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1. Introduction

The phenomenon of electron tunneling has been known since the advent of quantum
mechanics, but it continues to enrich our understanding of many fields of physics, as well
as offering a route toward useful devices. A tunnel junction consists of two metal electrodes
separated by a nanometer-thick insulating barrier layer, in which an electron is allowed
to transverse a potential barrier exceeding the electron’s energy. The electron therefore
has a finite probability of being found on the opposite side of the barrier. In the 1970’s,
spin-dependent electron tunneling from ferromagnetic metal electrodes across an amorphous
Al2O3 film was observed by Tedrow and Meservey(1)(2). Based on this discovery, Jullière
proposed and demonstrated that in a magnetic tunnel junction tunnel current depends on the
relativemagnetization orientation of the two ferromagnetic electrodes(3). Such a phenomenon
nowadays is known as tunneling magnetoresistance(TMR)(4). Magnetic tunnel junctions may
be very useful for various technological applications in spintronics devices such as magnetic
field sensors and magnetic random access memories. Other insulators are also used for tunnel
barriers. For example, epitaxial perovskite SrTiO3 barriers were studied by De Teresa et
al. to demonstrate the importance of interfaces in spin-dependent tunneling(5). In tunnel
junctions with MgO barriers, Ikeda et al. found large magnetoresitance as high as 604% at
room temperature and 1144% at 5 K(6), which approaches the theoretical predictions of Butler
et al.(7) and Mathon et al.(8). Despite the diversity of materials used as the barrier of the tunnel
junctions, the common feature is that almost all the barriers are nonpolar dielectrics.
On the other hand, magnetic insulators, i.e, EuO, EuS and EuSe, are used for tunnel barriers.
Spin filtering has been observed in these junctions as were first discussed by Moodera et
al.(9). in 1988. They observed that the tunneling current in Au/EuS/Al junction has a spin
polarization with the magnitude as high as 80%. and attributed it to the electron tunneling
across the spin-dependent barriers (Fig.1). Later, they reported that the tunneling current
across Ag/EuSe/Al junctions has an enhanced spin-polarization reaching 97%(10). Recently,
using EuO with a higher Curier temperature (69 K) than EuS (16.7 K) and EuSe (4.6 K),
Santos et al. obtained 29% spin-polarized tunneling current(11). Naturally, if electrodes
are not normal metals, but ferromagnetic materials, both TMR and spin filter effects can be
observed(Fig.2)(12).
Another important concept is the ferroelectric tunnel junction (FTJ)(13)(14)(15), which take
advantage of a ferroelectric as the barrier material. Ferroelectrics possess a spontaneous
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2 Ferroelectrics

Fig. 1. Schematic illustration of tunnel barrier of a Au/EuS/Al junction. W1 and W2 are the
work functions of Au and Al, respectively. χ is the electron affinity of EuS. The barrier
heights at the Au and Al interfaces are shown as Φ1 and Φ2 at the bottom of the EuS
conduction band (dashed line) at T>16.7 K. The bottom of the two bands shown at T ≤ TC by
the solid lines separated by ∆Eex are the barriers seen by the two spin directions.(9)

electric polarization that can be switched by an applied electric field. This adds a new
functional property to a tunnel junction. Nowadays, there are worldwide efforts to include
FTJs into various nanoscale devices such as Gbit nonvolatile semiconductor memories. This

Fig. 2. Schematic illustration of spin filtering and the MR effect. (a) above TC of the EuS filter
the two spin currents are equal. (b) below the TC of EuS, the tunnel barrier is spin split,
resulting in a highly spin polarized tunnel current. With a ferromagnetic (FM) electrode, the
tunnel current depends on the relative magnetization orientation. For parallel alignment (P),
(c) a large current results, while for antiparallel alignment (AP), (d) a small current
results.(12)

18 Ferroelectrics
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Ferroelectric and Multiferroic Tunnel Junctions 3

may open new exciting perspectives but also give rise to important fundamental questions.
For example, can ferroelectricity exist in a nanometer-thick barrier film? As is well-known,
ferroelectricity is a collective phenomenon (as magnetism or superconductivity) and it results
from a delicate balance between long-range Coulomb forces (dipole-dipole interaction)
which are responsible for the ferroelectric state and short-range repulsion which favor the
paraelectric cubic state. When the size of a ferroelectric sample is reduced, both Coulomb
and short-range forces are modified. This leads to a behavior at very small size that cannot be
trivially predicted and causes eventually a suppression of the interesting functional properties
below what is referred to the correlation volume. The ferroelectric instability of ultra-thin
films and ultra-small particles has been an open question for several decades. Recently,
experimental and theoretical investigations showed that ferroelectricity may persist even at
a film thickness of a few unit cells under appropriate mechanical (lattice strain) and electric
boundary (screening) conditions. In particular, it was discovered that, in organic ferroelectrics,
ferroelectricity can be sustained in thin films of a few monolayer thickness (16). In perovskite
ferroelectric oxides, ferroelectricity was observed down to a nanometer scale (17). This fact
is consistent with first-principle calculations that predict a nanometer critical thickness for a
FTJ (18). As a result, the existence of ferroelectricity at such a small film thickness makes it
possible to use ferroelectrics as tunnel barriers.
Let us now turn to a general outline of this chapter. We will begin with a discussion of
the concept of a ferroelectric tunnel junction, then show that the reversal of the electric
polarization in the ferroelectric produces a change in the electrostatic potential profile across
the junction. This leads to the resistance change which can reach a few orders of magnitude,
namely, the giant tunneling electroresistance (TER) effect. Interface effect, strain effect and
composite barrier are also discussed. Next, we will show that functional properties of FTJs
can be extended by adding the spin degree of freedom to FTJs. This makes the junctions
multiferroic (that is, simultaneously ferromagnetic and ferroelectric). The interplay between
ferroelectric and magnetic properties in a multiferroic tunnel junction (MFTJ) may affect
the electric polarization of the ferroelectric barrier, the electronic and magnetic properties
of the interface, and the spin polarization of the tunneling current. Therefore, TMR and
spin filtering effect observed in MTJs can also be observed in MFTJs. Such a new kind
of tunnel junction may be very useful for future technological applications. Several ways
to obtain MFTJs are introduced, such as (1) replacing one normal metal electrode with
ferromagnetic one, (2) replacing ferromagnetic barriers with multiferroic materials, and (3)
using a composite of ferromagnets and ferroelectrics as the barrier. These studies open an
avenue for the development of novel electronic devices in which the control of magnetization
can be achieved by the electric field via magnetoelectric coupling. Finally, we look at the
magnetoelectric coupling effect in the ferroelectric-based junctions, which is independent of
particular chemical or physical bonding.

2. Ferroelectric tunnel junction

The concept of a FTJ is illustrated in Fig.3(15), which shows the simplified band structure of a
tunnel junction with a ferroelectric barrier. If the ferroelectric film is sufficiently thin but still
maintains its ferroelectric properties, the surface charges in the ferroelectric are not completely
screened by the adjacent metals [Fig.4(a)] and therefore the depolarizing electric field E in the
ferroelectric is not zero. The electrostatic potential associated with this field depends on the
direction of the electric polarization [Fig.4(b)]. If a FTJ is made of metal electrodes which
have different screening lengths, this leads to the asymmetry in the potential profile for the

19Ferroelectric and Multiferroic Tunnel Junctions
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4 Ferroelectrics

Fig. 3. (Color online). Schematic diagram of a tunnel junction, which consists of two
electrodes separated by a nanometer-thick ferroelectric barrier layer(15). (Egap is the energy
gap. EF is the Fermi energy, V is the applying voltage, t is the barrier thickness.)

opposite polarization directions. Thus, the potential seen by transport electrons changes with
the polarization reversal which leads to the TER effect.
Electrostatic effect. The above arguments can be made quantitative by applying a
Thomas-Fermi model. The screening potential within metal 1 and metal 2 electrode is given
by(19)

ϕ (z) =

{

σSδLe
−|z|/δL

ε0
, z≤ 0

− σSδRe
−|z−d|/δR

ε0
, z ≥ d

(1)

Here δL and δR are the Thomas-Fermi screening lengths in the M1 and M2 electrodes. σS is the
magnitude of the screening charges and can be found from the continuity of the electrostatic
potential:

ϕ (0)− ϕ (d) =
d (P− σS)

εF
(2)

Here P is considered to be the absolute value of the spontaneous polarization, and the
introduction of the dielectric permittivity εF is required to account for the induced component
of polarization resulting from the presence of an electric field in the ferroelectric. Using
Eqs.(1)-(2) and introducing the dielectric constant ε = εF/ε0, σS can be expressed as σS =
dP/[ε (δL + δR) + d].
Figure 4(b) shows the electrostatic potential in a M1-FE-M2 junction assuming that metals
M1 and M2 have different screening lengths, such that δL > δR. It follows from Eq.(1) that
different screening lengths result in different absolute values of the electrostatic potential at
the interfaces, so that ϕ1 ≡ |ϕ(0)| �= ϕ2 ≡ |ϕ(d)|, which makes the potential profile highly
asymmetric. The switching of the polarization in the ferroelectric layer leads to the change in
the potential which transforms to the one shown in Fig.4(b) by the dashed line, thus, inevitably
leading to the change in the resistance of the junction.

20 Ferroelectrics
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Ferroelectric and Multiferroic Tunnel Junctions 5

Tunneling electroresistance effect. If the thickness of the ferroelectric barrier is so small that
the dominant transport mechanism across the FTJ is the direct quantum-mechanical electron
tunneling. The conductance of FTJ can be calculated, for example, at a small applied bias
voltage the conductance of a tunnel junction per area A is(20)

G

A
=

2e2

h

∫ d2k‖

(2π)2
T
(

EF ,k‖

)

(3)

Here, T is the transmission coefficient evaluated at the Fermi energy EF for a given value of
the transverse wave vector k‖ , which can be obtained from the Schrödinger equation for an
electron moving in the potential.
The overall potential profile seen by the transport electrons is a superposition of the
electrostatic potential shown in Fig.4(b), the electronic potential which determines the bottom
of the bands in the two electrodes with respect to the Fermi energy EF , and the potential
barrier created by the ferroelectric insulator. The resulting potential for the two opposite
orientations of polarization in the ferroelectric barrier is shown schematically in Fig.5 for

Fig. 4. Electrostatics of a M1-FE-M2 junction: (a) charge distribution and (b) the respective
electrostatic potential profile (solid line)(14). The polarization P creates surface charge
densities, ±σP = ±|P|, on the two surfaces of the ferroelectric film. These polarization
charges ±σP, are screened by the screening charge per unit area, ∓σS, which is induced in the
two metal electrodes. It is assumed that metal 1 (M1) and metal 2 (M2) electrodes have
different screening lengths (δL > δR) which lead to the asymmetry in the potential profile.
The dashed line in (b) shows the potential when the polarization P in the ferroelectric is
switched, resulting in the reversal of the depolarizing field E. The following assumptions are
made: (1) The ferroelectric is assumed to be uniformly polarized in the direction
perpendicular to the plane. (2) The ferroelectric is assumed perfectly insulating so that all the
compensating charges resides in the electrodes. (3) The short-circuited FTJs are discussed.

21Ferroelectric and Multiferroic Tunnel Junctions
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6 Ferroelectrics

Fig. 5. Schematic representation of the potential profile V(z) in a M1-FE-M2 junction for
polarization pointing to the left (a) and for polarization pointing to the right (b), assuming
that δ1 > δ2. The dashed lines show the average potential seen by transport electrons
tunneling across the ferroelectric barrier(14). The horizontal solid line denotes the Fermi
energy, EF .

δL > δR. Indeed, the average potential barrier height seen by the transport electrons travelling
across the ferroelectric layer for polarization pointing to the left, UL = U + (ϕ1 − ϕ2)/2,
is not equal to the average potential barrier height for polarization pointing to the right,
UR = U + (ϕ1 − ϕ2)/2, as is seen from Figs. 5(a) and 5(b). This make the conductance GL

for polarization pointing to the left much smaller than the conductance GR for polarization
pointing to the right (Fig.6(a)), thereby resulting in the TER effect(Fig. 6(b))(14).
Experimentally, ferroelectric tunnel junctions with different ferroelectric barriers have been
fabricated successfully and giant tunneling electroresistance effects have been observed.
Garcia et al.(21) and Gruverman et al.(22) reported that giant TER effects reached 75000%
through 3 nm-thick BaTiO3 barrier at room temperature. Crassous et al. observed that the
TER reached values of 50000% through a 3.6 nm PbTiO3(23). Maksymovych et al. found

Fig. 6. (a) conductance per unit area for polarization oriented to the right, GR/A (solid line)
and for polarization oriented to the left, GL/A (dashed line); (b) conductance change,
GR = GL, associated with the polarization switching in the ferroelectric barrier (14). The
vertical dotted line indicates the value of δ1 = δ2 at which no asymmetry in the potential
profile and, hence, no conductance difference is predicted.

22 Ferroelectrics
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Ferroelectric and Multiferroic Tunnel Junctions 7

Fig. 7. Interface effect of a FTJ (15).

that the large spontaneous polarization of the Pb(Zr0.2Ti0.8)O3 film resulted in up to 500-fold
amplification of the tunneling current upon ferroelectric switching(24).
Interface and strain effect. Interestingly, recent experimental(25) and theoretical(26) studies
indicate that ionic displacements within the electrodes, in a few atomic monolayers adjacent
to the ferroelectric, may affect the electron screening. The polarization switching alters
positions of ions at the interfaces that influences the atomic orbital hybridizations at the
interface and hence the transmission probability (see Fig.7). On the other hand, the
piezoelectricity of a ferroelectric barrier under an applied voltage produces a strain (see
Fig.8) that changes transport characteristic of the barrier such as the barrier width and the
attenuation constant(27).
FTJs with ferroelectric/dielectric composite barriers. It is an efficient way to enhance the TER by
using a layered composite barrier combing a functional ferroelectric film (FE) and a thin film
of a nonpolar dielectric material (DI)(28). Due to the change in the electrostatic potential

Fig. 8. Strain effect of a FTJ (15).

23Ferroelectric and Multiferroic Tunnel Junctions
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8 Ferroelectrics

Fig. 9. (Color online) Geometry (a) and the electrostatic potential profile for the two opposite
polarization orientations (b) of a FTJ: a=25 Å, b=5 Å, εd=300, ε f =90, δ =1 Å, and P=20

µC/cm2(28).

induced by polarization reversal, the nonpolar dielectric film adjacent to one of the interfaces
acts as a switching changing its barrier height from a low to high value (Fig.9), resulting in
a dramatic change in the transmission across the FTJ. The predicted values of TER are giant,
indicating that the resistance ratio between the two polarization-orientation states in such FTJs
may reach hundred thousands and even higher as shown in Fig.10. Furthermore, Wu et al.
proposed that if the interface between the FE and the dielectric layer is very sharp and space
charges exist at this interface, the TER will be enhanced strongly(29).

Fig. 10. (Color online) (a) Conductance of a FTJ for two opposite polarization orientations:
Left (solid line) and right (dashed line), as a function of dielectric layer thickness. The insets
show the corresponding tunneling barrier profiles. (b) TER as the function of dielectric layer
thickness for two polarizations P=20 µC/cm2 (solid line) and P=40 µC/cm2 (dashed line).
The inset shows TER as the function of the ferroelectric film thickness. Ud=0.6 eV, εd=300(28).

24 Ferroelectrics
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Ferroelectric and Multiferroic Tunnel Junctions 9

It should be noted that FTJs with composite barriers (M/FE/DI/M) does not require different
electrodes. This may be more practical for device application than the conventional FTJs
(M1/FE/M2). For FTJs as M1/FE/M2, asymmetry is necessary for the TER effect, which may
be intrinsic (e.g., due to nonequivalent interfaces) or intentionally introduced in the system
(e.g., by using different electrodes).

3. Multiferroic tunnel junctions (MFTJ)

A MFTJ is simultaneously ferromagnetic and ferroelectric. The transport behaviors of
MFTJs can be controlled by the magnetic and electric field. Furthermore, the interplay
between ferromagnetic and ferroelectric properties may affect the electric polarization of the
ferroelectric barrier, the electronic and magnetic properties of the interface, and the spin
polarization of the tunneling current. This indicates that not only TER effect, TMR and spin
filtering effects may also be observed in MFTJs.

3.1 Ferromagnet/ferroelectric/normal metal junctions
By replacing normal metal electrode with a highly spin-polarized (ferromagnetic) material,
such as diluted magnetic semiconductor(30), doped manganite(31), double perovskite
manganites, CrO2 and Heussler alloys, spin degrees of freedom can be incorporated into
existing FTJs. In such MFTJs, the spin-polarized electrons from a ferromagnetic metallic
electrode tunnel through a ferroelectric thin film which serves tunneling barrier. The reversal
of the electric polarization of the ferroelectric film leads to a sizable change in the spin
polarization of the tunneling current. This provides a two-state electric control of the spin
polarization, including the possibility of switching from zero to nonzero or from negative to
positive spin polarization and vice versa.
Electrostaticeffect. As is discussed on FTJs, the switching of the electric polarization changes
the potential profile of the whole junction. Then, how does this change affect the conductance
of the minority- and majority-spin carriers? As shown in Fig.11, for the electric polarization
of the FE barrier pointing to the left (i.e., towards the FM electrode), majority-spin carriers
experience an additional barrier compared to minority-spin carriers [compare the solid
and dashed lines in Fig. 11(a)], since the spin dependent potential in FM electrode is
Vσ
1 = V1 ± 1/2∆ex, σ is the spin index σ =↓,↑, ∆ex is the exchange splitting strength. This

occurs if the magnitude of the electrostatic potential at the FM/FE interface, ϕ1 ≡ ϕ(0),
is larger than the Fermi energy with respect to the bottom of the minority-spin band, i.e.,

EF − V
↓
1 − ϕ1 < 0. If this condition is met, the spin polarization of the tunneling current is

positive and weakly dependent on the potential barrier height. On the other hand, for the
electric polarization pointing to the right (Fig. 11(b)), i.e., towards the NM electrode, the
tunneling barrier is the same for majority and minority spins [compare the solid and dashed
lines in Fig. 11(b)]. In this case, the magnitude of the spin polarization of the tunneling
current is largely controlled by the exchange splitting of the bands and the potential profile

across the structure. When EF − V↓
1 − ϕ1 > 0, the asymmetry between R and L is due to

the different barrier transparencies as a result of the different band structures of the two
electrodes. Thus, by reversing the electric polarization of the FE barrier it is possible to switch
the spin polarization of the injected carriers between two different values, thereby providing
a two-state spin-polarization control of the device.
Spin filtering effect. The spin polarization of the conductance can be defined by Π =
G↑ − G↓/G↑ + G↓, where the conductance can be calculated from Eq. (3). Figs. 12(a) and

25Ferroelectric and Multiferroic Tunnel Junctions
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10 Ferroelectrics

Fig. 11. (Color online) (a) Conductance of a FTJ for two opposite polarization orientations:
Left (solid line) and right (dashed line), as a function of dielectric layer thickness(30). The
insets show the corresponding tunneling barrier profiles. (b) TER as the function of dielectric
layer thickness for two polarizations P=20 µC/cm2 (solid line) and P=40 µC/cm2 (dashed
line). The inset shows TER as the function of the ferroelectric film thickness. Ud=0.6 eV,
εd=300.

12(b) show the calculated conductance and spin polarization of the conductance as a function
of the potential barrier height, U, in the ferroelectric barrier. It is seen that, for P pointing
towards the ferromagnetic electrode, the spin polarization, ΠL, is positive and is weakly
dependent on U, reflecting an additional tunneling barrier for minority spins (Fig. 11(a)).
On the other hand, for the P pointing towards the NM electrode, the spin polarization, ΠR,
is slightly negative at not too large values of U and becomes positive when U is larger than
a certain value. The latter result can be understood in terms of spin-dependent tunneling
across a rectangular barrier. Thus, using an appropriate FE barrier, it is possible to change the
spin polarization of injected carriers from positive to negative and vice versa by reversing the
electric polarization of the FE barrier. The degree of the spin polarization change in response
to the electric polarization reversal depends on the carrier density in the semiconductors. This
is illustrated in Fig. 12(c), which shows the dependence of the ΠL and ΠR on the Fermi energy

with respect to the bottom of the minority-spin band in the FM electrode. When EF ≤ V↓
1 the

DMS is fully spin polarized and hence ΠL=ΠR=1. With increasing the carrier concentration

Fig. 12. (Color online)Total conductance, G = G↑ + G↓ (a) and spin polarization (b,c) of
injected current in a FM/FE/NM tunnel junction as a function of potential barrier height
(a,b) and the Fermi energy (c) for the polarization of the ferroelectric barrier pointing to the

left (solid lines) and pointing to the right (dashed lines) for d=3 nm. In (a) and (b) EF-V
↑
1 =0.06

eV and V1 = V2; in (c) U=0.5 eV and V2 −V
↑
1 =0.025 eV(30).

26 Ferroelectrics
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Ferroelectric and Multiferroic Tunnel Junctions 11

Fig. 13. (Color online) Tunneling magnetoresistance (a) and conductance, G, for parallel
magnetization of the electrodes (b) in a FM/FE/FM tunnel junction versus potential
difference in the two magnetic semiconductors for the electric polarization of the ferroelectric
barrier pointing to the left (solid lines) and pointing to the right (dashed lines) for d=3 nm
and U=0.5 eV(30).

and hence EF , the spin polarization drops down much faster for the P pointing to the right
than for the P pointing to the left, resulting in a sizable difference in the spin polarizations ΠR

and ΠL. Therefore, by changing the density of carriers in the semiconductors it is possible to
tune values of the spin polarization for a two-state control of the electronic device.
TMR effect. Such multiferroic tunnel junctions (MFTJ) have not yet been realized
experimentally but might be promising in providing an additional degree of freedom in
controlling TMR. Fig. 13(a) shows the calculated TMR in a tunnel junction with two FM
electrodes separated by a FE barrier. The TMR ratio was defined by TMR = GP − GAP/GAP,
where GP and GAP are the conductances for the parallel and antiparallel magnetization,
respectively. As is seen from Fig. 13(a), for V1 = V2 the TMR is independent of the orientation
of P. The increasing potential difference in the two FM electrodes results in the enhancement
of TMR for the P pointing to the right, whereas for the P pointing to the left the TMR drops
down and becomes negative. At these conditions the MFTJ works as a device which allows
switching the TMR between positive and negative values. As follows from Fig. 13(b), there
is a sizable difference in the overall conductance of the junction for the two orientations of
polarization, namely, the TER effect. Therefore, there is a coexistence of TMR and TER effects
in such MFTJs.

3.2 MFTJs with a single-phase multiferroic barrier
Another type of MFTJ is feasible in which the barrier itself is made of a material
that exhibits MF properties in the bulk, such as BiFeO3 and BiMnO3. In multiferroic
materials, the coexistence of ferroelectric and ferromagnetic orders will provide a
unique opportunity for encoding information independently in electric polarization and
magnetization. Consequently, it will open new applications of multiferroic tunnel junctions
on logic programming. Nowadays, several multiferroic tunneling junctions have been
successfully fabricated. For example, Gajek et al. showed that BiMnO3 tunnel barriers may
serve as spin filters in magnetic tunnel junctions(32). This work was further advanced to
demonstrate the presence of ferroelectricity in ultrathin BiFeO3 films grown epitaxially on a
half-metallic La2/3Sr1/3MnO3 electrode(33)(34) and La0.1Bi0.9MnO3(35).
In this section, two kinds of single-phase MFTJs will be discussed. One is
normal metal/multiferroic/ferromagnetic metal (NM/MF/FM) junction(36). The other is
FM1/MF/FM2 junctions(37), in which both electrodes and the barrier are ferromagnetic. TMR

27Ferroelectric and Multiferroic Tunnel Junctions
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Fig. 14. (Color online) Schematic illustration of our multiferroic spin-filter tunneling
junction, the charge distribution and corresponding electrostatic potential, and the overall
potential profile (from top to bottom)(36). A NM electrode is placed in the left half-space
z < 0, a multiferroic barrier of thickness t, and a semifinite FM electrode placed in the the
right half-space z> d. mL, mB, and mR are the effective masses in three regions. µL and µR

are the Fermi energies of the left and right electrodes, respectively. ∆R and ∆B represent the
exchange splitting of the spin-up and spin-down bands in FM electrode and the multiferroic
barrier, respectively. ϕL and ϕR are, respectively, the electrostatic potentials at two interfaces
relative to the Fermi level µ of the system.(a) The electric polarization P points to the right
(positive). (b) P points to the left (negative). Here, it is assumed that two electrodes have
different screening lengths and δ1 < δ2.

and spin filtering effects in these MFTJs are discussed. We also introduce the progress of the
theoretical studies on these single-phase MFTJs.
Structure of NM/MF/FM Junctions. ANM/MF/FMMFTJ is illustrated in Fig.14. Similar to a

FTJ, the screening potential ϕ(z) of a MFTJ is σSδLe
−|x|/δL/εL (x≤ 0), and −σSδRe

−|z−t|/δR/εR
(x≥ d). Here, δL and δR are the Thomas-Fermi screening lengths in the NM and FM electrodes,
respectively. εL and εR are the dielectric permittivities of the NM and FM electrodes. The
screening charge σS can be found from the continuity of the electrostatic potential: σS =
(dP/εB)/(δL/εL + δR/εR + d/εB) and εB is the dielectric permittivity of the tunneling barrier.
The overall potential profile is asymmetric, as shown in Fig.14, because it is the sum of the
electrostatic potential ϕ(x), the electronic potential in the electrodes, and the rectangular
potential profile U0. Under the applied bias voltage V, the difference of the interfacial barrier
heights is δU = UL −UR = δϕ + eV, where UL = µ + ϕL and UR = µ + ϕR − eV.
TMR and Spin filtering effects in NM/MF/FM Junctions. The model Hamiltonian for such
MFTJs can be given by

Ĥσ = −
(

h̄2/2mv

)

∇2 +U(z)− σv∆v, (4)

with the z-dependent potential U(z) = 0 when z ≤ 0, U(z) = UL − (δU/d)z when 0 ≤ x ≤ d,
and U(z) = δµ − eV when z> d, and the spin indice is σv = θvσ, where σ is the conserved spin
orientation in three regions and v indicates L, B, or R. σ = +1(↑) or −1(↓) means up spin or
down spin with respect to z. θv = +1(⇑) or −1(⇓) denotes the magnetization orientation in
the region v, parallel or antiparallel to the positive z direction. Then, σv = +1(↑) or −1(↓) is

28 Ferroelectrics
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Ferroelectric and Multiferroic Tunnel Junctions 13

Fig. 15. (Color online) (a) The exchange splitting dependence of spin-filtering efficiency with
B=1000 and d=2 nm. (b) Dielectric constant dependence of spin-filtering efficiency with
∆B=0.01 eV and d=2 nm. (c) The thickness dependence of spin-filtering efficiency of the
barrier with B=1000 and ∆B=0.01 eV. (d) The P dependence of spin-filtering efficiency with
εB=1000, ∆B=0.01 eV, and d=2 nm(36). In the calculation, we set δL=0.07 nm, δR=0.08 nm,
∆R=0.09 eV, EF=0.1 eV, mL=mR =0.9me, mB=1.1me, and U0=0.5 eV.

the relative spin orientation, parallel or antiparallel to the given magnetization in the v region.
Without loss of generality, we fix θB = +1(⇑) and let θR vary. If the eigenenergy E and the
transverse momentum q are conserved in this structure, the asymptotic expansion of Airys
functions gives a good approximation for the transmission coefficient of each spin channel σ
under a certain magnetization θR =⇑ or ⇓(38),

T⇑θR
σ (E,q) =

16kLkRσB
κLσB

κRσB
e−2ξσB

d

(

k2L + κ2LσB

)(

k2RσR
+ κ2RσB

) (5)

where the reduced wave vectors are kL = λL/(EL)
1/2, kRσR

= λR(ER − δµ + eV +

σR∆R)
1/2,κLσB

= λB(ULσB
− EB)

1/2, and κRσB
= λB(URσB

− EB)
1/2, and ξ is the decayingWKB

wave vector. Here, λv =
√

2m2
e/mv h̄

2 (v=L,B or R) with me the free-electron mass. When
the applied bias voltage V is small and the barrier width t is large, the transmission at the
Fermi level µ with q = 0 contributes predominantly. The zero-temperature conductance can
be obtained as

G⇑θR
σ =

e2

8π2h̄

ξσB

d
T⇑θR

σ (µ,0) (6)

For a certain magnetization configuration, the total conductance is given by the sum of

two channels (up spin and down spin): G⇑R = G⇑R
↑ + G⇑R

↓ . The TMR ratio is defined as

TMR=1 − G⇑⇓/G⇑⇑. To show the spin-filtering effect, two sub-TMR ratio are defined as

TMRσ = 1− G⇑⇓σ/G
⇑⇑
σ , corresponding to the higher barrier (σ =↓) and lower barrier (σ =↑),
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14 Ferroelectrics

respectively. Thus, a ratio can be defined as α = G
⇑⇑
↑ /(G⇑⇑

↑ + G
⇑⇑
↓ ) to represent the ratio

between conductances through the higher and lower barriers. The TMR can be reformulated
as TMR=α× TMR↑+(1-α)TMR↓. Clearly, when the spin-filtering effect is very strong, α →1(0),
then TMR≈TMR↑ (TMR↓), which means that tunneling electrons are fully spin polarized and
TMR is dominated by one of the spin channels. The sub-TMRs can be written as

TMRσ =
kRσ − kRσ̄

kRσ

κ2Rσ − kRσkRσ̄

κ2Rσ + k2Rσ̄

(7)

where σ̄ = −σ. If spin-filtering effect is very strong, TMR≈ TMR↑ = PR↑PB↑, where

PR↑ = (kR↑ − kR↓)/kR↑ and PB↑ = (κ2R↑ − kR↑kR↓)/(κ
2
R↑ + k2R↓) are effective spin polarization,

respectively. Because of the positive PR↑, the sign of TMR is dominated by the term in PB↑,

κ2Rσ − kRσkRσ̄ ≈ λB

(

ϕR↑ − eV
)

− λR

√

(µR + eV)2 − ∆2
R (8)

which is related with the barrier height ϕR↑ induced by electric polarization. Figs. 15 and 16
shows the effect of the barrier’s properties on the spin filtering coefficient and TMR ratio.
Four Logic states. As displayed in Fig. 17 (upper panel), there are overall eight resistive
states with four independent pairs (A, A’; B, B’; C, C’; and D, D’), depending on the relative
orientation of neighboring magnetizations and the sign of P. Because of the magnetoelectric
coupling in the multiferroics, the P and the M can be reversed by an electric field separately
or simultaneously. Thus, electric-field controlled functionality can be realized, including
normal electroresistance (the transition from A to B or the transition from C to D) and more
significant change in resistance, i.e., electromagnetoresistance (the transition from A to D).
The difference between these states is complex but important for practical application. In the
lower panel of Fig. 17, we show the resistance (normalized to its value at Pc) as a function
of electric polarization, and the inset displays the exchange splitting dependence of Pc, where
states B and C cross. Compared with conventional TMR elements which have been applied
in magnetic random access memory, and also with FTJs, the present multiferroic structure
possesses both electric controllable switching and large contrast between resistive states.
TMR effect in FM1/MF/FM2 junctions. In the following sections, another kind of MFTJs is
discussed. As shown in Fig. 18, a multiferroic barrier is separated by two ferromagnetic
metallic electrodes, for example, half-metallic La2/3Sr1/3MnO3 and ferromagnetic metal
Co(33)(34). Evidently, it is also a kind of magnetic tunnel junction, which will show

Fig. 16. (Color online) (a) The exchange splitting dependence of spin filtering efficiency for
different P. δL=0.07 nm and δR =0.08 nm. The inset shows the corresponding TMR. (b) The
same with (a) but with a stronger contrast between δ: δL=0.07 nm and δR=1 nm(36).
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Fig. 17. (Color online) (Upper panel) Schematic illustration of multiple resistive states,
depending on the orientation of P, M and MR. (Lower panel) The electric polarization
dependence of normalized conductance for the four resistive states. δL=0.07 nm, δR =1 nm,
εB=2000, and ∆B=0.06 eV. The inset shows the ∆B dependence of Pc(36).

significant TMR behaviors. Two theoretical models have been proposed to explain TMR

effects in MTJs. One is Jullieres formula with TMR = 2P2

1+P2 (3), where the spin polarization

Fig. 18. (Color online) (a) Schematic illustration of MF tunnel junction. (b) Charge
distribution and corresponding electrostatic potential. (c) The overall potential profile. (d)
Schematic band structures of Co and half-metallic La2/3Sr1/3MnO3(37). The exchange
splittings are ∆L, ∆R, and ∆B, respectively, for the left and right FM electrodes and the MF
barrier. The electric polarization P induces surface charge densities, ±σP = ±|P · x| = P cos α,
on the two surfaces of the barrier, where α is the relative orientation between the electric
polarization P and the x axis. θR = +1(⇑) is fixed, while let θB and θL vary.
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Fig. 19. (Color online) The electric polarization orientation (α) dependence of the TMR from
Eq. (22)(37). The TMR from both Jullieres and Slonczewskis models is α independent. The
parameters used are the same as that used in the calculations in Fig. 20. Here a 5 nm thick
nonmagnetic barrier is adopted.

P = (N↑ − N↓)/(N↑ + N↓) and N is the density of states at Fermi level. On the other
hand, in the model by Slonczewski(39), the barrier height on the tunneling is considered and

P = [(k↑ − k↓)/(k↑ + k↓)][(κ
2 − k↑k↓)/(κ

2 + k↑k↓)], where κ =
√

(2m/h̄2)/(U − EF) and U is

the height of barrier. However, in both models of Julliere and Slonczewski, neither the electric
polarization nor the magnetism of the barrier was considered. For MFTJs, Ju et al. extended
the previous TMR models and firstly pointed out the TMR is a function of the orientation of
the electric polarization (Fig. 19). They also proved that Slonczewskis model is actually a
special case of their model with P=0 (or α =0) and ∆B = 0. Their calculations show that the
TMR of MFTJs are strongly influenced by the orientation of the electric polarization and the
barrier properties, i.e., effective barrier height Ū; the exchange splitting of the barrier, ∆B; and
the electric polarization in the barrier, P, which is shown in Fig.19 and Fig.20.
Tunneling electroresistance effect (TER). Since both electrodes and barrier are ferromagnetic,
such tunnel electroresistance (TER), TER = G(π)/G(α = 0) , is a little different from that
in FTJs. In Fig. 20(e), we show such TER as for junctions with various barrier thicknesses.
It is found that TER increases with the increase of d and when the magnetization of the
barrier is parallel to themagnetization of right electrode, the presence of weak ferromagnetism
in BiFeO3 will make TER more significant (Fig. 20(f)). However, it is also noted that
TER is almost independent of the magnetic configuration of two electrodes, i.e., parallel or
antiparallel. These TER effects will be studied experimentally by Bea et al.(33)(34).
Converse piezoelectric effect. Converse piezoelectric effect may also have an important
influence on the tunneling across a multiferroic(40). When the junction is applied with a bias
voltage V, the converse piezoelectric property causes the strain in the barrier, which hence
induces changes in the barrier thickness d, electron effective mass mB, and position of the
conduction band edge Ec. There are (27)

d = d0 + d33V
mB = m0

B (1+ µ33∆S3)
EC = E0

C + κ3∆S3

(9)

where ∆S3 = d33V/d0 is the lattice strain and d33, µ33, and κ3 are, respectively, the out-of-plane
piezoelectric coefficient, strain sensitivity of the effective mass, and relevant deformation
potential of the conduction band in the barrier. d0, m0

B , and E0
c are their values at V = 0.
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If the applied voltage is positive, the barrier thickness d will be compressed and both the
electron effective mass mB and barrier height U will increase. Obviously, each of these
strain-induced changes will change the electron tunneling probabilities, and therefore the spin
filtering efficiency and TMR ratio (Figs. 21-22).

4. MFTJs with ferromagnet/ferroelectric composite barriers

For practical applications, the single-phase MF barrier junctions are limited by the scarcity
of existing single-phase multiferroics, and none of which combine large and robust electric
and magnetic polarizations at room temperature. It might be a good idea to use a FE/FM
composite barrier to substitute the single-phase MF barrier(41). Such a composite barrier
junction may be thought as an addition of a conventional spin filter and a FTJ. Here, FM
insulator (FI) barrier acts as a SF generator, and FE barrier acts as a SF adjustor through the
interplay between ferroelectricity and ferromagnetism at the interface. The large SF effect,
the TMR and TER effects, can be achieved in this two-phase composite barrier based tunnel
junction. The eight resistive states with large difference can also be realized.
Electrostatic effect. Figure 23 shows a junction in which a FE/FI composite barrier is
sandwiched by two metallic electrodes(41). The electrostatic potential induced by the electric
polarization in FE layer is obtained, as shown in Fig. 23(b). The overall potential profile
U(x) across the junction is the superposition of the electrostatic potential ϕ(x), the electronic
potential in the electrodes, and the rectangular potential in FE barrier and FI barrier, as shown
in Fig. 23(c).

Fig. 20. (Color online) (a) The orientation of electric polarization α dependence of
conductance. (b) dependence of TMR. (c) The exchange splitting of the barrier ∆B vs
conductance. (d) ∆B vs TMR. (e) ∆B dependence of the normalized conductance
Gα/G(α = 0) with parallel magnetization in two electrodes. (f) ∆B dependence of TER with
parallel (P) and antiparallel (AP) magnetizations in two electrodes(37).
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Fig. 21. (left panel)Piezoelectric effect on the SF and (right panel) TER(40) with ∆B=0.015 eV,
P=0.5 C/m2, κ3=-4.5 eV, µ33=10, and ∆L=∆R=0 eV.

Spin filtering effect, TMR and TER effect. Choosing the nonmagnetic metals (NMs) as two
electrodes, the spin filtering efficiency can be defined as α = (G↑ − G↓)/(G↑ + G↓), while the
TMR is defined by TMR=(GP − GAP)/(GP + GAP) with changing the two metallic electrodes

Fig. 22. (left panel)Piezoelectric effect on the TMR when ∆B=0.015 eV, P=0.5 C/m2, κ3=-4.5
eV, µ33=10, and ∆L=0.05 eV, and ∆R =0.09 eV. (right panel) Influence of only the (a)
strain-induced barrier thickness change, (b) electron effective mass change, or (c) barrier
height change on TMR. The inset in (a) shows the magnified curve around V=0.12 eV. The
parameters are ∆B=0.015 eV, P=0.5 C/m2, ∆L=0.05 eV, and ∆R =0.09 eV(40).
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Fig. 23. (Color online) Schematic illustration of the charge distribution (a), corresponding
electrostatic potential (b), and potential profile in a NM1/FE/ FI/NM2 tunnel junction C(41).
The solid and dashed lines in (b) show the potential for the polarization P in FE barrier
pointing to the left and to the right, respectively. The blue and red lines in FI barrier in (c)
show the potential seen by the spin-down and spin-up electrons, respectively. Here d1 and d2
are the thicknesses of the FE and FI barriers, respectively.

from NMs to FMmetals. To calculate TER, the direction of polarization in FE layer is reversed
from pointing to the right to pointing to the left, while the magnetization in FI layer remains
unchanged.
It can be seen from Fig. 24 that the SF and the TMR effect is mainly determined by the
exchange splitting ∆B in FI barrier, and is enhanced (reduced) by the polarization in FE
barrier when P points the left (right) electrode. The results here are similar to those for the
single-phase MF barrier junction, indicating that the physical mechanism responsible for SF
effect is the same in both structures, i.e., the ferromagnetism in the barrier, making the barrier
height spin dependent, acts as a SF generator, and the ferroelectricity, changing the profile
of the potential across the junction, acts as a SF adjustor. A large TER effect can be found
in MFTJs with composite barriers. The ferroelectricity in FE layer is the dominant factor to
determine the magnitude of the TER effect.
Eight Logic states. By using one or two FM metal electrodes, eight independent logic states
of tunneling conductance can be realized in such MFTJs. The conductances as a function of
the exchange splitting ∆B and the electric polarization P are shown in Fig. 24. For practical
applications, the large contrast between eight states is very important. We find that when the
carriers tunneling into the right electrode can be highly spin-polarized, the eight states are
differentiated evidently.

35Ferroelectric and Multiferroic Tunnel Junctions

www.intechopen.com



20 Ferroelectrics

Fig. 24. (Color online) (a) The exchange splitting dependence of SF with P=0.4 C/m2. (b) The
electric polarization dependence of SF with ∆B =0.13 eV. In (a) and (b), U01=0.5 eV, U02=1.1
eV, εB1=2000, εB2=1000, and d1=d2=2 nm. (c) and (d) show the corresponding TMR(41).

5. Magnetoelectric coupling at ferroelectrics/ferromagnetic metal interfaces

MFTJs have a great potential on the practical applications especially on the multistate
logical elements. Due to the magnetoelectric coupling in MFTJ, it is perspective that the
magnetization can be controled by the applied electric field, and vice versa. For single-phase
multiferroic barrier, how the ferromagnetic order and ferroelectric order coupling is still a
unsolved question. Therefore, we switch our attention to the ME coupling of the FM/FE/NM
structures(Fig.26)(42).
Electrostatic effect at FerromagneticMetal / Ferroelectrics interfaces. For a FM/FE structure,
when the FE layer is polarized, surface charges are created. These bound charges are
compensated by the screening charge in both FM and NM electrodes. In the FM metal, the
screening charges are spin polarized due to the ferromagnetic exchange interaction. The spin
dependence of screening leads to additional magnetization in the FM electrode as illustrated
in Fig. 26(b). If the density of screening charges is denoted as η and the spin polarization of
screening charges is denoted as ζ, we can directly express the induced magnetization per unit
area as

∆M =
η

e
ζµB. (10)

As this effect depends on the orientation of the electric polarization in FE, the ME coupling is
expected.
Two simple cases can be considered. (1) In an ideal capacitor where all the surface charges
reside at the metal (FM or NM)/FE interfaces, the density of screening charge η reaches its
maximum value η = P0, where P0 is the spontaneous polarization of the FE. This results in a
large induced magnetization [(P0/e)ζµB]. (2) In half metals, there is only one type of carriers
that can provide the screening. If a half metal is chosen to be the FM electrode, the screening

36 Ferroelectrics

www.intechopen.com



Ferroelectric and Multiferroic Tunnel Junctions 21

electrons will be completely spin polarized. In this case, a large induced magnetization is also
expected, ∆M =

η
e µB.

Induced magnetization from screening charges. For FM/FE/NM junctions (Fig.26(a)), the
additional magnetization, caused by spin-dependent screening(43)(44), will accumulate at
each FM/FE interface. Due to the broken inversion symmetry between the FM/FE and
the NM/FE interfaces, there would be a net additional magnetization in each FM/FE/NM
unit cell, unlike the symmetric structures discussed in the previous work. The addition of
magnetization in this superlattice will result in a large globalmagnetization. In the case of zero
bias in Fig. 26(c), the local induced magnetization, defined as δM(x) = [δn↑(x)− δn↓(x)]µB, is
a function of distance from the interface x. Here, δnσ(x) is the density of the induced screening
charges with spin σ. The total induced magnetization ∆M can be calculated by integrating
δM(x) over the FM layer, and

∆M =
∫

FM layer
δM(x) = −

ηM0/e

N0 + JN2
0 − J (M0/µB)

2
(11)

where N0 = N↑ + N↓ is the total density of states, M0 = (N↑ − N↓)µB can be thought
of as the spontaneous magnetization, ε0 is the vacuum dielectric constant, J is the

Fig. 25. (up panel) (a)The exchange splitting dependence of TER with P=0.4 C/m2. (b) The
electric polarization dependence of TER with ∆B =0.13 eV. In (a) and (b), U01=0.5 eV, U02=1.1
eV, εB1=2000, εB2=1000, and d1=d2=2 nm. (down panel) (a) The exchange splitting and
electric polarization dependence of tunneling conductances with P=0.4 C/m2 in (a) and ∆B

=0.13 eV in (b)(41). In (a) and (b), the rectangular potential in FE barrier and FI barrier is 0.5
eV and 1.1 eV, respectively. εB1=2000, εB2=1000, and d1=d2=2 nm. The inset in (a) shows the
enlarged part with ∆B=0.1 eV. The inset in (b) shows the tunneling conductances with the
polarization in FE barrier pointing to the left.
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Fig. 26. (Color online) (a) Schematic illustration of FM/FE/NM tricomponent superlattice.
(b) The distribution of charges and induced magnetization (green shaded area) calculated by
our theoretical model. A and B are two different choices of the unit cell. The directions of
arrows indicate the motions of positive and negative charges across the boundary of the unit
cell A. (c) Electrostatic potential profile(42) . Here, the following assumptions are made. (1)
The difference in the work function between FM and NM is ignored. (2) To screen the bound
charges in FE, the charges in metal electrodes will accumulate at the FM/FE side, and there is
a depletion at the NM/FE side. In this process, the total amount of charge is conserved;
however, the spin density is not conserved because of the ferromagnetic exchange interaction
in the FM metal.

strength of the ferromagnetic exchange coupling in the FM layer, η is the density of
screening charges, λFM(NM) is the screening length of FM (NM) electrode with λFM =

(e2N0/ε0)[N0 + JN2
0 − J(M0/µB)

2]/(1+ JN0)
−1/2

, and tFM, tFE, and tNM are the thicknesses
of FM, FE, and NM layers, respectively. It is seen that the local induced magnetization δM(x)
decays exponentially away from the FM/FE interface.
The induced magnetization in FM/FE/NM tricomponent superlattice with several FM
electrodes, i.e., Fe, Co, Ni, and CrO2, are calculated.(42) Detailed parameters and calculated
values of ∆M are listed in Fig.27. The magnitude of ∆M is found to depend strongly on the
choice of the FM and FE. Among the normal FM metals (Ni, Co, and Fe), the largest ∆M is
observed in Ni for its smallest J and highest spontaneous spin polarization M0/µBN0. On
the other hand, we also predict a large ∆M for the 100% spontaneous spin polarization in
half-metallic CrO2.

Fig. 27. Calculated induced magnetization(42). Here, ∆M is the value at Va=VC, where Va is
the applied bias and VC is the coercive bias.
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Fig. 28. (Color online) Layer-resolved induced magnetic moment of Fe near the interface
between Fe and BaTiO3 in the Fe/BaTiO3 / Pt superlattice(42). Solid line is the fitted
exponential function for the induced moment as a function of the distance from the interface.

First-principle calculations. The first-principle calculations are consistent with the results
of the theoretical model. For example, the first-principle calculation of the Fe/FE/Pt
superlattice will be shown.(45) The calculations are within the local-density approximation
to density-functional theory and are carried out with VASP. We choose BaTiO3 (BTO) and
PbTiO3 (PTO) for the FE layer. Starting from the ferroelectric P4mm phase of BTO and PTO
with polarization pointing along the superlattice stacking direction, we perform a structural
optimization of the multilayer structures by minimizing their total energies. The in-plane
lattice constants are fixed to those of the tetragonal phase of bulk FEs. Figure 19 shows the
calculated induced magnetic moment relative to that of bulk Fe near the Fe/BTO interface
when the polarization in BaTiO3 points toward the Fe/BTO interface. It is evident that the
induced moments decay exponentially as the distance from the interface increases. This
result is in line with our model for the magnetization accumulation in the FM at the FM/FE
interface. A numerical fitting of the exponential function yields a screening length of 0.7 Åfor
the Fe/BaTiO3 / Pt structure. This value is comparable to the screening length parameters
calculated using the theoretical model as shown in Fig.28.

Fig. 29. (Color online) ∆M versus Va/l for different ferromagnetic metal electrodes. Va is the
applied bias and l is the number of the unit cell(42). Here, the thickness of FE layer is 3 nm.
However, a thicker FE layer can be used to avoid the possible electron tunneling effect.
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Electric Control of Magnetization. A natural question is what happens to ∆M when
an external bias V is applied. In this case, the electric polarization P will have two
parts: the spontaneous polarization P0 and the induced polarization. The equation
determining P is obtained by minimizing the free energy. From the continuity of the normal
component of the electric displacement, we find equation relating η and P:η = [(PtFE/εFE) +
(Va/l)]/[(λFM + λNM)/ε0] + (tFE/εB). Here, εFE is the dielectric constant of the FE layer.
These two equations need to be solved self-consistently. The value of η at a given bias can
then be calculated and the induced magnetization ∆M is given by Eq. (11). The free-energy
density F includes contributions from the FE layer, FM layer, and FM/FE interface and takes
the form

F =
tFEF(P) + tFMF(M) + FI(F,M)

tFE + tFM + tNM
(12)

M is the magnetization of the bulk ferromagnet and here M = M0 because of zero external
magnetic field. The interface energy FI(P,M) is the sum of the electrostatic energy and
magnetic exchange energy of the screening charges,

FI(F,M) =
(λFM + λNM)

2ε0
η2 +

J

2µ2
B

(M+ ∆M)∆M (13)

For FE, the free-energy density F(P) can be expressed as F(P) = FP+ αPP
2+ βPP

4+
∫ P
0 EBdP,

where FP is the freeenergy density in the unpolarized state. αP and βP are the usual Landau
parameters of bulk ferroelectric. EB is the depolarization field in the FE film. Similarly, F(M)
can be expanded as a series in the order parameter M, i.e., F(M) = FM + µMM2 + νMM4,
where FM is the free-energy density of bulk ferromagnet and µM and νM are the Landau
parameters of bulk ferromagnet. The calculated induced magnetization as a function of the
applied bias is shown in Fig. 29. Clearly, the electrically controllable magnetization reversal is
realized.
Magnetoelectric coupling energy at the FM/FE interface. To discuss the macroscopic
properties of the electric control of magnetization, we analyze the magnetoelectric coupling
energy in our tricomponent superlattice. For the macroscopic average polarization to be
represented by the electric polarization obtained for a unit cell, this cell needs to be chosen
with special care. Therefore, in the following calculation of total free energy, unit cell B in Fig.
26(b) is chosen, and

P̄ =
PtFE + η (tFM + tNM)

tFE + tFM + tNM
(14)

The macroscopic average magnetization

M̄ =
MtFM + ∆M

tFE + tFM + tNM
(15)

Considering the lowest-order term of the magnetoelectric coupling, P̄ and M̄ can be expanded
as P̄ = cpP + c′pPM

2, M̄ = cmM + c′mPM. Therefore, the total free energy [Eq. (12)] can be

expressed as the power series of P̄ and M̄, F(P̄, M̄) = F0+ αP̄2+ βP̄4+ µM̄2+ νM̄4+ χP̄M̄2 +
· · · . We would like to point out that biquadratic ME coupling P̄2M̄2 is easily achievable, but
is usually weak and is not electrically controllable. However, because of the naturally broken
inversion symmetry, the large ME coupling P̄M̄2 is possible in our tricomponent structure.
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6. Summary

Ferroelectric and multiferroic tunnel junctions have shown great promise for practical
applications, i.e., high density data storage. However, to realize these junctions, a number
of questions are required to be answered. For example, how the electric polarization switches
in nanoscale ferroelectrics? How the ultrathin ferroelectric barrier change the magnetic
and electric properties of electrode/barrier interfaces? How the ferroelectric domain affect
the tunneling across FTJs and MFTJs? Nowadays, achievements in the field of complex
oxide epitaxy and newly developed nanoscale characterization techniques, promise that the
realization of FTJs and MFTJs is just a matter of time. The diversity of interesting physical
phenomena that control the characteristics of these tunnel junctions and their multifunctional
properties makes the research in this field challenging and promising.
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[33] H. Bèa et al., Appl. Phys. Lett. 88, 062502 (2006)
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