not enough to pull the Fermi level into the conduction band
in the entire barrier region. In the upwardly polarized config-
uration, the CBM of the BTO barrier is below the Fermi level
everywhere in the barrier region, as can be seen from Fig. 2(a).
Interfacial bonding, as suggested by Fig. 1, which indicates
strong hybridization between interfacial Ti and O atoms near
the Fermi energy, is the last ingredient needed to explain this
unusual phenomenon. The orbital-resolved DOS for Ti (in
the TiO2 layer), O (in the CoO layer), and Co (in the CoO
layer) atoms, as shown in Figs. 4(a)–4(c), in the TiO2-CoO

interface with polarization pointing up, shows clearly the
hybridization between Ti-4s 3pz 3dz2 , O-2s 2pz, and Co-4s
orbitals. The hybridization between B-site 3d-orbital electrons
and O 2p-orbital electrons is the main cause of ferroelectricity
of ABO3 perovskite structure, such as BaTiO3 and PbTiO3

[33]. If the A-site 4s-orbital electrons is also hybridized with
the O 2p-orbital electrons, then the A-O hybridization will
further enhance the polarization.

The metallicity of the interfacial CoO prevents an accurate
calculation of the polarization contribution from this layer.
However, the large relative displacement of 0.718 Å between
Co and O atoms along the z direction in Fig. 1(d) indicates
breaking of inversion symmetry in the CoO layer, and sug-
gests a large polarization in the CoO region. We estimated
the polarization contributions from individual layers for the
upwardly polarized Co/BTO/CoO/Co using hybrid Wannier
functions [34,35], which is based on the Berry phase approach
[36–38]. The calculated average polarization of metallic BTO
is 22 μC/cm2 per layer, which is smaller than that of the
insulated BTO bulk 40 μC/cm2, due to partial screening
from the metallicity. In addition, the polarization of the TiO2

layers (about 10–20 μC/cm2 per layer) is much smaller than
that of BaO layers (about 30–40 μC/cm2 per layer). This is
consistent with the calculated charge density, which shows
that the conduction electrons mostly fall on the Ti atoms, thus
providing more screening in the TiO2 layer. The calculated
CoO polarization is 80 μC/cm2 and is the largest of all
layers.

Based on the roughly calculated polarization, we estimated
the electrostatic potential drop of BTO and CoO. The relative
dielectric constant ε/ε0 of BTO (CoO) is about 100–300
[39,40] (11) [41], the thickness of BTO (CoO) is 20 Å
(2 Å), and the polarization of BTO (CoO) is 22 μC/cm2

(80 μC/cm2). Simply based on U = Ed = Pd/ε, the elec-
trostatic potential drop on CoO can be estimated using U =
Pd/ε ≈ 1.643 V. This is much larger than the potential drop
on BTO as estimated from the polarizations (about 0.166–
0.497 V depending on the value of the dielectric constant).
The estimation for BTO potential drop is confirmed by the
first-principles calculation by comparing the DOS of the TiO2

layers, which show the potential drop on BTO to be about
0.2 V.

Accordingly, the schematic diagram of the electrostatic
energy across the tunnel junction is shown in Fig. 5. Here,
−e�ϕ, marked with red in the figure, is the energy difference
between the Fermi energy and the CBM. This is calculated
from the DOS of the TiO2 layers. If �ϕ > 0, the potential
barrier profile in the entire BTO barrier region is below the
Fermi level, leading to a metallic BTO for upward polariza-
tion. Relatively large CoO polarization P2 and a small BTO
polarization P1 will lead to a larger electrostatic potential
drop on the interface containing CoO than that on BTO,
eventually giving rise to �ϕ > 0. Therefore, by increasing P1

or decreasing P2, �ϕ will be less than zero, and the metallicity
will disappear.

To prove this by first-principles calculations in an upwardly
polarized Co/BTO/CoO/Co system, we increased the value
of P1 by applying strain along the polarization direction
[42,43] or reduced the value of P2 by artificially reducing the
relative displacement of Co and O along the z direction. When
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FIG. 5. Schematic diagram of electronic electrostatic energy for
Co/BTO/CoO/Co with upward polarization. P1 and P2 with the
same direction and different sizes are polarization of the BTO and
CoO layer, respectively. d1 and d2 are the thickness of the BTO
and the CoO layer, respectively. The estimated electrostatic potential
drops over the BTO and CoO regions are indicated with a blue line
and blue font.

P1 is increased by strain or P2 is decreased by moving the O
atom to reduce the Co-O displacement, �ϕ is changed from
positive to negative. The metallic BTO disappears under 2.7%
strain or when the Co-O displacement decreases to less than
3/4 of the original distance, which is the Co-O distance along
the z direction in the lowest energy Co/BTO/CoO/Co sys-
tem. This allows the polarization to be switched electrically.

When the polarization is reversed, the metallic BTO is
converted to an insulating BTO in this tunnel junction. As
shown in Fig. 2(b), the Fermi level is also close to the
conduction band due to the electrode proximity effect, but
remains in the band gap almost everywhere in the bar-
rier. This metallic-insulating BTO difference between the
two polarization configurations is predicted to appear in
the (Co2)9-TiO2-(BaO-TiO2)m-CoO-Co system, where m =
4, 5, 6, 7, 8, 9.

The conductance of a junction containing
(Co2)9-TiO2-(BaO-TiO2)5-CoO with a 3.906 Å × 3.906 Å

cross section is calculated using QUANTUM ESPRESSO. It is
0.2912 × 10−4 (0.4865 × 10−6) e2/h for upward (downward)
polarization in the parallel configuration. TER is about
5885%. Although the calculated conductance has a large
uncertainty due to its sensitivity to the barrier shape and
height, and the latter is difficult to converge to a high degree
of accuracy to yield a reliable conductance, the large TER is
at least qualitatively correct.

Although the first-principles calculation has been per-
formed on one type of multiferroic tunnel junction,
(Co2)9-TiO2-(BaO-TiO2)m-CoO-Co, with m = 4, 5, 6, 7, 8,

9, the prediction of switchable metallic ferroelectricity
through the mechanism of Fermi level shift due to charge
transfer and relative large (small) polarization of CoO (BTO)
via interfacial hybridization should be applicable to a general
class of ferroelectric materials with uncompensated layer
by layer charges. Whenever such a material is terminated
at a metal/ferroelectric/metal interface with an uncompen-
sated charge layer, the electrode proximity effect will move
the Fermi energy close to the conduction band. Insertion
of an appropriate interfacial layer with a much larger po-
larization than the ferroelectric barrier can cause the en-
tire barrier region to become metallic ferroelectricity that is
switchable.
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