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Nonequilibrium spin-dependent transport in magnetic tunnel junctions comprising a ferroelectric barrier is
theoretically investigated. The exact solutions of the free electron Schrödinger equation for electron tunneling
in the presence of interfacial screening are obtained by combining Bessel and Airy functions. We demonstrate
that the spin transfer torque efficiency, and more generally the bias dependence of tunneling magneto- and
electroresistance, can be controlled by switching the ferroelectric polarization of the barrier. In particular, the
critical voltage at which the in-plane torque changes sign can be strongly enhanced or reduced depending on the
direction of the ferroelectric polarization of the barrier. This effect provides a supplementary way to electrically
control the current-driven dynamic states of the magnetization and related magnetic noise in spin transfer devices.
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The electrical control of magnetization in thin films is
currently attracting intensive efforts due to its major potential
for applications [1]. Current- and voltage-induced magnetization dynamics have been observed in a wide variety of magnetic heterostructures such as metallic and semiconducting
spin valves and domain walls [2–5]. Of most technological
interest is the manipulation of magnetization in magnetic
tunnel junctions (MTJs)—trilayers comprising a tunnel barrier
embedded between two ferromagnets—by means of either
gate voltages or spin-polarized currents. In the first case, a
large voltage pulse is applied across the barrier and charge
reordering at the interface modifies the interfacial magnetic
anisotropy [5]. In the second case, a spin-polarized current
tunnels through the barrier and transfers its spin angular
momentum to the local magnetization of the free magnetic
layer [2–4]. This last phenomenon, known as spin transfer
torque [6], enables the design of promising components such as
on-chip tunable microwave generators [7], magnetic memory
cells [8], race-track memories [9], and so on.
The most successful candidates to date that combine
low critical switching current densities with large tunneling
magnetoresistance ratios (TMR) are MTJs based on MgO
barriers and transition metal electrodes [10] (i.e., Fe, Co,
Ni, and their compounds). Significant progress has been
achieved towards understanding the complex microscopic
nature of the junction’s interfaces [11,12] and establishing
the characteristics of spin transfer torque [13,14]. Despite
undeniable successes [15,16], the actual exploitation of spin
transfer torque in devices is facing major hurdles, among which
the necessary reduction of its critical switching current as
well as the control of current-driven magnetic instabilities.
Serious efforts are being made towards improving the device
performances, and solutions such as engineering the junction
structural asymmetries [17] or designing the metallic electrodes stacking [18] have been proposed to enhance the device
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operation through modifying the bias dependence of the spin
torque. However, little has been done on the barrier material
itself and MgO is still considered as the best candidate for spin
torque purposes.
Nonetheless, metal-oxides barriers display a wide variety
of functional properties among which ferroelectricity can be
used to add a degree of freedom to the system [19]. In
oxide perovskytes, such as BaTiO3 or BiFeO3 , uncompensated
charge screening in the material induces a ferroelectric
polarization which produces in turn very narrow charge
depletion regions at the interfaces, as illustrated in Fig. 1.
When inserted between nonmagnetic metallic electrodes,
ferroelectric barriers have been theoretically predicted to result
in large tunneling electroresistance effects (TER) [20–22], as
recently reported experimentally [23–29]. The combination
of ferroelectricity and ferromagnetism in a same material,
referred to as a multiferroic, allows for the electric manipulation of the magnetization and vice versa [19]. However,
the difficulty of growing multiferroic thin films limits their
exploitation as viable memory elements for now. A promising
route is to use synthetic multiferroics, where a ferroelectric
barrier is inserted between two ferromagnets. In this case, the
system displays gigantic TER ratios [30,31] resulting from
the impact of the ferroelectric polarization on interfacial spin
polarization [21,32,33]. Important progress has been realized
in the interfacial control of magnetic properties [34–36], and
ferroelectric junctions have been implemented in solid-state
memory devices [37].
Whereas the aforementioned results are obtained using
thick ferroelectric barriers (>2 nm), reducing the barrier
thickness would enable spin transfer to occur. While the barrier
reduction remains a challenging issue due to the emergence
of pinholes and the formation of ferroelectric domains, the
current advances are encouraging. In the present paper, we
theoretically address the nature of the spin transfer torque in
magnetic tunnel junctions comprising such a thin ferroelectric
barrier. We demonstrate that the bias dependence of the spin
transfer torque and magnetoresistance can be controlled by
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crystal samples and can be accounted for properly through
ab initio methods [33,39]. The Hamiltonian of the full system
reads Ĥ = ĤL + ĤB + ĤR , where [21,40]
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FIG. 1. (Color online) (a) Schematics of a magnetic tunnel junction comprising two ferromagnets and a ferroelectric insulator;
(b) Potential profile of the junction with positive polarization
(screening) and applied voltage Va .

tuning the ferroelectric polarization, opening avenues for
spin-based functional devices.
Let us consider a magnetic tunnel junction composed
of FML /FEI/FMR , where FML(R) is the semi-infinite left
(right) ferromagnetic electrode and FEI represents a nonmagnetic ferroelectric insulator, such as BaTiO3 , PbTiO3 ,
Pb(Zr0.2 Ti0.8 )O3 , etc. The unit magnetization vectors are
ML = ez and MR = ex sin θ + ez cos θ , θ being the angle
between the magnetization directions [Fig. 1(a)]. The junction
is treated within a one-dimensional free-electron two-band
Stoner model. The virtue of the free electron approach is to
reduce the complexity of the band structure to a minimal
set of parameters relevant to the spin transport, providing a
qualitative description of the physics at stake. This method
successfully predicted the gigantic TER effect by Zhuravlev
et al. [21,38] as well as the bias dependence of the spin torque
in magnetic tunnel junctions [13,14,17]. Strictly speaking,
this formalism applies in low band filling systems where the
tunneling is dominated by electrons close to the  point.
It completely overlooks the Bloch nature of the tunneling
electron states which might turn out to be important in single

↓ ↑

ρ +4J ρ ρ

(R) interfaces, respectively, λi = e0 i 1+Jii ρii i is the screening
length of the ith electrode [40], and d is the thickness of
the barrier. ρ σ is the spin-dependent density of states with
↑
↓
↑
↓
ρi = ρi + ρi and ρi = ρi − ρi , d is the thickness of the
ferroelectric barrier, σ̂ = (σ̂x ,σ̂y ,σ̂z ) is the vector of the Pauli
matrices, 0 ,f are the dielectric static permittivity of the
vacuum and ferroelectric barrier, respectively. P represents
the ferroelectric polarization,  = J msd denotes the exchange
energy, msd =(n↑ − n↓ ) is the equilibrium spin density, n↑,↓ =
1 2me
[ (EF ± /2)]3/2 is the spin-dependent particle density,
6π 2 2
J is Stoner exchange parameter, e and me(B) are the electron
charge and effective mass in the electrodes (barrier), and the
hatˆdenotes a 2 × 2 matrix in spin space.
The eigenstates of the full system Ĥ are obtained by
standard wave matching procedure and the resulting spindependent wave functions ψ̂k (x) are expressed in terms of
a combination of Airy (barrier) and Bessel (ferromagnets)
functions. In this picture, the charge and spin currents are
defined as

e 
d 3k † ˆ
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with  referring to the imaginary part and fi (k) being the
Fermi-Dirac distribution function of the ith electrode.
The

spin transfer torque is defined as [6] T = − V ∇ · J dV,
where V is the volume of the ferromagnet. In the case of
semi-infinite electrodes, the torque exerted on MR reduces
to the interfacial tunneling spin current: T = T|| MR × (ez ×
y
x
MR ) + T⊥ MR × ez , where T|| = Jint
and T⊥ = Jint . For the
numerical simulations, we choose the parameters describing
Fe/BaTiO3 /Fe symmetric MTJs (at low temperatures): The
effective Fermi energy is EF = 2.62 eV with an exchange
splitting  = 3.86 eV corresponding to the majority (mi−1 ↓
−1
↑
nority) Fermi wave vector kF = 1.09 Å (kF = 0.4 Å ) and
J = 1.07 eV. The barrier dielectric permittivity is f = 900
and its thickness is d = 1 nm. The barrier height and electron
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effective mass are set to UB = 2 eV and mB /me = 0.18.
These parameters are extracted from ab initio calculations and
correspond to an effective decay wave vector of q ≈ 3 nm−1
(see Ref. [33]). Using these parameters, the screening lengths
are λL(R) = 0.8 Å. The typical ferroelectric polarizations (FEP)
highlighted in the literature range from 10 to 75 μC/cm2
[31,41] and strongly depend on the ferroelectric layer thickness
and interfacial structure [32,33,41]. Finally, in the present
paper, we only focus on the case of a symmetric tunnel junction
composed of similar ferromagnetic electrodes.
The interplay between tunnel electroresistance and spin
transport has been predicted theoretically [21,33,38] and
demonstrated experimentally [23,31,37], allowing for the
ferroelectric control of the magnetoresistance and the magnetic control of the electroresistance. The influence of the
ferroelectric polarization on the bias dependence of the tunneling magnetoresistance has been addressed within the WKB
approximation [42] and from first principles [39]. In the
remainder of this paper, we define the TMR and TER as
TMR↔ =
TERP(AP) =

JP↔ − JAP
↔
,
JAP
↔

− JP(AP)
JP(AP)
→
←
JP(AP)
←

(7)
.

(8)

Here, JP(AP)
denotes the tunneling charge current in parallel
↔
(P) and antiparallel (AP) configurations, and ↔ refers to
the leftward (negative) or rightward (positive) ferroelectric
polarization of the barrier. The bias dependence of the
tunnel magneto- and electroresistance are shown in Figs. 2(a)
and 2(b), respectively. The TER and TMR have been calculated
for two thicknesses of the tunnel barrier, d = 1 nm and
1.5 nm, and three values of the FEP, P = 0, ± 60 μC/cm2 .
In the absence of polarization, the TMR is symmetric as
expected in the case of a symmetric MTJ [14,43] [Fig. 2 (a),
black symbols]. We note that the bias-induced TMR reversal
occurs at large bias voltages (Va > 1 V). In the presence of
ferroelectric polarization in the barrier, the potential profile
becomes asymmetric and the bias dependence of the TMR
is heavily distorted, resulting in TMR sign reversal at small
voltages. This effect is symmetric when inverting the bias
voltage or the FEP. TER has been predicted to emerge in

FIG. 2. (Color online) Voltage dependence of (a) TMR for zero
(black symbols), positive (red symbols), and negative (blue symbols)
FEP and (b) TER for P (black symbols) and AP (red symbols)
configurations. The parameters are the same as in the text, with
UB = 2 eV, P = 0, ± 60 μC/cm2 , and d = 1 nm (open symbols)
or 1.5 nm (filled symbols), corresponding to VcL,R ≈ 0.35 V and 0.5
V, respectively.
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FIG. 3. (Color online) Voltage dependence of the (a,c) in-plane
and (b,d) out-of-plane torques exerted on the right layer for P =
0 μC/cm2 (black symbols), P = ±20 μC/cm2 (green symbols), P =
±40 μC/cm2 (blue symbols), and P = ±60 μC/cm2 (red symbols).
The parameters are UB = 2 eV (a,b) d = 1 nm and (c,d) d = 1.5 nm,
with θ = π/2. The filled and open symbols refer to positive and
negative FEP, respectively.

asymmetric tunnel junctions and vanishes in the absence of
asymmetry. As shown in Fig. 2(b), the symmetry breaking
induced by the bias voltage results in a large TER, even
though the MTJ is structurally symmetric. Notice that the
TER evaluated for this symmetric MTJ is rather small:
TER ≈ 60% (40%) for the P (AP) magnetic configuration at
Va = 2 V. Switching the magnetization configuration results
in a strong asymmetric alteration of the bias dependence of the
electroresistance effect.
Let us now consider the spin transfer torque exerted on the
right layer. Figure 3 displays the bias dependence of the (a,c)
in-plane T|| (Va ) and (b,d) out-of-plane T⊥ (Va ) components,
respectively for (a,b) d = 1 nm and for (c,d) d = 1.5 nm,
with UB = 2 eV. Each curve displays a noisy peak when
the barrier shape becomes rectangular due to computational
inaccuracy in the treatment of Airy functions. This peak
is broader when the barrier is thinner (d = 1 nm). One
directly sees that tuning the ferroelectric polarization of the
barrier modifies the bias dependence of both in-plane and
out-of-plane torque components. This modulation resembles
the one observed when using structurally asymmetric tunnel
junctions [14,44]: the zero-bias slope of the in-plane torque,
∂T /∂V , increases (decreases) for a positive (negative) FEP,
while the perpendicular torque T⊥ acquires a large positive
(negative) linear bias component for a negative (positive) FEP.
These features demonstrate that an efficient control over the
STT magnitude can be achieved using ferroelectricity.
In Fig. 4(a) the critical voltage at which the in-plane torque
T changes sign is represented as a function of the barrier
thickness for different values of the ferroelectric polarization,
P = 0, ± 40, ±60 μC/cm2 . For zero and positive FEP, the
critical voltage increases with the barrier thickness and
diverges around d = 1.2–1.5 nm. Beyond this point, the
in-plane torque does not change sign at all as a function of
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FIG. 4. (Color online) (a) Dependence of the critical voltage at
which the in-plane torque changes sign as a function of the barrier
thickness for P ∈ [−60, + 60] μC/cm2 ; (b) dependence of the critical
voltage at which the out-of-plane torque reaches its extremum as a
function of the barrier thickness for P = 40 and 60 μC/cm2 . The
barrier height is UB = 2 eV.

the bias voltage. In contrast, for negative FEP, the critical
voltage seems to saturate around 0.5 V for the set of parameters
adopted in the simulations. It therefore clearly appears that
the critical voltage at which the in-plane torque changes sign
can be strongly modified by reverting the direction of the FEP.
This provides an interesting tool for extremely efficient control
of the torque in magnetic tunnel junctions: By switching the
FEP direction, it is possible to obtain an in-plane torque with
an almost quadratic bias dependence (for negative FEP) or
a mostly linear bias dependence (for positive FEP). Notice
that the specific values provided in Fig. 4(a) depend on the
height and thickness of the barrier and on the effective mass
of the tunneling electron. However, the tendencies displayed
in Figs. 3 and 4 are quite general. The bias dependence of the
out-of-plane torque itself is very similar to what is observed
in structurally or impurity wise asymmetric MTJs [14,44].
The out-of-plane torque acquires a component with a linear
bias dependence, which shifts the critical voltage at which
the out-of-plane torque reaches its extremum [see Figs. 3(b)
and 3(d)]. This critical voltage increases almost linearly with
the barrier thickness, as displayed in Fig. 4(b).
In order to elucidate the role of the interfacial charge
depletion/accumulation regions on the spin torque, we also
calculated the spin transfer torque in the absence of these
regions, while keeping the asymmetry in the barrier potential.
To do so, we simply replace L(R) (z) and eV (z) [see Eqs. (3)
and (4)] by  and eVa , respectively. Hence, the situation is
the very same as regular MTJs with structural asymmetry
as studied in Refs. [14,44]. The additional barrier potential
due to the ferroelectricity at the left and right interfaces for
P = ±40 μC/cm2 are VcL,R ≈ ±0.23 V for d = 1 nm and
VcL,R ≈ ±0.34 V for d = 1.5 nm.
The resulting modulation of the torque being quite small
(not shown), we choose to display the electrical efficiency
of the in-plane torque T /je to illustrate this effect. The
results are displayed in Figs. 5(a) and 5(b) for d = 1 nm and
1.5 nm, respectively. The open symbols represent the efficiency
in the absence of ferroelectricity (i.e. for the equivalent
structurally asymmetric barrier as explained above), while the
filled symbols represent the efficiency of the torque in the
ferroelectric junction. First, we notice that the modulation
of the torque efficiency by tuning the FEP can be quite
large (see filled symbols) and increases with the barrier

FIG. 5. (Color online) Bias dependence of the efficiency of the
in-plane torque, T /je , for a barrier thickness (a) d = 1 nm and (b)
d = 1.5 nm. The filled symbols represent the efficiency calculated
with P = ±40 μC/cm2 (black and red symbols, respectively),
corresponding to (a) VcL,R ≈ 0.23 V and (b) 0.34 V, as explained
in the text. The open symbols represent the efficiency calculated
with a normal insulating barrier with asymmetric potential, i.e. in the
absence of the interfacial depletion/accumulation region. The average
barrier height is UB = 2 eV in all the cases.

thickness. Second, the modulation of the torque efficiency
induced by structural asymmetry (open symbols) is overall
weaker than the one induced by FEP. Furthermore, the sign
of the modulation due to a ferroelectric barrier is actually
opposite to the one obtained using an asymmetric normal
tunnel barrier. In the case of positive structural asymmetry
(VcL − VcR > 0, black open symbols), the efficiency is reduced,
while it is increased in the case of positive FEP (black filled
symbols). This points out the importance of interfacial charge
depletion/accumulation region. Although these effects occur
on very short distances (less than 1 Å), they dramatically
affect the spin-dependent tunneling, since tunneling is mainly
controlled by the interfacial densities of states.
To complete our study, we plot in Fig. 6 the spatial
dependence of the transverse spin density (a,b,c) Sx and
(d,e,f) Sy in the right layer for different FEP (P = −40,

FIG. 6. (Color online) Spatial dependence of the spin density
(a,b,c) Sx and (d,e,f) Sy in the right electrode calculated at the Fermi
energy and perpendicular incidence k = 0. The parameters are (a,d)
P = 0 μC/cm2 , (b,e) P = 40 μC/cm2 and (c,f) P = −40 μC/cm2
and Va = ±0.5 V (black and red, respectively). The units are given
in inverse volume of the unit cell −1 .
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0, and +40 μC/cm2 ) and bias voltage (Va = ±0.5 V). This
spin accumulation is calculated for Fermi electrons with
a normal incidence, for simplicity and tractability. In the
absence of ferroelectric polarization, the spatial dependence
of the spin density oscillates regularly, as expected in regular
tunnel junctions [13] [see Figs. 6(a) and 6(d)]. However,
when the FEP is positive [see Figs. 6(b) and 6(e)], the
spin density increases dramatically in the depletion region,
which corresponds to an enhancement of the torque efficiency
(see Fig. 5). Conversely, when the FEP is negative [see
Figs. 6(c) and 6(f)], the spin density is strongly reduced in the
accumulation region, which corresponds to a reduction of the
torque efficiency (see Fig. 5). Considering that the spin transfer
torque results from the spatial averaging of the spin density
over the volume of the ferromagnet, only the spin density
close to the interface significantly contributes to the torque
(the remaining spin density averages out under dephasing far
in the ferromagnetic electrode [13]). Therefore, the presence
of a depletion or accumulation region close to the interface
has a substantial impact on the bias dependence of the torque.
This contribution is actually much larger than the one coming
from the FEP-induced barrier structural asymmetry [14] or
impurity-induced asymmetry [44].
The ferroelectric control of the bias dependence of both
in-plane and out-of-plane components of the spin torque
has important consequences in terms of current-driven magnetization switching and dynamics. It is usually accepted
that in-plane torque drives the magnetization switching and
self-sustained precessions [2,3]. Therefore, a smart design
of the ferroelectric junction enables the efficient control of
the dynamical properties by tuning both the injected current
and ferroelectric polarization. Another interesting aspect is the
control of the out-of-plane torque. In a recent publication, Oh
et al. [17] demonstrated the important role of the out-of-plane
component on current-driven magnetic instabilities (tagged
switching back phenomenon) in MTJs. In the light of the
present study, controlling this effect through ferroelectricity
seems a viable route to reduce these instabilities which in

particular may be a crucial nuisance for STT-MRAM. Since the
ferroelectric polarization is usually controlled through voltage
pulses, spin torque and FEP switching can be combined to
obtain original device operation modes.
Finally, two important aspects are to be considered regarding the applicability of the present theory to experimental
situations. First, the model we use in the present paper is a
two band Stoner model applied to a symmetric junction. It disregards the particularities of the realistic band structure of the
electrodes and of the barrier as well as possible wave function
filtering effects or resonant states. However, it possesses the
minimal ingredients of ferroelectricity coexisting with spin
splitting, which should capture most of the relevant physics
at stake. Within this model, the TER obtained numerically
is small compared to the experimental observations: about
40% to 60% in the present work compared to 10 000% [37]
and 75 000% [23] in thick BaTiO3 with asymmetric magnetic
electrodes. This indicates that the modulation of the torque
efficiency expected experimentally in asymmetric ferroelectric
magnetic tunnel junctions should actually be much larger
than the one derived in the present paper. Consequently, one
can expect that the ferroelectric control of the spin torque
efficiency in realistic asymmetric MTJs should be much more
efficient than the results reported here. Second, whereas the
voltage control of tunneling electroresistance has been recently
realized in thick BaTiO3 -based MTJs [23,37], the realization
of spin transfer torque in thin BaTiO3 junctions presents
the advantage of generating unique current-driven dynamical
states that are absent in thick ferroelectric junctions. The
combination of ferroelectricity with spin transfer torque is
thus expected to produce a wealth of original states of major
interest for technologists and researchers.
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A. Barthélémy, J. Phys.: Condens. Matter 20, 434221 (2008).
[20] L. Esaki, R. B. Laibowitz, and P. J. Stiles, IBM Tech. Discl.
Bull. 13, 2161 (1971).
[21] M. Ye. Zhuravlev, R. F. Sabirianov, S. S. Jaswal, and E. Y.
Tsymbal, Phys. Rev. Lett. 94, 246802 (2005); M. Ye. Zhuravlev,
S. S. Jaswal, E. Y. Tsymbal, and R. F. Sabirianov, Appl. Phys.
Lett. 87, 222114 (2005).
[22] D. I. Bilc, F. D. Novaes, J. Iniguez, P. Ordejon, and P. Ghosez,
ACS Nano 6, 1473 (2012).
[23] V. Garcia, S. Fusil, K. Bouzehouane, S. Enouz-Vedrenne, N. D.
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