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Predictive modelling of ferroelectric tunnel junctions
Julian P Velev1,2, John D Burton1,3, Mikhail Ye Zhuravlev4,5 and Evgeny Y Tsymbal1,3

Ferroelectric tunnel junctions combine the phenomena of quantum-mechanical tunnelling and switchable spontaneous
polarisation of a nanometre-thick ferroelectric film into novel device functionality. Switching the ferroelectric barrier polarisation
direction produces a sizable change in resistance of the junction—a phenomenon known as the tunnelling electroresistance effect.
From a fundamental perspective, ferroelectric tunnel junctions and their version with ferromagnetic electrodes, i.e., multiferroic
tunnel junctions, are testbeds for studying the underlying mechanisms of tunnelling electroresistance as well as the interplay
between electric and magnetic degrees of freedom and their effect on transport. From a practical perspective, ferroelectric tunnel
junctions hold promise for disruptive device applications. In a very short time, they have traversed the path from basic model
predictions to prototypes for novel non-volatile ferroelectric random access memories with non-destructive readout. This
remarkable progress is to a large extent driven by a productive cycle of predictive modelling and innovative experimental effort. In
this review article, we outline the development of the ferroelectric tunnel junction concept and the role of theoretical modelling in
guiding experimental work. We discuss a wide range of physical phenomena that control the functional properties of ferroelectric
tunnel junctions and summarise the state-of-the-art achievements in the field.
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INTRODUCTION

Electron tunnelling refers to the ability of electrons to traverse
potential barriers exceeding their energy.1 This phenomenon is at
the core of devices known as tunnel junctions, which consist
of a nanometre-thick insulating layer separating two metallic
electrodes. Significant interest in electron tunnelling has been
triggered by the advent of spintronics—a branch of electronics
using the electron spin in data storage and processing.2 The
magnetic tunnel junction (MTJ) is the staple of spintronics.3 A MTJ
exploits the switchable magnetisation of the two ferromagnetic
(FM) metal electrodes. Changing their magnetic configuration
from parallel to antiparallel, e.g., by an applied magnetic field,
causes a large change in tunnelling resistance of the junction, an
effect known as tunnelling magnetoresistance (TMR).4

In MTJs, the role of the barrier layer is passive: it separates the
FM electrodes so that their magnetisations can be switched
independently. Using the barrier layer as an active element of
the device to control the charge and spin transport could
be advantageous. This possibility is offered by complex
oxide materials, which exhibit a wide range of properties,
such as ferroelectricity, magnetoelectricity and metal–insulator
transitions.5,6 These properties are exploited in ferroelectric and
multiferroic tunnel junctions (MFTJs).7,8

A ferroelectric tunnel junction (FTJ) consists of two metal
electrodes separated by a nanometre-thick ferroelectric barrier
layer, as illustrated in Figure 1a. The key feature of bulk
ferroelectric materials is the spontaneous electric polarisation that
can be switched between at least two stable orientations by
applying an external electric field.9 In most cases, the ferroelectric
crystal structure represents a small distortion of a high-symmetry
paraelectric structure, as in the case of BaTiO3 (BTO), where the

ferroelectric state corresponds to displacement of the Ti atom
from the centrosymmetric position (Figure 1b). The perovskite
oxides of the BTO family have a simple crystal structure that
makes them relatively easy to grow. Moreover, as by symmetry all
ferroelectrics are also piezoelectric and pyroelectric, these
materials find widespread use in technological applications such
as actuators and transducers. There are several other families of
more complex ferroelectric oxides, which, however, have been
less studied.9 Recently, organic ferroelectrics are also becoming
mainstream.10

Although the FTJ concept was proposed long ago,11

it was contingent on the possibility to grow nanometre-thick
ferroelectric films. Until recently, it was commonly accepted
that there is a macroscopic critical thickness for ferroelectricity and
that the ferroelectric polarisation would be suppressed by the
depolarising field in nanometre-sized films.12,13 However,
theoretical modelling14 and experimental work15–17 have demon-
strated that when the ferroelectric is interfaced with a metal, the
depolarising field is reduced due to screening of the polarisation
charges and ferroelectricity can be maintained in nanometre-thick
films. These developments paved the way for using ferroelectrics
as barriers in tunnel junctions.
The signature property of the FTJ is that the reversal of the

electric polarisation of the ferroelectric barrier in a FTJ produces a
sizable change in resistance of the junction, as illustrated in
Figures 1c and d. This phenomenon is known as the tunnelling
electroresistance (TER) effect.18–20 FTJs are interesting from the
point of view of device applications. Contrary to the ferroelectric
capacitors, where leakage currents are detrimental to the
device performance, the conductance of a FTJ is the functional
characteristic of the device. This property allows using FTJs in
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non-volatile memory devices that are superior to the existing
ferroelectric random access memories.21 An extension of the
functionality of FTJ is achieved by making the electrodes FM,
which makes it into a MFTJ.22 In a MFTJ, which can alternatively be
thought of as a MTJ with a ferroelectric barrier, the TER and
TMR effects coexist resulting in a four-state resistive device.23,24

In the past decade, we have witnessed marked progress in the
elaboration of the properties of FTJs and MFTJs.25,26 This progress
has been the result of a remarkable positive-feedback loop
between theoretical modelling and experimental effort, during
which theoretical predictions, based on both analytical and
first-principles calculations, guided experimental effort, whereas
experimental observations revealed novel phenomena stimulating
theoretical work.
In this review, we outline this synergetic development with an

emphasis on phenomena driven by the control of barrier
polarisation in FTJs. In general, switching of the polarisation in
the ferroelectric barrier affects the resistance of the FTJ in
two principal ways: (i) modulation of the barrier height or
(ii) modulation of the barrier width. All the mechanisms of TER
that are discussed below fall in one of these two categories. The
modulation of the barrier height typically results from asymmetry
of the FTJ due to different electrode materials (section ‘Effects of
electrostatic screening’), different atomic structure of the two
interfaces (‘Effects of interface termination and interlayer’) and/or
finite bias (‘Effects of finite bias’). In real materials, change in the
barrier height is also associated with the complex band structure
(CBS) modification (‘Effects of the electronic structure’). The
modulation of the barrier width can be realised through
the Schottky barrier at the interface and barrier metallisation
(‘Effects of the Schottky barrier and barrier metallization’) or phase
transitions at the interface (‘Effects of phase transitions at the
interface’). We discuss all these mechanisms in some detail,
providing links between theoretical modelling and experimental
results where appropriate. In the section ‘Multiferroic tunnel
junctions’, we briefly outline some results for FTJs with FM
electrodes (i.e., MFTJs).

MECHANISMS OF TER AND THEIR EXPERIMENTAL
MANIFESTATION

Effects of electrostatic screening
In thin ferroelectric films, the interface polarisation charges are not
completely screened by the adjacent metal electrodes and
therefore the depolarising electric field E in the ferroelectric is not

zero.27 The electrostatic potential associated with this field
depends on the direction of the ferroelectric polarisation. If a
FTJ is made of metal electrodes with different screening lengths,
the asymmetry in the electrostatic potential profile alters an
effective barrier height when the ferroelectric polarisation is
reversed. This leads to the TER effect.7

Potential profile. Quantitatively, the magnitude and the shape of
the electrostatic potential profile across the junction are
determined by the polarisation P, the background dielectric
permittivity εFE

28 and the thickness d of the ferroelectric film, as
well as the screening length λ of the electrodes. Within the
Thomas–Fermi model, the ferroelectric polarisation charge at the
interface is screened within the screening length λ ¼ 1

e

ffiffiffiffiffiffiffi

ε=ρ
p

(where ρ is the density of states at the Fermi energy and ε is the
dielectric permittivity of the electrode), resulting in the exponen-
tial decay of the potential into the electrode.18 The magnitude of
the electrostatic potential at the left (L) and right (R) interfaces is
given by24

ϕL;R ¼ 7
γL;RPd

d þ εFE γL þ γRð Þ; ð1Þ

where εL,R are the electrode dielectric permittivities, γL,R= λL,R/εL,R
is the normalised screening lengths and the positive (negative)
sign corresponds to L (R) interfaces. For not too thick ferroelectric
films, d~ εFE(γL+γR), as in the case of FTJs, the potential profile
depends on characteristics of the whole tunnel junction.
Figures 2a,b shows a representative electrostatic potential

energy (eϕ) profile, calculated for two opposite polarisation
directions in a FTJ with two different metals electrodes, one
being a ‘good’ metal and the other a ‘bad’ metal.24 There is a
notable difference in the magnitude of the electrostatic energy
step at the interfaces, leading to a sign change in the average
electrostatic potential across the barrier region when polarisation
is reversed from right (→ ) to left (← ). As a result, the average
potential barrier height changes from U

→
=U0+e(ϕL+ϕR)/2 to

U
←
=U0–e(ϕL+ϕR)/2. This is evident from Figures 2c,d showing the

tunnelling potential energy profile for two opposite polarisation
directions.

Conductance and TER. This difference in the effective barrier
height leads to a change in the tunnelling conductance, G. The
measure of this change is the TER ratio, which we define here as
TER =G

←
/G
→

(same as the ON/OFF resistance ratio). At the most
basic level, the tunnelling current through an asymmetric
barrier can be described within the Wentzel–Kramers–Brillouin
approximation, in which the exact form of the potential
barrier is approximated by its average value.29,30 Within the
Wentzel–Kramers–Brillouin approximation, TER can be written
explicitly in terms of ferroelectric polarisation and screening
lengths in the electrodes31,32
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where m is the electron effective mass in the barrier and
ΔU=U

←
−U

→
is the barrier height change upon polarisation

reversal (derived assuming ΔU≪U0). As seen from equation (2),
TER is expected to depend stronger than exponentially on the
barrier width d. For the parameters used in Figures 2a–d, we find
ΔU≈0.4 eV and a steep increase of TER as a function of d
(Figure 2e), resulting in TER ~103 for a reasonable barrier width of
~ 2.5 nm and polarisation P= 40 μC/cm2. Also from equation (2),
TER depends exponentially on ferroelectric polarisation P, which
dependence is also shown in Figure 2e. Therefore, the enhance-
ment of polarisation magnitude and its stability is critical for
observing a large TER in FTJs. The TER ratio increases with
increasing ‘asymmetry’ of the electrodes as determined by γL/γR. In

Figure 1. Schematic view of FTJ and the TER effect. (a) FTJ consisting
of a nanometre-thick ferroelectric (FE) barrier between two metal
(M) electrodes. (b) Crystal structure of the prototypical ferroelectric
BaTiO3 showing the two polarisation states. (c, d) TER effect showing
the correlation between switching of the polarisation of the
ferroelectric in applied electric field (c) with the resistance of the
FTJ (d). The low (high)-resistance states are indicated by red
(blue) lines.
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the limit γL/γR≫1, for not too large thickness (d≪εFEγL), the TER
ratio approaches value of TER� exp e

ffiffiffiffiffiffiffi

2m
p

Pd2
� �

= εFE_
ffiffiffiffiffiffi

U0
p� �� �

,
which does not depend on electrode properties.
Experimentally, the TER effect was first observed with

uncovered ferroelectric films, where local probe techniques were
used to control the ferroelectric polarisation orientation and
measure the tunnelling current through the film.31,33–35 In
particular, it was demonstrated that highly strained BTO films
retain robust room-temperature ferroelectricity down to 1 nm.33

A large resistance change was observed in these films correlated
with ferroelectricity, as revealed from comparing images of
ferroelectric domains and resistance maps of these domains.
The resistance change between polarisation states was found to
increase exponentially with BTO thickness, reaching 750 for 3-nm
films at room temperature (Figure 2f). Fitting of the device I–V
curves with the Brinkman model revealed a change of the average

barrier height of the order of tenths of eV associated with
polarisation reversal,31,34 which is consistent with the model
predictions.
In addition, there have been several successful demonstrations

of the TER effect using patterned ferroelectric films with top
electrodes.36,37 In particular, tunnel junctions based on 2-nm-thick
BTO films grown on La0.7Sr0.3MnO3 (LSMO) bottom electrodes with
Au/Co top electrodes demonstrated robust ferroelectricity of BTO
inside the junction.37 The remanent resistance of the device was
shown to change hysteretically with ON/OFF ratios of ~ 100 and
coercive fields matching ferroelectric switching. Fitting the
I–V characteristics indicated that mechanisms based on the
modulation of tunnel transmission through variation of the barrier
height by ferroelectric polarisation are responsible for the TER
effect.

Role of electrode work function. The model discussed above can
be extended to include the possibility of different work functions
of the two electrodes. In this case, different potential steps are
expected at the two interfaces producing an electric field in the
barrier even in the absence of ferroelectric polarisation. This field
is screened by interface charges that are formed to balance the
electrochemical potentials in the electrodes, as required by
the short-circuit boundary condition, resulting in a change in
the effective tunnelling barrier height from U0 to

~U0 ¼ U0 þ
ΔW

2

γL - γR
d þ εFE γL þ γRð Þ; ð3Þ

where ΔW=WL−WR is the difference of the work functions of the
left and right electrodes. It is seen that the effective barrier height
can increase or decrease depending on sign of ΔW, which is
expected to affect TER according to equation (2).
Experimentally, different potential steps at the two interfaces

have been measured in Cr/BTO/Pt FTJs by reconstructing the
electrostatic potential profile by hard X-ray photoemission
spectroscopy.38 The effect of electrode’s work function on TER
was explored for M/BiFeO3/Ca0.96Ce0.04MnO3 FTJs with different
top metal electrodes (M=W, Co, Ni and Ir).39 Fitting of the I–V
characteristics indicated that the M/FE interfacial barrier height
increases with the electrode work function. This led to an
increased resistance in the OFF state and a larger ON/OFF ratio
for top electrodes with a larger work function. The results,
however, also indicated that the higher TER comes at the cost of
deteriorated switching characteristics. A large difference in TER
was also observed for M/BTO/LSMO (M=Au and Cu) FTJs.40

Effects of the Schottky barrier and barrier metallisation
Another approach to produce a sizable TER effect is to modulate
the barrier width by switching ferroelectric polarisation in a FTJ.
This may be achieved by a reversible depletion/accumulation
of charge in an interfacial region of a semiconducting
electrode (modulation of the Schottky barrier) and/or reversible
metallisation of an interfacial region in the barrier itself.

Schottky barrier. In a FTJ with a semiconducting electrode, which
is characterised by a small Fermi energy and large screening
length, the barrier width can be controlled by ferroelectric
polarisation through the Schottky barrier. For example, if one
of the electrodes in a FTJ is an n-type semiconductor and
ferroelectric polarisation is pointing away from the semiconductor,
electron carriers are depleted in the semiconductor adding a
Schottky barrier to the ferroelectric tunnel barrier (Figure 3b).
On the other hand, when the polarisation is pointing towards the
semiconductor, electron carriers are accumulated which only leads
to a local increase of the chemical potential, but does not change
the barrier width in the FTJ (Figure 3a).

Figure 2. TER as a result of modulation of the tunnelling barrier
height by ferroelectric polarisation switching. (a, b) Electrostatic
potential energy profile across a FTJ for ferroelectric polarisation
pointing right (a) and left (b) as shown on top panels by arrows. FTJ
consists of two different metals (ML and MR, located at zo0 and
z4d, respectively) separated by a ferroelectric tunnelling barrier
(FE), which is located at 0ozod (top panels). ϕL and ϕR denote
potential steps at left and right interfaces, respectively. It is assumed
that λL= 0.07 nm, εL= ε0, λR= 0.24 nm, εR= 10 ε0, εFE= 50 ε0 and
P= 40 μC/cm2. (c, d) Potential energy profiles across the FTJ for
ferroelectric polarisation pointing right (c) and left (d). U

→
and

U
←

indicate average potential barrier heights for the two opposite
polarisations. The dashed lines denote the Fermi energy EF.
(e) Calculated TER as a function of barrier thickness d for different
polarisation P of the ferroelectric barrier. It is assumed that d= 1 nm,
EF= 2.0 eV and U0= 2.0 eV. (f) Measured TER of highly strained
BaTiO3 (BTO) films deposited on La0.7Sr0.3MnO3 electrodes versus
BTO film thickness (tBTO) as obtained from conductive AFM
measurements. After ref. 33 with permission.
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Model calculations of the conductance of a metal/ferroelectric/
semiconductor tunnel junction show very large TER ratio due to
modulation of the Schottky barrier. Figure 3c shows the calculated
TER ratio as a function of electron concentration n in a
semiconducting electrode. Here the electronic potential profile
(Figures 3a,b) is obtained by solving self-consistently the Poisson
equation for the junction, imposing the boundary conditions at
interfaces and assuming that the local electron concentration is a
linear function of the electrostatic potential.41,42 As is seen
from Figure 3c, the TER increases markedly when the carrier
concentration is reduced. This reflects the increase of the Schottky
barrier width for polarisation pointing into the semiconductor, as
the result of the enhanced depletion region. The effect also
increases with the polarisation due to a stronger electron
depletion required to screen a larger polarisation charge. At a
very high carrier concentration, n⩾ 1021 e/cm3, a metallic regime is
reached, which corresponds to the case where the change in the
barrier height controls the TER (‘Effects of electrostatic screening’).
This result is corroborated by density functional theory (DFT)

calculations for a SrRuO3/BTO/n-SrTiO3 FTJ, where n-doped SrTiO3

(STO) serves as a semiconducting electrode.43 When the polarisa-
tion is pointing away from n-STO, electron depletion and the
associated band bending near the interface lead to an additional
narrow barrier formed within the n-STO electrode (Figure 3d, blue
curve and symbols). When the polarisation is pointing into n-STO,

however, the Schottky barrier is eliminated by electron accumula-
tion (Figure 3d, red curve and symbols). Moreover, a conducting
region within the BTO is formed near the interface, further
reducing the tunnelling barrier width (the effect of barrier
metallisation is discussed in the subsection ‘Barrier metallization’).
This physical mechanism for the enhanced TER explains the

experimental data on Pt/BTO/Nb:STO FTJs, exhibiting resistance
change as high as 104 at room temperature.44 In these FTJs,
Nb-doped STO single-crystal substrates with Nb varying from 0.1
to 1% were used as n-doped semiconducting electrodes. The large
TER was interpreted by the depletion or accumulation of carriers
in Nb:STO depending on polarisation orientation of the barrier.
This mechanism was found to be consistent with the measured
TER dependence on the dopant concentration: the lower Nb
concentration led to the higher Schottky barrier and hence the
larger TER (Figure 3e). Interesting results were obtained for
Pt/La1− xSrxMnO3/BTO/Nb:STO FTJs, where Sr doping was used to
tune the chemical potential of the manganite to optimise the
TER effect, and surprisingly high TER ratios (∼400%) were
observed at room temperature for FTJs with BTO layer thickness
down to 2 u.c.45

Barrier metallisation. In addition to the Schottky barrier in a
semiconducting electrode, a metallic region within the ferro-
electric barrier layer near interface may be formed, reducing the

Figure 3. TER as a result of modulation of the tunnelling barrier width by ferroelectric polarisation switching. (a, b) Calculated potential energy
profiles for ferroelectric polarisation pointing right (a) and left (b) as shown on top panels by arrows. FTJ consists of a metal electrode
(M, located at zo0) and a semiconducting electrode (SC, located at z4d), separated by a ferroelectric tunnelling barrier (FE), which is placed
at 0ozod (top panels). The dashed lines denote the Fermi energy EF. d→ and d

←
indicate the average potential barrier width for the two

opposite polarisations. It is assumed that λM= 0.07 nm, εM= ε0, d= 1 nm, n= 3.4 × 1010 e/cm3, εSC= 10 ε0, εFE= 50 ε0 and P= 40 μC/cm2.
(c) Calculated TER as a function of carrier concentration n in the semiconducting electrode for different polarisation P of the ferroelectric
barrier. TER is defined as G

→
/G
←
. It is assumed that d= 1 nm, EF= 2 eV and U= 2 eV. (d) Energy profile of the conduction band

minimum (CMB) in SrRuO3/BaTiO3/n-SrTiO3 tunnel junctions for two polarisation orientations (indicated by arrows) and doping concentration
n= 0.09 e/f.u. calculated using a model (solid lines) and first-principles (dots) approach. After ref. 43. (e) ON/OFF ratio as a function of
Nb doping concentration in Pt/BaTiO3/Nb:SrTiO3 FTJs. After ref. 44 with permission. (f) Average resistance of Pt/BaTiO3/La0.7 Sr0.3MnO3

(Pt/BTO/LSMO) tunnel junctions as a function of BTO barrier thickness. The top-left inset shows the barrier for ON and OFF states as deduced
from the fits of the I–V curves. The top inset shows the relative orientation of the BTO polarisation (arrow) in the ON and OFF states. After
ref. 46 with permission.
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tunnelling barrier width in the ON state. The partial metallisation
of the BTO barrier is seen in Figure 3d for polarisation pointing
into the n-STO, where electrons are spilled from n-STO to BTO,
due to their close electron affinities (3.9 and 4.0 eV, respectively).
The effect of barrier metallisation was put forward to explain very
large ON/OFF resistance ratios observed in Pt/BTO/LSMO46 and
Co/PbTiO3 (PTO)/LSMO47 tunnel junctions. In particular, ON/OFF
ratios up to 300 were observed in Pt/BTO/LSMO tunnel junctions
at room temperature.46 On the basis of the measured capacitance
change with reversal of ferroelectric polarisation of BTO, it was
argued that there is an n-type semiconducting region at the
BTO/LSMO interface. Upon biasing, the n-type region is driven to
accumulation or depletion regimes with subsequent changes of
the effective barrier width for tunnelling transport across
the junction (Figure 3f). The measurement also indicated an
exponential dependence of the resistance and TER on the BTO
barrier width consistent with the expectation (Figure 3f). Similarly,
it was found that the TER effect in a Co/PTO/LSMO tunnel junction
is controlled by the change in the tunnelling barrier thickness
upon reversal of polarisation of the ferroelectric PTO layer.47

On the basis of first-principles calculations, it was argued that the
ferroelectric layer exhibits a reversible metallisation at one of the
interfaces.

Effects of the electronic structure
Simple, free-electron models have been essential for under-
standing the basic physics of FTJs and the TER effect. At the same
time, they have limitations, both in the depth of the description as
well as in the range of the physical mechanisms that are captured.

For example, the electrostatic profile in these models is
determined by the screening length in the electrodes and the
polarisation in the barrier, however, both of these are taken as
parameters. Using first-principles DFT-based methods makes it
possible to calculate self-consistently the distribution of the
screening charge accounting for the density of states of the
materials.48 DFT calculations also give the electrostatic potential
corresponding to the charge distribution, which goes beyond the
Tomas–Fermi approximation used in the model calculations, and
accounts for the realistic electronic structure of the materials, as
well as for details of the atomic structure of the interfaces. The
work functions of the electrodes are also parameters in the model;
however, they are routinely calculated for different surface
terminations using first-principles calculations, as the difference
between the Fermi energy of the material and the vacuum
energy.49 The very existence of polarisation in ultrathin films
cannot be predicted within simple models, but it is captured by
first-principles calculations.14 These calculations also capture
changes in the polarisation profile in the barrier due to interface
boundary conditions,23 and take into account not only the
electronic but also the ionic screening of the polarisation
charge.50,51 Furthermore, first-principles calculations capture
details of the bonding and the atomic structure of the
interface,20 in particular the effect of different interface termina-
tions and/or oxidation.52,53 Finally, first-principles calculations
account for the details of the electronic structure of the electrode
and barrier materials, involving multiple bands whose orbital
character and symmetry matching across the interface largely
determine the transmission coefficient.

Figure 4. Complex band structure and conductance in the BaTiO3-based FTJs. (a) Complex band structure of BaTiO3 in paraelectric (PE) and
ferroelectric (FE) states. The two lowest decay rates of the evanescent states of Δ1 and Δ5 symmetry are displayed. After ref. 20 with
permission. (b) The lowest decay rate as a function of k||= (kx, ky) in the two-dimensional Brillouin zone calculated at the Fermi energy,
which is indicated in a by a vertical line. After ref. 20 with permission. (c) Calculated transmission as a function of k|| for a non-magnetic
SrRuO3/BaTiO3/SrRuO3 FTJ with asymmetric interfaces for polarisation pointing toward the RuO2/BaO interface (left panel) and the TiO2/BaO
interface (right panel).
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An important effect of the electronic structure is that in
complex insulators, such as STO and BTO, there is more than one
evanescent state available for carriers in the bandgap.20,54 These
states have different decay rates and hence contribute differently
to the tunnelling current. The CBS of the insulator determines the
rate of decay of the carriers in the bandgap. Formally, CBS is an
analytical continuation of the real band structure into the complex
momentum space, which reveals both the propagating and
evanescent states supported by the material.55,56 The importance
of the CBS and evanescent states was recognised as a powerful
tool to analyse spin-transport properties of MTJs.54,57,58

In the case of ferroelectrics, the CBS has been calculated for
BTO20,23,52,59 and PTO.60–63 The results show that there are
multiple decay rates in the barrier for propagating states with
different symmetry. The largest contribution to the transmission is
expected from the bands that have lowest decay rates. For
example, in the case of BTO, there are two evanescent states of Δ1

and Δ5 symmetry with the lowest decay rates in the bandgap
(Figure 4a). For not too thick barriers, contributions to the
tunnelling transmission are expected from both bands, provided
that states compatible with these symmetries are available in the
electrodes. It was also found that the bandgap and, respectively,
the decay rates increase with the magnitude of the
polarisation.20,52 For example, comparing the decay rates for
paraelectric and ferroelectric BTO (Figure 4a) shows that the
structural change driven by spontaneous polarisation increases
the bandgap and enhances the decay rates of both the Δ1 and
Δ5 bands.

The CBS is useful to make qualitative conclusions about
mechanisms of tunnelling conductance; however, as a bulk
property of the barrier, it is only a part of the device description.
Direct first-principles transport computations are required for a
full quantitative analysis of the conductance and TER. These
are performed using the Landauer formula,64 which relates the
conductance to the transmission probability between different
propagating states in the electrodes

G ¼ e2

h

X

σ;k99

Tσðk99Þ: ð4Þ

Here Tσ(k||) is the transmission probability of the electron with spin
σ at the Fermi energy and k||= (kx, ky) is the Bloch wave vector
corresponding to the periodicity in the plane of the junction. The
transmission probability is calculated either using the Green’s
function method65 or the wave-function matching method66,67

implemented in the context of DFT calculations. In both cases, the
barrier with the interfaces is considered as a scattering region,
connected to semi-infinite electrodes. The propagating states in
one of the electrodes are scattered and transmitted into
propagating states in the other electrode. Within the Green’s
function method, the transmission probability is expressed
through the Green’s function of the scattering region connected
to the electrodes, G, as68

Tσ kJð Þ ¼ Tr ΓσLG
σ
LRΓ

σ
RG

σy
RL

h i

ð5Þ

Figure 5. Atomic structure, polarisation stability and TER in SrRuO3/BaTiO3/SrRuO3 FTJs. (a) Atomic structure of SRO/BTO(6 u.c.)/SRO FTJ.
Displacements of the Ru and Ti cations are measured with respect to the O atoms in the same atomic plane. Red (blue) symbols correspond to
polarisation of BaTiO3 pointing to the right (left). Open symbols correspond to Ba–O and Sr–O displacements; closed symbols correspond to
Ti–O2 and Ru–O2 displacements. After ref. 23. (b) Same as a for SRO/BTO(6 u.c.)/STO/SRO FTJ with a 2-u.c. STO layer at the interface. After ref.
73 with permission. (c) Total energy per Ti atom as a function of polarisation of the 5-u.c.-thick BaTiO3 layer in SRO/BTO/SRO (dashed line) and
SRO/BTO/STO/SRO (solid line) FTJs. After ref. 73. (d) Remanent P–V hysteresis loops in FTJs with no STO layer, STO inserted at the RuO2/BaO
interface and the TiO2/BaO interfaces. After ref. 73 with permission.
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where ΓL (ΓR) are the escape rates to the left (right) electrodes,
which are calculated form the surface Green’s function of the
electrodes.69 The trace is over all the orbital indices. Within
wave-function matching method, the wave function in the
electrodes is written as an incoming and reflected wave on the
left and a transmitted wave to the right67

Ψ ¼
ψj þ

P

iAL
rijψi ; z<0

P

iAR
tijψi; z > d

8

<

:

ð6Þ

where the scattering region is situated 0ozod, and rij and tij are
the reflection and transmission amplitudes between the Bloch
states, respectively. By matching the electrode wave function with
that of the scattering region at both interfaces (z= 0 and z= d),
the transmission coefficients are obtained, and the transition
probability is given as T ¼

P

ij T ij

	

	

	

	

2
; where T ij ¼

ffiffiffiffiffiffiffiffi

Ii=Ij
p

tij is the
transmission amplitude normalised to unit flux.
An example of such full transport calculation is illustrated

in Figure 4c, where the k||-resolved transmission in the
two-dimensional Brillouin zone is plotted for a non-magnetic
SrRuO3/BTO/SrRuO3 (SRO) FTJ for two polarisation directions.
The transmission pattern seen for both polarisation states is
determined by the CBS of the barrier, as follows from Figure 4b
showing the k||-resolved lowest decay rate at the Fermi energy.
It is evident from Figure 4c that, although features in the
transmission distribution look similar for the two polarisation
states, there is a notable difference in the overall contrast,
indicating a sizable reduction in the total conductance and thus a
large TER effect when polarisation is switched from pointing
towards the RuO2/BaO interface to the TiO2/BaO interface (see
section ‘Interface termination’ for further details). Full transport
calculations have been carried out for FTJs featuring the
perovskite ferroelectrics BTO20,23,59 and PTO,63 as well as organic
ferroelectric barriers.53,70

Effects of interface termination and interlayer
Interface termination. The requirement of two different electro-
des is not mandatory for observing TER in FTJs. Symmetry can be
broken by different terminations at the two interfaces of the
junction. For example, in FTJs with two SRO electrodes and BTO
barrier, epitaxial unit cell by unit cell growth of the perovskite
heterostructure preserves the AO–BO2 (A = Sr, Ba; B = Ru, Ti)
sequence of the atomic layers, resulting in SrO/TiO2 termination
at the left interface and BaO/RuO2 at the right interface of the FTJ
(Figure 5a, top). The asymmetric interfaces lead to a different
polarisation profile when the ferroelectric is switched. As seen
from Figure 5a, when polarisation is pointing to the left, polar
displacements between metal (M) and oxygen (O) ions in BTO are
larger than those when polarisation is pointing to right. This
sizable change in the polarisation magnitude affects the decay
rate of the states carrying tunnelling current (in this case, Δ1 and
Δ5 symmetry states shown in Figure 4a), resulting in a large TER
effect (Figure 4c).23

It is well known that the interface atomic relaxations impose
boundary conditions on polarisation, affecting ferroelectric
stability in thin films.14,50 Asymmetric interfaces may produce a
strong poling effect making one of the polarisation states
preferential.71 In the case of SRO/BTO/SRO FTJs, the built-in dipole
at the BaO/RuO2 interface (seen in Figure 5a from the Ru–O
displacement at this interface) suppresses the polarisation when it
is pointed towards this interface and for sufficiently thin BTO films
leads to non-switchable polarisation.23,72,73 The calculated total
energy as a function of polarisation (Figure 5c, dashed line)
displays an asymmetric double-well potential with one of the
minima being very shallow due to the built-in interface dipole.
Interestingly, inserting a thin layer of STO at the BaO/RuO2-
terminated interface counteracts this unfavourable interface
dipole effect (Figure 5b). Both theory72 and experiment73

demonstrate that the associated change of the interface termina-
tion sequence to SrO/TiO2 on both sides of the heterostructure
leads to a restoration of bi-stability with a smaller critical thickness,

Figure 6. FTJs with a dielectric layer at one of the interfaces. (a) Geometry of a FTJ with inserted dielectric layer (D) and calculated potential
energy profile for the two opposite polarisation orientations. The dielectric layer is described by the dielectric constant εD= 10, potential
barrier height UD= 2.5 eV and thickness dD= 0.5 nm. Other parameters are as follows: λ= 0.1 nm, dFE= 2.5 nm and P= 20 μC/cm2. The Fermi
energy (EF) is indicated by the dashed line. (b) Calculated TER as a function of thickness of the dielectric interlayer dD for two values of
polarisation. Other parameters are the same as in a. (c) Electrostatic potential energy profile across SRO/BTO(6 u.c.)/STO(2 u.c.)/SRO FTJ
calculated from first-principles for two polarisation orientations indicated by arrows. After ref. 76. The potential is averaged over the plane
parallel to the interfaces. (d) Schematic of a FTJ with the top graphene electrode and the interfacial ammonia (NH3) layer for ferroelectric
polarisation of BaTiO3 pointing up (bottom) and down (top). Courtesy of Alexey Lipatov.
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along with enhancement of the barrier for polarisation reversal
(Figure 5c, solid line). The effect is evident from Figure 5d showing
the increase of the remanent polarisation of the FTJ when the
BaO/RuO2 interface is eliminated.73

Recently, it was demonstrated that the surface termination of
the ferroelectric barrier layer in contact with a simple-metal
electrode critically affects electroresistive properties.74 Using
Co/BTO/LSMO, FTJs with either TiO2- or BaO-terminated BTO led
to the opposite sign of TER. The TER ratio was found to be
dependent on the fraction of the BaO termination at the interface,
which was explained in terms of the termination-dependent
depolarising field.50

Interface interlayer. At the same time, inserting a thin layer of
dielectric at one of the interfaces in a FTJ provides asymmetry
necessary for TER. Model calculations predict that TER is strongly
enhanced due to the presence of the dielectric layer.75 The effect

originates from the electrostatic potential in the dielectric being
shifted up or down when the ferroelectric polarisation is switched.
This changes substantially the tunnelling barrier height in the
dielectric portion of the barrier (Figure 6a) resulting in a strong
enhancement of TER. In the limit of perfect identical electrodes
(λL, λR→ 0), we obtain within the Wentzel–Kramers–Brillouin
approximation31

TER� exp
e

_

ffiffiffiffiffiffiffi

2m

U

r

PdFEdD dFE þ dDð Þ
dFEεD þ dDεFEð Þ

" #

; ð7Þ

where dFE (dD) and εFE (εD) are thickness and the electric
permittivity of the ferroelectric (dielectric) layer, and U is the
average height of the composite barrier when P= 0. It is seen from
equation (7) that for small dD TER increases exponentially, which is
in agreement with the more rigorous calculation shown in
Figure 6b.75 These conclusions are consistent with the results of
first-principles calculations showing that the inclusion of the STO

Figure 7. Polarisation controlled interfacial phase transitions. (a) Phase diagram showing the diversity of electronic and magnetic phases in
bulk La1-xSrxMnO3. PM–I, PM–M, FM–I, FM–M, AFM–M and C–I denote paramagnetic insulator, paramagnetic metal, ferromagnetic insulator,
ferromagnetic metal, antiferromagnetic metal and spin-canted insulator states, respectively. Red arrows show phase transitions that may be
exploited in FTJs. After ref. 80. (b) Predicted FM–AFM phase transition at the interface between BTO and La0.5Sr0.5MnO3 induced by
ferroelectric polarisation reversal in BTO. After ref. 81 Horizontal arrows indicate the orientation of ferroelectric polarisation; vertical arrows
show magnetic moments on Mn atoms. (c) Change in the tunnelling current across a PZT(10 nm)/La1− xSrxMnO3 (5 nm) bilayer at various
phase boundaries of LSMO: x= 0.2 (left), x= 0.33 (middle) and x= 0.5 (right), measured by conductive AFM at room temperature. After ref. 87
with permission. (d) A schematic diagram of the LSMO/BTO/LCMO/LSMO FTJ with a thin layer (~1 nm) of La0.5Sr0.5MnO3 (LCMO) inserted at
the interface. Reversal of ferroelectric polarisation leads to hole charge depletion or accumulation in the LCMO layer resulting in its phase
transition from FM metal to AFM insulator, respectively. After ref. 86 with permission. (e) Resistance (R) as a function of pulsed poling voltage
(Vpulse) measured at 40 K for junction with (J1, TER ~ 100) and without (J2, TER ~ 1.3) LCMO interlayer. The arrows indicate the direction of
pulse sequence. After ref. 86 with permission. (f) Resistance (R) as a function of magnetic field (H) for a junction with the LCMO interlayer in the
high- (top) and low- (bottom) resistance states. After ref. 86 with permission.
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interlayer at the BTO/SRO interface leads to the ferroelectric
modulation of the electrostatic potential in the STO interlayer
(Figure 6c).76 This enhances the TER, whose magnitude is scaled
with STO thickness.
Experimentally, the enhancement of TER is evident in FTJs with

uncovered ferroelectric layers. Comparison of the TER results for
FTJs with open and capped ferroelectric layers shows that the
capped structures exhibit much more modest values of TER.
This difference may be attributed to the presence of an additional
dielectric layer between the local probe tip and the
ferroelectric.31,33,34 Surface chemistry also has an essential role in
these and related films, and likely affects the observed switching
phenomena.77,78

We also note that the presence of the dielectric layer at the
interface strongly affects the ferroelectric polarisation stability and
therefore special attention needs to be given to this issue.
Clear evidence of the effect of the interfacial layer has been
demonstrated recently for FTJs with graphene electrodes.79

It was found that ferroelectric polarisation stability and resistive
switching are strongly affected by a molecular layer at the
graphene/BTO interface. For FTJs with an interfacial H2O layer,
only one polarisation state was stable and the TER effect was
impossible to observe. In contrast, for FTJs with an interfacial NH3

layer (Figure 6d), the polarisation was stable and switchable, and
an enhanced TER effect reaching a magnitude of 6 × 103 was
observed.

Effects of phase transitions at the interface
Using complex oxide materials, such as manganites La1− xAxMnO3

(A = Ca, Sr or Ba), as electrodes or interlayers in FTJs brings into
play new interesting phenomena involving the coupling between
ferroelectricity of the barrier and magnetism of the manganite.
Strongly correlated manganite materials display a rich phase
diagram that consists of competing phases with different
conducting properties and magnetic orderings (Figure 7a).80

Normally, the control of different phases is achieved though
chemical doping. Instead, a ferroelectric/manganite interface can
be employed for electrostatic doping of the manganite with the
advantage of being switchable by an applied electric field. The
electrostatic doping occurs at such an interface due to polarisation
charge on the ferroelectric side of the interface being screened by
a build-up of opposite charge on the manganite side, effectively
altering the hole concentration of the manganite near the
interface. If the manganite has chemical composition x close to
a phase boundary the reversal of polarisation can induce a
magnetic (and/or metal–insulator) phase transition locally near
the interface (red arrows in Figure 7a). For example, a FM to
antiferromagnetic (AFM) phase transition was predicted theoreti-
cally for the La0.5Ba0.5MnO3/BTO interface.81 Because of a finite
screening length in the manganite, the predicted magnetoelectric
effect is confined within 2 u.c. near the interface (Figure 7b).
Experimentally, the related effects have been observed in
La0.8Sr0.2MnO3/PbZr0.2Ti0.8O3 (PZT) heterostructures.82,83

The electrically induced FM to AFM phase transition at the
interface has important implications for FTJs. The FM metal phase
in LSMO is half metallic with electronic density of states only in the
majority spin channel.84 Switching the magnetic order near the
interface from FM to A-type AFM order blocks the majority spin
conduction due to the spin valve effect. As the spin polarisation is
nearly 100% this ‘spin valve’ exhibits a huge difference in
conductance between parallel and antiparallel configurations,
giving rise to the large TER effect. First-principles calculations for a
junction consisting of BTO as a barrier with La0.7Sr0.3MnO3 and
La0.6Sr0.4MnO3 as the left and right electrodes, predicts a factor of
18 change of conductance with polarisation reversal due to the
interface magnetic phase transition.85

These findings were confirmed in experiments on LSMO/BTO/
LCMO/LSMO FTJs with a thin layer of La0.5Ca0.5MnO (LCMO)
inserted at one of the interfaces.86 The doping of the LCMO
(x= 0.5) was intentionally chosen at the boundary between
FM-metallic (xo0.5) and AFM-insulating (x40.5) states. Reversal
of ferroelectric polarisation was expected to produce hole charge
depletion or accumulation in the LCMO layer resulting in a phase
transition in the LCMO from FM metal to AFM insulator,
respectively (Figure 7d). Indeed, it was found that ferroelectric
polarisation switching caused the material to undergo the
metal–insulator transition effectively changing the barrier width
by converting part of the electrode into a barrier. This was
accompanied by a giant TER ratio of about 100 measured at
T= 40 K (Figure 7, top panel). For reference, LSMO/BTO/LSMO
junctions without the LCMO spacer layer demonstrated a low TER
ratio of just about 1.3 (Figure 7, bottom panel).
Interfacial phase transitions were also investigated experimen-

tally using PZT/La1− xSrxMnO3 bilayers with a conductive-AFM tip
as a top electrode.87 A sign change of the TER was observed when
the LSMO electrode composition was altered from x= 0.2 to 0.5
(Figure 7c). This result is consistent with the phase diagram of
LSMO (Figure 7a), suggesting that at x= 0.2 hole accumulation
(polarisation points away from LSMO) leads to the FM insulator to
FM metal phase transition, whereas at x= 0.5 it leads to the FM
metal to AFM insulator phase transition.

Effects of finite bias
The majority of theoretical effort has been directed towards
elaborating the TER effect at zero bias, in which case structural
asymmetry is necessary to break the degeneracy between the two
polarisation directions. At the same time, applied bias is a simple
and dynamically tunable way to create asymmetry in the junction.

Figure 8. TER at finite bias. (a) Schematic representation of the
different transport regimes at finite bias: direct tunnelling (DT),
Fowler–Nordheim tunnelling (FNT) and thermionic injection (TI).
(b) A contour plot of TER versus applied bias and barrier thickness
for an FTJ with following parameters: P= 3 μC/cm2, εFE= 60 ε0,
λL= 0.8 Å, λR= 0.55 Å, εL= 2ε0, εR= 8ε0 and U0= 1.0 eV. After ref. 88
with permission. (c) Schematic view of the symmetric Au/BaZrO3/Au
FTJ and the electrostatic potential profile in the unrelaxed junction
for several voltages. After ref. 90 with permission. (d) ON/OFF ratio
for the FTJ for the case of electronic screening, electronic and ionic
screening, and screening plus piezoelectric response. After ref. 90
with permission.
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Within simple models, TER was calculated at finite bias for several
transport regimes: direct tunnelling, Fowler–Nordheim tunnelling
and thermionic injection (Figure 8a).88 It was found that TER is
present in all three transport regimes with the Fowler–Nordheim
active at high bias and thermionic injection at high barrier
thickness (Figure 8b). Large TER is favoured in FTJs with thicker
barriers in all three transport regimes, but at the cost of current
density. The largest TER is predicted when polarisation switching
changes the transport regime. Importantly, at finite bias, the TER
was shown to be non-zero even for a symmetric junction.
This result is corroborated by calculations of TER based on a

single-orbital tight-binding model, showing that finite bias
produces TER in a symmetric junction.89 The effect is due to the
change of the effective screening lengths in the electrodes, as the
result of the shift in the chemical potential by the applied bias.
This conclusion is consistent with the first-principles calculations
of TER in Au/BaZrO3/Au FTJs (Figure 8c).90 Under finite applied
bias, the junction electrostatic potential, shown in Figure 8c,
breaks the symmetry which makes the two polarisation states
inequivalent. These results show that at finite bias, the TER is
present even in symmetric junctions; however, the slope of the
TER curve with bias, in addition to the electronic and ionic
screening, depends on the piezoelectric response which appears
to produce the largest contribution to TER (Figure 8d).

Multiferroic tunnel junctions
The functionality of FTJs can be extended by using FM electrodes.
This kind of FTJ is known as a MFTJ, which can also be considered

as a MTJ with a ferroelectric barrier. The key property of a MFTJ is
the co-existence of the TMR and TER effects.7,22 Similar to MTJs,
the TMR effect arises from the band structure mismatch between
the FM electrodes when the magnetisation orientation changes
from parallel to antiparallel. The TER effect arises from the
asymmetry of the junction breaking the degeneracy between the
two polarisation directions. Equivalently these features of MFTJs
can be stated as: (i) the presence of four resistance states
determined by the mutual orientation of the magnetisation in the
electrodes (parallel or antiparallel) and the direction of the
polarisation in the barrier or (ii) the tunability of the TMR and
TER effects by the complementary ferroic order, that is, there are
two values of TMR dependent on ferroelectric polarisation
orientation and two values of TER dependent on magnetisation
orientation (Figure 9a).
A number of first-principles calculations have been performed

for different MFTJs to elaborate these conclusions.23,59,63,70,91

One of the important outcomes of these calculations is the
demonstrated connection between the interfacial magnetoelectric
effect and the ferroelectrically controlled TMR effect.92 The reversible
electric field induced by the ferroelectric polarisation is predicted to
modify the magnetic structure of an adjacent ferromagnet.93–96 On
the other hand, the TMR effect is largely determined by the spin-
polarised transmission across interfaces,97 and thus by altering the
interface spin structure the ferroelectric polarisation affects the spin-
polarisation and TMR. For example, the calculated k||-resolved
transmission for Co/PbTiO3–ZrO2/Co MFTJs91 shows that the
dominant spin contribution to the conductance is switched from

Figure 9. Multiferroic tunnel junctions. (a) Results of model calculations demonstrating the simultaneous presence of TER and TMR effects in a
MFTJ: TMR for opposite ferroelectric polarisation orientations in the barrier (top panel), and TER for parallel and antiparallel magnetisation in
the electrodes (bottom panel), as a function of ferroelectric polarisation P. After ref. 24 with permission. (b) Resistance as a function of
magnetic field in as-grown Co/PZT(3.2 nm)/LSMO junction (black squares) and after polarisation switching (red circles) measured at T= 50 K.
Magnetisation directions in each magnetic layer and polarisation states of the barrier are schematically shown. After ref. 101 with permission.
(c) Spin- and k||-dependent transmission in Co/PTO–ZrO2/Co tunnel junctions for the parallel configuration of magnetic Co electrodes and for
the two opposite orientations of ferroelectric polarisation. After ref. 91 with permission. (d) Magnetoelectric coupling in a Co/PTO–ZrO2/Co
tunnel junction. Top: difference of the layer-resolved magnetic moments upon reversal of the ferroelectric polarisation in the barrier. Bottom:
spin-resolved charge densities for the two ferroelectric polarisations (majority spin—red; minority spin—blue). After ref. 91 with permission.
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majority to minority when the ferroelectric polarisation of PTO is
reversed from pointing to the Co/PbO interface to the ZrO2/Co
interface (Figure 9c). This effect is explained by the spin density and
magnetic moments at the interfaces dependent on ferroelectric
polarisation orientation, which constitutes the interface magneto-
electric effect (Figure 9d).91

Experimentally, there have been a number of demonstrations
of the co-existence of the TMR and TER effects in MFTJs.98–101

Sizable changes in the negative TMR were observed depending
on the orientation of the ferroelectric polarisation in nanoscale
Fe/BTO/LSMO and Co/BTO/LSMO MFTJs.98,100 X-ray resonant
magnetic scattering indicated that in these junctions there is an
induced magnetic moment on the Ti atom that is coupled with
the Fe electrode.100 This result, as well as the measured negative
spin polarisation of the Fe/BTO interface, is in agreement with
first-principles calcuations.93,95 A very large TMR was observed in a
LSMO/BTO/LCMO/LSMO MFTJ (Figure 7f).86 The value of TMR was
found to be much larger for the junction in a low resistance state
(100% at T= 80 K) than in a high-resistance state (hardly seen
within the noise level). The significantly diminished TMR in the
high-resistance state is explained by the LCMO phase transition to
the AFM-insulating state.86 Finally, it was shown that switching the
ferroelectric polarisation in Co/PZT/LSMO tunnel junctions
changes sign of the TMR effect from − 3 to +4% (Figure 9b).101

Although the TMR itself was not large, it indicates a possibility to
control the sign of the spin polarisation by ferroelectric
polarisation.53 Overall, simultaneous TER and TMR effects and
their tunability by the complementary ferroic order parameter in
MFTJs are consistent with the original theoretical predictions.23

CONCLUSIONS AND OUTLOOK

Overall, the combined effort of theory and experiment has
managed to predict, demonstrate and elucidate the fundamental
properties of FTJs. The underling physical mechanisms behind the
functionality of FTJs are now understood and the figures of merit
that have been achieved are remarkable. In particular, the ON/OFF
ratios can reach several orders of magnitude and significant
scalability and reliability of FTJs have been demonstrated. Thus,
FTJs possess a great deal of potential for non-volatile ferroelectric
memory applications. In order for ferroelectric memory to become
a reality, however, more work is needed in various areas, such as
improving the stability of the ferroelectric polarisation in the
barrier, controlling and understanding the role of defects such as
oxygen vacancies in oxide materials, and understanding the finite
bias behaviour of these devices. This is in addition to practical
challenges, such as making the manufacturing process scalable
and cost-effective for industrial applications and demonstrating
the compatibility with existing electronic components.
In terms of future research, there are a number of avenues for

development. First, current devices utilise oxide ferroelectrics,
such as BTO, PTO and PZT. These materials often contain structural
defects, such as oxygen vacancies. Understanding the role of
these defects on ferroelectric switching as well as on electronic
transport properties of FTJs is of critical importance. Second,
the current theoretical methodology, in particular DFT-based
calculations, describes very well the effect of the electronic
screening of the polarisation and the interface bonding effect
at zero bias. However, the finite bias regime and the
effects appearing at finite bias are still largely unexplored.
Thus, methodology improvements to target these regimes are
necessary. Third, a potentially interesting research direction is the
extension of the functionality of the devices using more complex
materials with multiple and possibly coupled ferroic orders, such
as single-phase magnetoelectric multiferroics. Finally, exploration
of other ferroelectric materials, such as organic ferroelectrics that
could preserve ferroelectricity at monolayer thickness, would be
interesting.
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