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1. Introduction

Magnetoelectric coupling in bulk of perovskite oxides has 
been a forthcoming topic of interest since the observation of 
this phenomena near or above room temperature in ABO3 type 
oxides. A is usually a rare earth and B is a transition metal 
element hosting spins when in the elemental state with O 
sites aiding in double-exchange between B sites generating 

long range magnetic ordering. The manifestation of the 
Dzyhalozhinski–Moriya coupling in some rare earth based 
perovskites [1–4] has paved the way to prescribe composi-
tions that would allow coexistence of magnetic and electrical 
ordering in the bulk of a number of cubic perovskite materials. 
The symmetry correlation between the spontaneous electrical 
dipole order and the magnetic dipoles in the unit cell of such 
materials has allowed manipulating one order parameter via 
control of the other [5, 6]. From a technological point of view, 
control of the magnetic order through electric fields has been 
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Abstract
Electric field control of magnetization allows further miniaturization of integrated circuits 
for binary bit processing and data storage as it eliminates the need for bulky sophisticated 
systems to induce magnetic fields. Magnetoelectric coupling inherent to the bulk of 
multiferroic films or control of spin orientation in magnetic layers via piezoelectric strain in 
dual component composites have been two approaches standing out. Another magnetoelectric 
effect is spin-dependent screening that occurs at dielectric/ferromagnet interfaces which is 
of great importance for spin selective tunnel junctions. Here, we analyze the spin-dependent 
screening of ferroelectric polarization in a film interfacing ferromagnetic electrodes using the 
continuity equations in continuum media. The competition between the electrostatic and the 
magnetochemical potential in the FM electrodes gives rise to a reduction in the net magnetic 
moment near the interface due to spin mixing, extending to a distance comparable to the 
Thomas–Fermi screening length. Our continuum media treatment shows that the local spin 
population in spin subbands near the interfaces can dramatically deviate from bulk, which is 
in qualitative agreement with recent first principles results. We compute the tunneling currents 
for the majority and minority spins using the Wentzel–Kramers–Brillouin approximation as 
a function of ferroelectric polarization. We find that the spin polarization tends to disappear 
for increasing values of ferroelectric polarization in direct connection with the increase in 
subband spin population for minority spins at the interface.
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rather attractive as this would eliminate bulky components 
required to generate magnetic fields [7–12]. Several magne-
toelectric oxides manifest magnetism by mechanisms such as 
double-exchange between B-sites via oxygen sites and is of 
ionic origin [2, 13–21] that give rise to a small but finite ferro-
electric (FE) polarization, namely ‘improper ferroelectricity’ 
[22]. In fact, many material systems investigated in the past 
decade under the title of multiferroic behavior fall into this 
category. Dual phase systems where the material is micro-
scopically engineered to exhibit two distinct phases with each 
phase having its own order parameter have also been on the 
agenda of research groups in attempts to create extrinsic mul-
tiferroicity [23–34]. These systems usually rely on the strain 
sensitivity of both magnetic and electrical order parameters in 
the distinct phases. Inducing strain in one component via an 
electric field that alters spin alignment in the magnetic phase 
via magnetostriction has been the key parameter to generate 
the magnetoelectric coupling between the two order param-
eters in a composite-like dual phase system.

Another type of magnetoelectric coupling that is inherent 
to dielectric/FM interfaces occurs due to spin dependent 
screening. Contrary to the numerous efforts focusing on mul-
tiferroic compositions and composites, there are a handful of 
works that focus on this mechanism at dielectric/ferromagnet 
(DE/FM) interfaces [35–37]. Upon application of a bias to 
a contact between a DE and a FM conductor, the screening 
of the polarization charges induced on the dielectric side of 
the interface becomes spin dependent. This naturally occurs 
because carriers accumulating or depleting the interface on 
the FM side are subject to the exchange field, hence the sub-
band density of states (DOS) differ for spins of opposite sign. 
The DOS for the up and down spins in the valence band of 
the FM are shifted along the energy axis by an amount pro-
portional to the strength of the internal exchange field whose 
origins are quantum mechanical. This situation can be altered 
by the polarization charges from the DE side when under bias 
and can be quite significant especially in thin film junctions 
where the screening lengths can become comparable to film 
thickness. Thus, a relatively high bias applied to a dielectric/
FM junction can generate strong changes in the interface 
magnetization of the FM, either enhancing it or degrading 
it depending on whether accumulation or depletion of spins 
occurs due to local electrostatics. It has been reported that 
a very small change occurs in the interface magnetization 
of metallic FMs [38] as the screening lengths are very short 
owing to the very large density of states near the Fermi level, 
for instance in 3d metals. In FM oxides, on the other hand, that 
recently attracted great attention, changes amounting to 50% 
or more in the interface magnetization at distance of about 
10 nm or more have been reported [39–41]. The main mech-
anism of such dramatic changes in interface magnetization of 
FM oxides can be shown to be purely due to the accumulation/
depletion behavior of a doped semiconductor with the only 
difference that the carriers are spin polarized.

Spin accumulation and depletion at interfaces through the 
application of a bias via the mechanism mentioned above 
forms the basis on which magnetoresistive junctions operate, 
in particular, the junctions where the tunnel magnetoresistive 

(TMR) effect is tailored [42–51]. In conventional FM/DE/
FM TMR stacks, one can obtain spin polarized tunnelling 
currents that are determined by the spin states of electrons in 
the FM electrodes. TMR junctions consist of two FMs sep-
arated by a thin layer of dielectric, a corollary of the Giant 
Magnetoresistive (GMR) stack. The spin polarization and 
magnitude of currents across a TMR stack depends on the 
relative orientation of the magnetism in the FM electrodes and 
a bias simply controls the electrical barrier to spin tunneling 
via the polarization of the dielectric. Shortly after the dem-
onstration of the TMR effect in FM/DE/FM thin film stacks, 
replacing the DE with a ferroelectric (FE) layer entered the 
agenda of the scientific groups working on the development of 
devices for spintronics. The driving force behind such a pur-
suit was that the FE polarization can dramatically alter the on/
off ratios of spin currents depending on the direction of rem-
nant dipoles as they can easily be switched under a few volts 
of bias. FE TJs sandwiched between metal and semiconductor 
electrodes have already been proven to generate on/off ratios 
reaching 103–105 [52–58].

Inspired by results from to metal/FE/semiconductor junc-
tions, a distinct control of spin currents in a gate-like set-
ting via the FE layer appears to be an attractive option due 
to the ratio of the on/off states of spin currents that can vary 
by several orders of magnitude [34, 59–61]. TMR in FE TJs 
has been studied but similar to the TMR effect in FM/DE/FM 
stacks with the DE as the TJ, loss of spin polarization in tun-
nelling currents at moderate to high bias values is a persisting 
problem [62–64] even in the case of magnetization being 
parallel in the FM electrodes. The origins of such an out-
come has been discussed extensively by a few authors for DE 
TJs [47, 65–67]. The flipping of the spins of ‘hot’ electrons 
(those who have gained energy above the Fermi level of the 
FM electrodes) following tunnelling, magnon excitations and 
scattering events from defects inside the TJ that induce spin 
flips were discussed as major scenarios degrading the TMR 
effect. The changes in interface states in TJ/FM junctions has 
been mentioned in a few works [35, 67]. From the continuum 
media perspective one would expect a competition between 
electrostatic and magnetochemical potential an electron feels 
near a dielectric/FM interface under bias, keeping in mind 
magnetochemical potential pushes minority carriers to higher 
energies (some of which flip their spins and become majority 
carriers) via band shifts and charge distribution occurs always 
to minimize electrostatic energy. The finite penetration of the 
electric field to the surface of a metallic FM in a dielectric/FM 
junction under a potential drop will mostly be screened by 
majority spin electrons of the FM near the Fermi level. Strong 
electric fields could require carrier densities much greater than 
the population density allowed by the subband DOS of the 
majority spins. It can thus be expected that minority spin car-
riers can take effect and participate in the screening process as 
long as the energy difference between the spin subbands is not 
extreme such as in the case of half-metals. FEs can generate 
very strong fields near a metallic or semiconductor interface 
and pave a way to effectively manipulate carriers as well as 
their spins.

J. Phys. D: Appl. Phys. 52 (2019) 015305
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Here, we aim to understand the effect of the electrostatic 
screening process of FE polarization charges on magnetore-
sistive effects. For this purpose, we study a FM/FE/FM stack 
using the continuity equations in continuum media and study 
the spin dependent screening at the FM interfaces that has 
important implications for obtaining the TMR effect from 
such structures. The competition between the electrostatic 
and the magnetochemical potential of carriers at the FE/FM 
interfaces is demonstrated. Spin mixing, namely reduction 
of the majority/minority spin population ratio, could occur at 
the interfaces where the local density of states (LDOS) for 
minority spins is greater than in that of the bulk. This is driven 
by the need to screen polarization charges if the FE layer has 
a relatively strong polarization or is under a strong bias. By 
considering majority and minority spin channels, we try to 
quantify the limits of FE polarization and applied bias beyond 
which spin polarized currents are unlikely that would result in 
reduction of the TMR. We prove so by directly computing the 
tunnelling currents for majority and minority spin channels 
using the Wentzel–Brillouin–Kramers (WKB) approximation 
and discuss the results in the light of barrier heights for the 
two spin channels.

2. Theoretical approach

2.1. Spin dependent electrostatics

We consider an ultrathin FE layer sandwiched between two 
FM electrodes as shown schematically in figure 1. The FM 
electrodes are assumed to be sufficiently thick that away 
from the FE interface the bulk properties are recovered. 
The FE layer sees the bias via assigning a desired electrical 
potential to the left FM electrode between  −L and  −d/2 (see 
figure 1). For demonstrative purposes, one can also analyze 
a DE layer sandwiched between FM electrodes where one 
only has to drop the Pz term from the equations and assign 
a linear dielectric displacement to the TJ. We fixed the FE 
thickness to 3.2 nm as this fall into an approximate median 
of many experimental works [59, 68–70]. For the case of FE 

in thermodynamic equilibrium, we assign a small compres-
sive misfit to the FE layer structure allowing us to treat the 
FE regime with the polarization pointing along the normal of 
the TJ layer. We mention this point here as we compute the 
spin population near the Fermi level for non-equilibrium (or 
‘imposed’) polarization and polarization obtained from ther-
modynamic theory. In a ferroelectric sandwiched between FM 
electrodes, the Maxwell equation

∇ · D = ρ (1)

has to be satisfied at every point under any given boundary 
condition. Here ρ  is the charge density and D is the dielectric 
displacement vector. Equation (1) holds inside the FM and for 
an ideal, insulating FE, ρ = 0 and thus ∇ · D = 0 in the latter. 
Due to the symmetry of the stack along the plane, we reduce 
the problem into 2 dimensions as shown in figure 1. We can 
thus write D as

D = Dxx̂ + Dzẑ (2)

where

Dx = ε0εbEx + Px and Dz = ε0εbEz + Pz (3)

in the FE layer with x and z denoting the in-plane and out-of-
plane components respectively and,

Dx = ε0εrEx and Dz = ε0εrEz (4)

in the FM electrodes having a lattice dielectric constant of εr 
taken as 10. In equations (3) and (4), ε0 is the permittivity of 
the vacuum and εb is the background dielectric constant of the 
FE (10 in this work [71, 72]), Ex  and Ez are respectively the 
x- and z- components of the electric field vector E  that can 
be determined from Ex = −∂φ/∂x and Ez = −∂φ/∂z with φ 
being the electrostatic scalar potential, Px  and Pz are the FE 
polarization components along x- and z-axes respectively. ρ  is 
the spatial total charge density and consists of electrons and 
ionized ions that donate these electrons in the electrode:

ρ = q(−n− + N+
D ). (5)

The effect of ferromagnetism can be accounted for in the 
calcul ations of the charge distribution. We treat the FM elec-
trode as a medium with positively ionized donors and a large 
density of states near the Fermi level (1027 m−3, similar to that 
of DFT results yielded for Fe, [73]) with electron population 
that fill these available states (see figure 2 for the schematic). 
The latter is a common phenomenon in 3d transition metals 
and 4f lanthanides exhibiting magnetic ordering where the net 
spin can be maximized in accordance with the Hund’s rule as 
the very large DOS in the 3d and 4f bands permit this. In the 
bulk of the FM, the electric field is zero and thus ρ = 0. Here, 
the carrier distribution as well as the DOS in the bands involve 
the presence of the magnetic exchange giving rise to FM state 
that can be accounted for in a fashion similar to the Pauli para-
magnetism. We follow a route identical to the approximation 
outlined in [74] where the DOS in a band can be thought of 
as 2 subbands, namely DOS for up-spins and DOS for down-
spins. The mean exchange field aligns the spins where one 
sign of spin is favored over the other thus generating a net non-
zero magnetic dipole moment density inside the electrode. 

Figure 1. The schematic of the FM/FE/FM stack used to compute 
the spin dependent screening process in this work. Bias is applied to 
the left FM electrode, EF denotes the Fermi level. Right electrode is 
grounded.

J. Phys. D: Appl. Phys. 52 (2019) 015305



C Sen et al

4

From here onwards we will call up-spins ‘majority spins’ 
and down-spins ‘minority spins’. The pseudospins in the real 
lattice pointing in any crystallographic direction consists of 
mathe jority and minority spins that form the basis states, thus 
the difference between the majority spin and minority spin 
concentrations caused by the mean exchange field is the origin 
of FM behavior. Note that we are not concerned with the crys-
tallographic direction of magnetism as this consideration is 
related to what one calls ‘pseudo spin’ orientation that can be 
expressed in terms of the majority spin and minority spin basis 
states via the Pauli matrices. To account for screening effects, 
one needs to know the majority spin and minority spin band 
DOS and the corresponding population density (determined 
by the Fermi–Dirac distribution) only. In this context, the 
number of available states per unit volume for each spin sub-
band g(E) near the Fermi level (EF) can be approximated as

g(E)↑ =
1
2

ˆ EF+kT

EF

(Nc + g (Hmµb)) dE (6)

for the up-spins (majority spins) and

g(E)↑ =
1
2

ˆ EF+kT

EF

(Nc − g (Hmµb)) dE (7)

for the down (minority) spins. Here, Nc is the DOS at the 
Fermi level in the paramagnetic state, Hm is the mean exchange 
field inside the magnetic medium, µb is the Bohr magneton, 
g (Hmµb)   represent the DOS corresponding to an energy 
Hmµb  near Fermi level. The g (Hmµb)   term is added to the 

majority spin DOS and is subtracted from the minority spin 
DOS as there is a transfer of available states corresponding to 
an energy of Hmµb  for a positive Hm, i.e. the magnetochem-
ical potential determines the shift of subbands of spins. In a 
FM metal such as Fe, this shift can be quite strong due to 
the strength of the internal exchange field (at the order of 500 
T). We here approximate this shift to be occurring only near 
the Fermi level as g (Hmµb) � E_DOS_total  where DOS_
total is the energy range of the total density of states in the 
relevant band. The mean exchange field, Hm, is of quantum 
mechanical origin and is assumed constant inside the bulk of 
the FM medium where E = 0. Considering the dependence 
of the FM order on carriers, namely the itinerant contribution, 
Hm is naturally sensitive to carrier, hence, spin density and 
can be modified approximately for charge redistribution in 
case of electric field penetration into the magnetic medium as

Hm = H0 + wµb

Ä
n+
↑ − n+

↓

ä
 (8)

for a material such as Fe or Co, H0 is the mean exchange field 
in the bulk of the FM, w is a coupling coefficient (taken as 
unity here, see [74]). The approach laid above is sometimes 
known as the Stoner–Wohlfarth model to introduce the spin 
dependence of DOS, i.e. the subband available states. In the 
FM electrode, the Fermi level lies inside the conduction band. 
The majority spins aligned parallel to Hm  will have a larger 
share of the band states than those that are antiparallel to Hm. 
One can thus write n− (namely the population density) and 
N+

D  terms in equations (5) and (8) as

N+
D = ND

ñÅ
exp

Å
q (ED − EF − φ)

kT

ã
+ 1
ã−1ô

 (9)

n−↑ = g(E)↑

Å
exp

Å
q (EC − EF − φ)− µbHm

kT

ã
+ 1
ã−1

 (10)

n−↓ = g(E)↓

Å
exp

Å
q (EC − EF − φ) + µbHm

kT

ã
+ 1
ã−1

 (11)
at a given coordinate inside the FM electrode. In equations (9)–
(11) N+

D  (ND) is the ionized (total) donor density in the FM 
electrode of the FE film. n− is the electron density written for 
the majority spin and minority spin subbands, g (E) have their 
usual meanings as denoted in equations (6) and (7). E   is the 
energy of an electron at the top of the valence band at a given 
coordinate in the FM electrode, EF is the Fermi level, φ  is the 
local electrostatic potential, µb Hm is the magnetochemical 
potential a carrier feels depending on its spin. The sign of this 

Figure 2. The schematic for (a) the spin subband DOS, (b) shift of 
spin subband DOS near the interface with respect to the bulk and 
(c) resulting in spatial spin distribution near the interface.

Table 1. The material constants and band parameters used in the 
numerical calculations.

g(EF) (m−3), Ef, Ec, Ev (eV) H0 (T) ND (m−3)

FM 1027, 1027a −4.5 500 1027

FE Not considered 
(insulator limit)

−5.0, −3.2, −5.5 — —

a Divide by 2 for the majority and minority subband DOS in the 
paramagnetic state.

J. Phys. D: Appl. Phys. 52 (2019) 015305
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term is  −  for majority spins and  +  for minority spins. All the 
band parameters for FM and the FE are given in table 1. The 
Fermi level of the stack is assumed to be equal to that of the 
FM electrode, which we take as that of Fe here. Electrostatic 
(for the potential) and non-electrostatic boundary conditions 
(for the polarization) are needed to obtain solutions to the 
above equations. The boundary conditions for the electrostatic 
potential is:

∅FE = ∅FM| z=− d
2 , d

2
and

d∅
dz

= 0
∣∣∣∣
−L,+L

 (12)

implying the continuity of the potential at the FE/FM inter-
faces, where ∅FE and ∅FM  are the electrostatic potentials 
inside the FE and the FM electrodes respectively and second 
differential BC in equation (12) indicates the absence of elec-
tric field away from the FE/FM interfaces. Polarization BCs are 
given in the section 2.3. The bias forming the electric field on 
the system is always assigned to the LHS FM electrode while 
the RHS electrode is kept grounded, similar to experiments. 
Periodic boundary conditions (BCs) are employed along the 
plane of the structures for both the electrostatic potential and 
polarization. One can approximate the volumetric magnetic 
dipole moment density obtained from:

M = µb

Ä
n−↑ − n−

↓

ä
+ µbN+

d (13)

where the first term on the RHS is the itinerant contribution 
and the second term is the contribution from ionic sites in the 
lattice. One would thus expect a competition between electro-
static screening and M through the charge distribution func-

tion noting that Hm = µbH0 + wµb

Ä
n−↑ − n−↓

ä
. Throughout 

the work, the value of Hm has the same sign in the LHS and 
RHS FM electrodes corresponding to parallel magnetization 
as this allows us to identify FE polarization effects distinctly. 
Different signs of Hm would mean different relative orien-
tation of the magnetization in the layers corresponding to 
different subband DOS in the FM electrodes. The effect of 
relative magnetic orientations on magnetoresistance is well-
understood since the first papers of Fert group and Grünberg 
group [75–77] and is not considered here. We shall, however, 
show in Results and Discussion that FE polarization impacts 
locally the subband DOS hence the spin population at the 
interfaces for positive Hm on LHS and RHS FM electrodes, 
changing the local magnetization amplitude of FM electrodes.

2.2. Homogeneous polarization approximation

In the course of the work, we noticed that there are additional 
complications that arise from possible inhomogeneities in the 
ferroelectric polarization of the tunnel junction. To be able to 
provide an overall view of the connection between the magne-
toelectric coupling occurring due to spin dependent screening 
and polarization strength, we first assume a linear connection 
between the electric field and a uniaxial polarization inside the 
ferroelectric layer via

Dz = εoεbEz + Pz and divDz = 0 (14)

where we assign Pz in the FE layer any value between  −0.3 
and 0.3 C m−2 that are well within the range of the zero field 
calculated values for homogeneously strained thin FE films 
between electrodes. The space charge density in the FE layer 
is assumed to be zero (see equation  (14)) for convenience 
as considering the wide bandgap nature of the FE (such as 
BaTiO3 (BT)) does not produce any meaningful differences 
in the barrier height. Note that the above mentioned polar-
ization values might or might not correspond to equilibrium 
(hence we call is ‘imposed’ or ‘non-equilibrium’ polarization) 
and a homogeneous profile of Pz across the film thickness is 
supposed. Despite this, the relevant depolarizing field effects 
and their connection with the spin dependent screening under 
any bias value can be calculated: one only needs to solve the 
electric field, Ez, everywhere inside the FM electrodes and FE. 
The ‘fixed Pz’ assumption is valid for the bias duration being 
much less than polarization relaxation of the FE. Inside the 
FM electrodes, equations  (1) and (5) hold. To demonstrate 
a TJ with a linear dielectric, one only needs to drop the Pz 
term in equation (14) and replace εb with εr, namely the rela-
tive dielectric constant of the dielectric. We skip the case of 
a DE TJ as this is well understood since 1990s where a rela-
tively weak dependence on the dielectric constant of the TJ 
is expected. On the other hand, the reported bias dependence 
of the TMR behavior of dielectric TJs are somewhat parallel 
with that of a FE TJ as we shall show here with the difference 
that the latter has much greater on/off current ratios.

2.3. Polarization obtained from thermodynamic equation   
of state

While the electric field is connected to the dielectric proper-
ties of the FM electrodes and FE via equations (1) (for ρ = 0) 
and (3), Landau–Ginzburg equations of state for polarization 
also have to be solved in the FE layer:

2αm
3 Pz + 4αm

13PzP2
x + 4αm

33P3
z + 6α111P5

z

+α112
(
4PzP4

x + 8P3
z P2

x

)
+ 2α123PzP4

x − G
Ä
∂2Pz
∂z2 + ∂2Pz

∂x2

ä
= −∂φ

∂z
 

(15)
2αm

1 Px + 2 (2αm
11 + αm

12)P3
x + 2αm

13PxP2
z + 6α111P5

x

+2α112
[
3P5

x + 3P3
xP2

z + PxP4
z

]
+ 2α123P3

xP2
z − G

Ä
∂2Px
∂z2 + ∂2Px

∂x2

ä
= −∂φ

∂x
 (16)
and simultaneously satisfy equation (1) when ρ = 0. To avoid 
any a priori assumptions on the direction of FE polarization, 
we considered an in-plane component of polarization, Px in 
addition to the out-of-plane component due to size effects 
and the possibility of domain formation in the TJ. We, how-
ever, find a single domain uniaxial state that has been dem-
onstrated in experiments focusing on tunnelling resistance. 
Note that thermodynamic stabilization of a single domain 
state in ultrathin FE layers can be expected due to the energy 
cost of the domain wall formation in such structures that 
was even reported in ferroelectric/paraelectric superlattices 
[78–80]. Hence, for sufficient compressive strains (>  −1% 
or more here), one can safely eliminate the component Px in 
equations (15) and (16) and solve it only for Pz in the limit 
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of uniaxial FE polarization. In equations  (15) and (16) αm
3 , 

αm
13, α

m
33, α

m
1 , αm

11, α
m
12 are the renormalized phenomenological 

thermodynamic coefficients [71] in SI units with αm
1  and αm

3  
being αm

1 = α (T − Tc)− 2uM
ij (Q11 + Q12)/(S11 + S12) and 

αm
3 = α (T − Tc)− 2uM

ij Q12/(S11 + S12) due to renormal-
ization with misfit strain where α = (2εoC)−1, αm

12 and αm
33 

contain the clamping effect of the film, while α111, α112, α123 
are the dielectric stiffness coefficients in the bulk, uM

ij  is the 
misfit strain tensor for a cubic structure and its diagonal, non-
zero in-plane components are taken here either as  −1.25% 
or  −1.5% (negative here meaning compression) that keeps the 
FE polarization along the normal of the stack plane. The two 
different misfit values produce different polarization ampl-
itudes allowing us to study the effect of this parameter on spin 
polarization of the tunneling currents. In equations (15) and 
(16), G is the gradient energy coefficient and is assumed to be 
isotropic for convenience. All the phenomenological coeffi-
cients used in the thermodynamic calculations are for BT and 
are compiled from [81]. The polarization boundary conditions 
at the LHS and RHS interfaces are important as previously 
discussed [82, 83] and can be expressed as
ï

Pz + λ
dPz

dz

ò

z=−d/2,+d/2
= 0,

ï
Px + λ

dPx

dz

ò

z=−d/2,+d/2
= 0

 (17)
with z indicating the coordinates for left FM/FE and right FE/
FM interfaces, λ is the extrapolation length determining the 
extent of the change of polarization along the film normal at 
the interface and is a parameter implying how polarization ter-
minates at the interfaces (taken as 3 nm here based on previous 
reports [84]). We employ a finite difference discretization in 
2D and carry out a Gauss–Seidel iterative scheme to solve the 
coupled equations (1), (5), (9)–(11), (15) and (16) simultane-
ously subject to the relevant BCs provided above in the case 
of homogeneous and equilibrium polarization states whose 
results we discuss in the next sections. The computation grid 
consists of 200  ×  400 points where h is the distance between 
the nearest nodes both along x- and z-axes with a value equal 
to the unit cell of BCC Fe (~2 angstroms), where n is the 
number of nodes whose sum gives the FM/FE/FM trilayer 
thickness (40 nm total). We terminate the solution after 10 000 
iterations that yield a difference of less than 10−4 for ∅ and P 
between two consecutive steps. All results here are provided 
for room temperature calculations.

2.4. Calculation of the spin polarized tunnel currents

The tunneling currents for the majority spins and minority 
spins across the FE TJ can be calculated using the dual spin 
channel approximation where the current for a given sign 
of spin depends on the population density of that spin at the 
interface as well as the barrier modified by the magnetochem-
ical potential for that spin and the relative ratio of the subband 
available states in the opposite electrodes. The total current J 
is then

J = J↑ + J↓ (18)

where

J↑ = N↑T↑ (E) v and J↓ = N↓T↓ (E) v. (19)

In equation (19) above, N↑ and N↓ are the population densi-
ties of majority and minority spins at the FE/FM interface on 
the FM side (RHS electrode in figure  1 taken as the refer-
ence), T↑ (E) and T↓ (E) are the transmission probabilities of 
the up- and minority spins and υ is the Richardson velocity 
found from v =

√
2kT/m∗  where m∗ is the effective mass of 

the electrons near the bottom of the conduction band of BT. 
T↑ (E) and T↓ (E) are obtained from the WKB approach for an 
arbitrary potential barrier at any coordinate r, V (r) inside of 
the turning points of the electrostatic potential given by

T↑ (E) =
g(E)↑

g(E)↑ + g(E)↓
A

d/2∏
−d/2

exp

Å
∆d
�

»
2m∗(V↑ (r)− E(Vapp)

ã

 (20)

T↓ (E) =
g(E)↓

g(E)↑ + g(E)↓
A

d/2∏
−d/2

exp

Å
∆d
�

»
2m∗(V↓ (r)− E(Vapp)

ã

 (21)
with the only difference being the local potential V (r) an elec-
tron feels at the interface which could depend on the sign of 
its spin, E(Vapp) is the energy of an electron under an applied 
potential drop Vapp, g(E) are calculated from equations (6) and 
(7), � is the reduced Planck constant. The constant A is

A =
16E
V0

Å
1 − E

V0

ã
. (22)

The prefactors concerning the subband LDOS stand for the 
effect of this term on transmission, i.e. if there is a great mis-
match between the subband LDOS at the interfaces between 
the LHS and RHS FM electrodes for a given spin sign, there 
is reduced tunneling current with that spin polarization. We 
give the WKB formula above in its discrete form to be able 
to account for the ‘arbitrariness’ of the electrostatic potential 
across the barrier as this barrier can have significant variations 
as a function of polarization (even when homogeneous) and 
applied field, unavoidable necessitating a numerical treatment 
to calculate the currents in the spin channels. The spin-depen-
dent potential barriers, V↑ (r) and V↓ (r)  can be expressed in 
terms of the band parameters modified by the electrostatic and 
magnetochemical energies as:

V↑,↓(r) = EFE
C − EF −∅ (r)∓ µbHm (23)

where EFE
C  is the energy of the bottom of the conduction band 

of the FE layer, ∅ (r) is the local electrostatic potential at a 
coordinate r inside the FE layer, the ∓µbHm term denotes 
the magnetochemical potential in the majority and minority 
spins near the Fermi level, Ef, in the FM electrode. Majority 
and minority spins have, in fact, separate E–k curves and 
form seperate ‘conduction subband’ curves as demonstrated 
via first principles calculations for FM materials [85] The 
amount of ‘conduction subband’ separation along easy axis 
such as [1 1 0] reported for Fe, Ni and Co vary from 2 eV to 
0.6 eV [86] in very close proximity to the value we compute 
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in this paper (~0.85 eV) considering only the spin popula-
tion near the Fermi level. A separation of subband energies 
directly mean that the majority and minority spins ‘see’ dif-
ferent barriers during tunneling. The FE TJ acts as an electro-
static barrier with the barrier height determined with respect 
to the energies of the majority and minority spins inside the 
conduction band of the FM metal under a given bias on the 
LHS electrode. In the calculations of the currents, ∅ (r) and 
Hm (see equation (8)) are found numerically from the solu-
tion of equation  (1) that contains the terms in equations  (5) 
and (9)–(11) assuming the condition that the polarization of 
the FE layer remains unchanged due to the great difference 
in the timescales of ferroelectric polarization dynamics and 
tunneling phenomena under pulsed bias. The charge distribu-
tion, ρ , however, will adapt rapidly to the applied bias and will 
be near-equilibrium as carrier relaxation times in a metallic 
medium is on the order of 10−14 seconds compared with bias 
durations of a few nanoseconds.

3. Results and discussion

3.1. FM/FE/FM with FE having homogeneous polarization

We first discuss the numerical results we obtained by imposing 
a homogeneous polarization to the FE layer in the FM/FE/
FM stack. The direction of the Pz is fixed at all times with 
dipoles pointing from the LHS electrode to the RHS to induce 
accumulation on the RHS electrode (tunnelling is therefore 
expected to occur from RHS FM to the LHS FM) as we always 
apply the positive bias to the LHS electrode (see figure  1). 
The opposite configuration (Pz pointing from RHS to LHS) 
will also yield exactly the same results owing to the symmetry 
of the stack and is not necessary to discuss. Equation (1) is 
solved along with the charge terms in equation (5) under fixed 
homogeneous Pz. FE polarization on its own would simply 
be expected to generate significant electric field penetration 
into the electrodes and therefore depolarizing fields inside the 
FE but our focus here is on the FM electrodes and the spin 
distribution.

The spin-dependent spatial carrier accumulation for var-
ious values of Pz both for zero and non-zero bias are provided 
in figure  3. Note in this plot that minority spin population 
away from the interfaces is not zero (red lines) but several 
orders of magnitude less than majority spin population. It is 
immediately visible in figure 3(c) that larger Pz values lead to 
minority spin accumulation at the interface in a FM electrode 
that contains otherwise majority spin electrons. This is a con-
sequence of the electrostatic screening process and it is this 
very process that also leads to spin-mixing. With increasing 
bias, the region in which minority spins accumulate grows. 
For fixed Pz, the linear field dependent part of dielectric dis-
placement, Dz, is the only bias sensitive part. This condition 
can be justified based on the approximation that most tunnel-
ling experiments are measured under rapid pulsed voltages 
where Pz has no time to adapt to the rapidly changing voltage 
drops across the system. The carriers in a metallic medium, 
however, have relaxation times on the order of 10−12 seconds 
or less and will quickly establish their equilibrium distribution 

satisfying equation  (1) for pulsed bias durations of a few 
nanoseconds.

Spin mixing occurring at the FE/FM interfaces is strongly 
driven by the change in the subband DOS near the interfaces 
due to the need for electrostatic screening of the FE dipoles. 
The need arises because the electrostatic energy an electron 
would feel under the potential of unscreened polarization 
bound charges is several times more than the local magne-
tochemical potential. For electron energies limited to values 
around the Fermi energy, a strong local potential drop caused 
by the partially screened FE polarization charges could require 
carrier densities exceeding the subband states for the majority 
spins available in bulk. Looking at figure 4, for weak FE polar-
ization in the TJ, we do not observe any change in the sub-
band available states at the interfaces, which we call from here 
onwards local available states (LAS, given in density units of 
m−3, see equations (6) and (7)) with respect to interior of the 
FM, hence a spin mixing will not be expected near the inter-
face (see figure 3(a) for population density distribution). This 
is because the subband available states for the majority spins 
can accommodate sufficient local electron density (the popu-
lation density) for the screening of FE polarization and the 
subband LAS for all spins remain almost unchanged at zero 
to moderate bias (<0.5 V). On the other hand, the subband 
LAS near the interfaces start to change for the case of moderate 
Pz amplitude (approx. 0.2 C m−2 here) and upon applying a 
low-to-mid positive bias to the LHS FM electrode, the region 
where the minority available states is comparable to majority 
ones extends slightly. Very importantly, the same conclusion 
was reached by first principles study in [87] wherein it was 
shown that the minority and majority subband LDOS near 
Fermi energy at the interface differ considerably from bulk 
for Fe 3d states, in the same manner, we show in this work, 
i.e. the minority spin subband available states increase at the 
interface compared to bulk values. The increase in the minority 
spin population near the Fermi level should be expected at 
the expense of an increase in the magnetochemical potential 
of carriers as further accumulation of majority spins for the 
screening of polarization charges would mean electrons popu-
lating higher energies and is not electrostatically favorable.

To provide a graphical guide to identify the possible 
regimes of FE polarization that allow spin polarized tunnel-
ling and when spin polarization would disappear, we give the 
plot in figure  5. The averages of the majority and minority 
spin population density at the right FE/FM interface coor-
dinate are provided along with the spin subband LAS near 
the Fermi level on the left FE/FM interface coordinate as a 
function of Pz at zero bias. In this plot, the population density 
is given in the positive axis and the subband LAS near the 
Fermi level on the LHS FM is in the negative axis for the con-
venience of comparison. Despite the obvious fact that precise 
numerical values here might differ for real experiments, it is 
clear that with increasing Pz, the spin polarization of the cur-
rents is expected to disappear as population densities of the 
majority and minority spins become identical in the RHS FM 
interface. In addition, note that, according to equation  (23), 
the minority spins feel a ‘higher potential’ that causes an 
approx. 0.85 eV decrease in barrier for these carriers as well 
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Figure 3. Average carrier population density at the RHS FE/FM interface induced by homogeneous Pz for (a) Pz  =  0.1 C m−2, (b) Pz  =  0.2 
C m−2 at 0 V bias, (c) Pz  =  0.2 C m−2 at 0.5 V bias, (d) Pz  =  0.3 C m−2 at 0 V bias and (e) Pz  =  0.3 C m−2 at 0.5 V bias. Notice the 
minority spin acccumulation for increasing Pz as well as bias. For the case of Pz  =  0.1 C m−2 no plot when under bias is given as there is no 
considerable change in minority spin population at the interface.
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(relative to the majority spins), allowing easier tunnelling for 
these carriers at any given bias, further diminishing the TMR. 
Voltage dependence of the spin polarization emanating from 
the different barriers the spins penetrate during tunnelling 
has been first explicitly analyzed in [35]. In addition to the 

information given in that work, we argue that this difference in 
barrier heights tends to disappear for increasing Pz in the case 
of a FE TJ in the coming paragraphs.

As majority spins dominate the population density of the 
RHS FE/FM interface at low polarization (until around 0.15 

Figure 4. Average subband LDOS at the RHS FE/FM interface induced by homogeneous Pz for (a) Pz  =  0.1 C m−2, (b) Pz  =  0.2 C m−2 
at 0 V bias, (c) Pz  =  0.2 C m−2 at 0.5 V bias, (d) Pz  =  0.3 C m−2 at 0 V bias and (e) Pz  =  0.3 C m−2 at 0.5 V bias. Notice the minority 
subband LDOS increasing at the interfaces for increasing Pz as well as bias.
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C m−2), there will be mostly majority spin tunneling below 
this regime to the available subband LAS at the RHS interface 
in the RHS FM electrode indicated by the thick blue arrow. 
The subband LAS near the Fermi level on the LHS electrode 
are at a maximum below 0.15 C m−2 (see figure  5). Once 
Pz is higher than this value, a gradual increase in minority 
spin population starts along with an increase in subband LAS 
of the minority and majority spins on the LHS electrode to 
which the tunnelling would be expected to occur, indicated 
by the red arrow. Strong amplitudes of Pz causes further spin 
mixing at the RHS and the subband LAS at the interface of 
the LHS electrode are almost identical, indicating that the tun-
nelling currents will not be spin polarized in this regime. In 
fact, moderate-to-strong applied bias (0.5–1 V) for when Pz 
is less than the critical value of 0.15 C m−2 here generates 
a similar effect: A bias of such magnitude can cause loss of 
spin polarization even if Pz is relatively weak analogous to the 
observations in dielectric TJs between FM electrodes. While 
bias can drive spin mixing at the interface causing a reduction 
in spin polarization, current amplitudes are expected to scale 
exponentially with applied bias. Pz determines both the spin 
polarization at the FM interfaces as well as the tunnel current 
amplitude in a symmetric FM/FE/FM stack. A strong Pz in 
the FE layer generates a ‘deeper’ penetration of the electric 
field into the LHS electrode, effectively increasing the bar-
rier width. We give figure 6 to display the extent of field pen-
etration that causes the exposure of positive charges on the 
LHS FM electrode and carrier accumulation on the RHS FM 
electrode interface. Electric field exposes the positive ions 
in the lattice on the RHS FM deeper into the electrode with 

increasing Pz, thereby increasing effective barrier width. The 
left FM/FE interface undergoes carrier depletion as the nega-
tive pole of the FE polarization terminates at this interface 
thus repelling electrons away from the interface exposing the 
FM metal ions. Strong Pz values, apart from generating spin 
mixing, could thus cause a reduction in the tunnelling cur-
rents in the FE TJ for a given bias. This outcome is on top of 
the disappearance of the TMR effect in the tunnelling current 
amplitudes for majority and minority spin electrons as we dis-
cuss in the next paragraph.

The fundamental mechanism behind the spin mixing at 
the RHS FE/FM interface is therefore simply the ‘need for 
electrostatic screening’, which becomes dominant over the 
magnetic ordering of carriers in the FM. In other words, 
minimization of the electrostatic energy via screening of FE 
polarization charges via the carriers overwhelms the magne-
tochemical energy favoring magnetic order and could locally 
diminish magnetism on the RHS right FE/FM electrode inter-
face. Considering, in addition, the spin sign dependence of the 
barrier, we calculated the average barrier heights for minority 
and majority spins as a function of Pz in the FE TJ from equa-
tion (23) and are displayed in figure 7. The different barrier 
heights for both spins follow a very gradual increase with 
increasing polarization in the TJ until around 0.15 C m−2. 
This is the onset of minority spin accumulation that becomes 
energetically feasible near the interfaces, which then sud-
denly changes the electrostatic barrier for both majority and 
minority spins after which both carrier types experience sim-
ilar barriers. A positive bias on the LHS FM electrode lowers 
the entire barrier regime as expected that drives the tunnelling 
currents. Both for zero and non-zero positive bias, the sudden 

Figure 5. Average population density (positive vertical axis) at 
the RHS FE/FM interface and the subband LDOS (given in the 
negative vertical axis) at the LHS FM/FE interface as a function of 
Pz. The blue arrow denotes indicates that almost fully spin polarized 
tunnelling will occur from RHS FE/FM interface states to subband 
LDOS of the LHS FM/FE interface states. Beyond values of Pz 
around 0.15 C m−2 loss of spin polarization is expected as minority 
spin population starts to build up on the RHS FE/FM interface 
along with an increase in the minority subband LDOS on the LHS 
FM/FE interface as indicated by the shorter red arrow.

Figure 6. Total charge density across the trilayer indicating the 
exposed positive ionic sites on the LHS FM/FE interface and the 
carrier accumulation near the RHS FE/FM interface for 2 different 
Pz values. Stronger Pz causes a deeper penetration of the electric 
field to the RHS FM electrode increasing the effective barrier width 
to tunnelling for carriers on the LHS FE/FM interface.
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shift of the barriers occurring at a critical Pz value, however, 
is not accompanied by a sudden change in tunnelling cur-
rents (figure 8) obtained by the WKB method outlined in sec-
tion 2.4. As explained in the previous paragraph, increasing 
the polarization value widens the effective physical barrier 
thickness due to the carrier depletion on the LHS FM/FE 
interface that counteracts the lowering of the electrostatic bar-
rier, making the results of the WKB calculation vary smoothly 
with bias. It can immediately be noted from equations  (20) 

to (21) that an increase in the barrier thickness will dominate 
the currents as the exponent term in T(E) depends on barrier 
thickness linearly while it depends on the square root of the 
potential barrier. Both channels of spin currents, therefore, 
diminish for stronger Pz as seen in figure 8. The relative dif-
ference in the magnetization orientation of the electrodes can 
generate a reduction in current magnitudes but such effects 
are due to the subband DOS altered by an externally applied 
magnetic field, which is the basis for the GMR effect.

3.2. FM/FE/FM with FE having polarization obtained  
from equation of state

The non-equilibrium homogeneous polarization case was ana-
lyzed to provide insight into the spin dependent screening pro-
cess at the FM electrode interfaces. We now give the results 
for Pz obtained by solving equations (1), (15) and (16) as well 
as the charge distribution inside the FM electrodes at zero and 
finite bias. A multidomain state is highly feasible due to the 
finite penetration of the electric field into the FM electrodes. 
However, the asymmetric charge accumulation at the LHS 
FM/FE appears to be imposing a self-bias on the FE layer. 
Whether the formation of the single domain state is stable or 
metastable is a separate phenomenon and we take as reference 
the single domain state yielding results identical to exper-
imental observations with FE TJs. When under bias, identical 
to the non-equilibrium homogeneous case, FE polarization is 
assumed to be fixed, non-responsive to the bias applied on 
the LHS electrode and only the linear term in equation (3) is 
changing in relation to equation  (1). We first spontaneously 
solve the Pz along with the charge distributions inside the 
electrodes at zero bias and take this state as a reference for 
further calculations under bias. As expected, a size effect is 
observed where the value of Pz strongly depends on the thick-
ness and the misfit introduced. Two different values of misfit 
are imposed on the FE layer as these allow us to compare the 
effect of two different Pz amplitudes and profiles. Although the 
in-plane component Px was explicitly taken into account (see 
equations  (15) and (16)), this component converged to zero 
implying a stable uniaxial FE for both misfit values. The misfit 
can vary in such structures depending on relaxation processes 
and defect content and the latter is kept outside the scope as 
they would seriously complicate the discussion. BaTiO3 com-
position was used as a demonstrative case. We noted that the 
stability of sign of Pz is rather delicate due to the low thick-
ness and the finite screening lengths of the electrodes. In fact, 
during the numerical solution of the potential, the direction 
of Pz and, therefore, the spin dependent carrier densities 
could alternate from left to right or vice versa. To remove 
this degeneracy condition separated by a low energy barrier 
in the double-well Landau potential, a small bias (0.01 V)  
was imposed to stabilize the polarization that makes it point 
from the LHS to the RHS electrode for which all discussions 
are carried out. We note that rather small polarization values 
are reported for FE TJs due to thickness effects [88–90], which 
appears to be in favor of spin polarized tunnelling in FM/FE/
FM type stacks as discussed in section 3.1 due to relatively low 
electric fields expected at the interfaces. Identical trends in the 

Figure 7. Average potential barrier height for minority (down) and 
majority (up) spins as a function of Pz for 0 V bias and 0.5 V bias. 
The potential barrier for both types of carriers is reduced by the 
application of bias as expected. The sudden change in the barrier 
heights corresponds to the regime when minority spin carriers 
participate in the screening of Pz.

Figure 8. Tunnelling currents for minority and majority spins 
calculated using the WKB approximation for various homogeneous 
values of Pz (non-equilibrium, imposed Pz). As Pz gets stronger, 
mixed spin currents occur. For low Pz values (such as Pz  =  0.1 C 
m−2 here) we find the current to be completely spin polarized and 
the down spin polarized currents are almost absent that cannot be 
plotted in the vertical log axis.
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spin distributions near the interfaces are obtained compared 
to the homogeneous polarization case with the difference that 
the near-equilibrium polarization has a curved profile (see 
figure 9). The inhomogeneous profile of Pz impacts the way 
dipoles terminate at the interfaces and has some influence on 
the interface carrier densities on the FM electrodes but does 
not change the physics discussed in the previous section.

Overall, the qualitative behavior of the FE TJ with equi-
librium inhomogeneous polarization is the same as that of 
the homogeneous non-equilibrium polarization, making the 
discussion in the previous section applicable here, too. Small 
polarization values in the FE allow easier tunnelling and spin 
mixing at the interface from which tunnelling occurs is absent 
at small bias. For relatively weak polarization, the distance 
between the turning points which we take as a reference for 
barrier width to carry out the WKB calculations for the spin 
channels is also shorter as the field penetration into the LHS 
electrode is small. FE polarization determines the carrier accu-
mulation/depletion at the interfaces and a bias (applied on the 
LHS FM electrode) does not change the qualitative picture. 
The large bias that exceeds the portions of the FE barrier pro-
file in absolute value has been kept outside the scope of this 
work as the WKB calculations enter a different regime where 
qV − E > 0. Experimentally, however, one should expect the 
tunneling currents to follow the same trend as for the case 
qV − E < 0 considered here where the loss of the spin polari-
zation is already demonstrated.

While the approach whose details are laid above captures 
the spin polarization behavior of tunneling currents in a gen-
eral context, we would like to draw attention to the behavior 
of Co electrodes when interfacing a DE tunnel layer. In the 
case of Co, some groups have reported ‘spin inversion’ of the 
tunnelling currents, i.e. tunnelling currents mostly consist of 
minority spins [91]. This outcome was explained on the basis 
of local exchange interactions between Co and the constitu-
ents of the DE layer [92, 93]. Here, an antiparallel alignment 

of the spins at the DE side of the interface can invert the sub-
band LDOS of Co at the interface resulting in a local increase 
in minority spin population where the majority spin popula-
tion can be surpassed. Thus, the screening is provided by these 
carriers and, as such, the spin polarized currents are expected 
to carry the minority spin sign.

4. Conclusions

In this work, we numerically studied the spin dependent 
screening process of FE polarization in FM/FE/FM TJs that 
are currently of interest for TMR-type devices and spintronics. 
Parallel magnetization of both FM electrodes was assumed. 
We demonstrated that the spin population at the interfaces is 
a strong function of the FE polarization and the applied bias 
on the system. The dependence of the TMR effect on FE 
polarization is an intrinsic response of the FM/FE/FM system 
and directly influences the states between which tunnelling 
occurs before considering any defect mediated spin flips and 
magnon-driven processes. With increasing values of FE polar-
ization either due to the inherent composition of the FE or due 
to external bias, conservation of majority spin density at the 
interfaces becomes difficult, making spin-mixing inevitable. 
This occurs due to the need of the system to screen the FE 
polarization charges and reduce electrostatic energy. To fulfill 
this need, the majority and minority spin subband LAS near 
the Fermi level at the interfaces change to allow higher carrier 
population to be accommodated. This outcome is in excellent 
qualitative agreement with previous first principles results: 
The subband LDOS in Fe 3d band at the interface changes in 
favor of minority spins and decrease slightly for majority spins 
(with respect to bulk) when FE polarization points towards this 
interface. Our work thus provides an intuitive understanding 
of the dramatic effect of local electrostatic effects of the FE 
polarization on LDOS. Such a phenomenon naturally leads 
to the disappearance of the spin polarization of the tunnelling 

Figure 9. (a) Tunnelling currents for minority and majority spins calculated using the WKB approximation for values of Pz obtained from 
equations of state for 2 different misfit strains, (b) the Pz profiles across the thickness of the FE and (c) the profile of the barrier obtained by 
superimposing the solution of ∅ on the conduction band profiles of the stack.
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currents. In addition, we calculated an abrupt change in bar-
rier heights the spins feel under moderate bias (0.25–0.5 V) 
that is also expected to degrade spin polarization in currents. 
We note that a strong FE polarization component is not neces-
sarily a positive parameter in FM/FE/FM junctions as a partial 
screening of the FE polarization effectively could increase the 
barrier height, resulting in smaller currents across the junction 
apart from the loss of spin polarization. Apart from the tun-
nelling barrier being spin dependent, the growth of the deple-
tion zone inside the FM interfacing the negative pole of the 
FE dipoles is another reason that extends the effective barrier 
distance for tunneling. While it could very well be said that FE 
polarization allows magnetization control along the FM inter-
face, whether a strong FE behavior is desired for TMR device 
design is questionable. As we write this, we keep in mind that 
a great variety of results have been reported in the literature for 
FE junctions in TMR studies but a general understanding of 
the trends in these systems is still lacking. Various FE compo-
sitions studied as TJs in TMR stacks are probably one cause of 
this lack of understanding: exper imental results as a function 
of ‘FE polarization strength’ can vary greatly as we show here. 
In fact, we explicitly reveal here that any parameter inducing 
strong electric fields at the interfaces will lead to spin mixing at 
the interfaces, hence a reduction in TMR. We were also able to, 
therefore, demonstrate the connection between the spin depen-
dent screening process at FE/FM interfaces and the variations 
of the TMR effect when under bias in such structures.
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