
Spin-transfer torque in spin filter tunnel junctions

Item Type Article

Authors Ortiz Pauyac, Christian; Kalitsov, Alan; Manchon, Aurelien;
Chshiev, Mairbek

Citation Spin-transfer torque in spin filter tunnel junctions 2014, 90 (23)
Physical Review B

Eprint version Publisher's Version/PDF

DOI 10.1103/PhysRevB.90.235417

Publisher American Physical Society (APS)

Journal Physical Review B

Rights Archived with thanks to Physical Review B

Download date 23/05/2023 19:53:43

Link to Item http://hdl.handle.net/10754/346730

http://dx.doi.org/10.1103/PhysRevB.90.235417
http://hdl.handle.net/10754/346730


PHYSICAL REVIEW B 90, 235417 (2014)

Spin-transfer torque in spin filter tunnel junctions

Christian Ortiz Pauyac,1 Alan Kalitsov,2 Aurelien Manchon,1,* and Mairbek Chshiev2,†
1King Abdullah University of Science and Technology (KAUST), Physical Science and Engineering Division,

Thuwal 23955-6900, Saudi Arabia
2SPINTEC, UMR CEA/CNRS/UJF-Grenoble 1/Grenoble-INP, INAC, Grenoble, F-38054, France

(Received 29 May 2014; revised manuscript received 26 November 2014; published 8 December 2014)

Spin-transfer torque in a class of magnetic tunnel junctions with noncollinear magnetizations, referred to as
spin filter tunnel junctions, is studied within the tight-binding model using the nonequilibrium Green’s function
technique within Keldysh formalism. These junctions consist of one ferromagnet (FM) adjacent to a magnetic
insulator (MI) or two FM separated by a MI. We find that the presence of the magnetic insulator dramatically
enhances the magnitude of the spin-torque components compared to conventional magnetic tunnel junctions.
The fieldlike torque is driven by the spin-dependent reflection at the MI/FM interface, which results in a small
reduction of its amplitude when an insulating spacer (S) is inserted to decouple MI and FM layers. Meanwhile,
the dampinglike torque is dominated by the tunneling electrons that experience the lowest barrier height. We
propose a device of the form FM/(S)/MI/(S)/FM that takes advantage of these characteristics and allows for
tuning the spin-torque magnitudes over a wide range just by rotation of the magnetization of the insulating layer.
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I. INTRODUCTION

The intensive search for innovative devices enabling the
efficient electrical control of magnetization direction has
led to the discovery of spin-transfer torque (STT) [1]. In
magnetic spin valves, the flowing charge current is polar-
ized by the first (reference) magnetic layer and exerts a
torque on the second (free) magnetic layer [2]. STT has
emerged as an efficient mechanism to induce magnetization
reversal and excitations, resulting in immediate applications
such as magnetic random access memories (MRAM) and
spin-torque oscillators, respectively [3]. Conventionally, the
torque is partitioned into a fieldlike component, T⊥, along
m × p, and a Slonczewski (dampinglike) component, T‖,
along m × (m × p) direction, where m( p) represents the free-
(reference-) layer magnetization unit vector. Initially studied in
metallic spin valves [4], STT was soon extended to magnetic
tunnel junctions (MTJs), where the spacer was replaced by
nonmagnetic insulating barriers such as Al2O3 [5] or MgO [6].
The latter, in contact with Fe(100) electrodes, captured the
attention due to its crystallographic configuration that allowed
coherent wave-function symmetry filtering, giving rise to a
large tunneling magnetoresistance (TMR), as demonstrated
theoretically [7] and experimentally [8]. Meanwhile, STT
in MgO-based tunnel junctions became the most promising
ingredient for high-density, nonvolatile MRAM devices due
to the combination of large TMR and low critical switching
current. Substantial studies in ballistic regime [9,10] revealed,
for low bias (V ), the following form of the spin-torque
components,

T‖ = a1V + a2V
2, (1)

T⊥ = b0 + b1V + b2V
2, (2)

*aurelien.manchon@kaust.edu.sa
†mair.chshiev@cea.fr

where the extra linear term of T⊥, b1, only appears due
to symmetry breaking [12] originated from band filling
mismatch of the electrodes [13], asymmetric barriers [14,15],
or interfacial disorders [16].

Alternative tunneling systems have been proposed as an
extension of conventional MTJs such as ferroelectrics and
magnetic insulators. Ferroelectric junctions display electro-
resistance due to the electrical control of charge accumulation
at the interfaces [17], whereas magnetic insulators exhibit
spin filtering effect, which in contrast to symmetry filtering,
selectively filters majority carriers due to the spin-dependent
evanescence of the wave function in the barrier [18]. Conse-
quently, even when considering a normal metal (NM) reference
layer, higher spin polarization is obtained as a result of
charge current being exponentially dependent on the exchange
splitting of the barrier [19]. Magnetic insulators have attracted
also increasing interest in magnonics and spin-caloritronics
devices due to its ultralow damping coefficient [20]. Several
architectures of spin filter based tunnel junctions (SFTJs)
have been proposed, such as single junctions [21], double
junctions [22], partial junctions [23], and symmetric junc-
tions of the form FM/MI/FM [24]. These structures rely
on either ferromagnetic or ferrimagnetic insulating barriers.
The former includes Eu chalcogenides materials such as
EuS [25], EuSe [26], and EuO [27], which present low
Curie temperature (Tc), i.e., ∼69 K [27]. The latter covers
spinel-based materials such as CoFe2O4 [28], NiFe2O4 [29],
NiMn2O4 [30], BiMnO3 [31], and CoCr2O4 [32], which
exhibit Tc values above room temperature. Most of the work
on these architectures have focused on understanding spin
polarization and TMR, where the latter tends to be much larger
than conventional MTJs. However, the spin-transfer torque
has been mostly overlooked and little has been done from a
theoretical perspective [33].

In this work, the nature of spin-transfer torque in spin
filter tunnel junctions is studied considering single-electron
tight-binding (TB) calculations in the framework of Keldysh
formalism [34]. The approach considers semi-infinite leads
separated by a finite magnetic insulating barrier. Combined
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numerical and analytical studies as a function of bias in partial
spin filter tunnel junctions (p-SFTJ), NM/MI/FM, reveal a
dramatic enhancement of the torque amplitudes compared
to conventional MTJs. The fieldlike component is driven
by the spin-dependent reflection at MI/FM interface, which
yields a linear bias dependence in contrast to the quadratic
profile encountered in conventional MTJs and results in a
small reduction of its amplitude when an insulating spacer
(S) is inserted to break the exchange interaction between the
magnetic insulator and the ferromagnet. Meanwhile, the damp-
inglike component is dominated by the tunneling electrons
that experience the lowest barrier height. Based on these, we
provide a route towards combining into a single device the
STT mechanisms of conventional MTJs and partial SFTJs. For
this, we introduce a structure of the form FM/(S)/MI/(S)/FM,
combining ferromagnetic metallic electrodes separated by a
magnetic insulator, referred to as symmetric spin filter tunnel
junction (s-SFTJ). This system allows for tuning the torques
amplitude by rotating only the magnetization of the insulating
layer.

This paper is organized as follows. Section II describes the
theoretical method used to model spin filter tunnel junctions
and to calculate the spin-transfer torques. Numerical and
analytical studies of partial and symmetric spin filter tunnel
junctions without insulating spacers are given in Sec. III A
and III B, respectively. In Sec. III C, we present our results
when spacers are inserted. In all cases, our solutions are
compared with a conventional MTJ of similar parameters.
In the following, to simplify the notation, we will call MTJ
a system of the form FM/I/FM, where I represents the
nonmagnetic insulating barrier of NI monolayers thickness.
Finally, conclusions are summarized in Sec. IV.

II. METHODOLOGY

The Hamiltonian considered in the present study is de-
scribed by the single-orbital simple-cubic TB Hamiltonian in
noncollinear configuration, defined as

Ĥ = ĤL + ĤR + ĤB + Ĥint. (3)

The first three terms correspond to the isolated contribution,

Ĥ� =
∑

i
(i ∈ �)

ε0
�,i ĉ

†
i ĉi + ��

∑
i

(i ∈ �)

ĉ†i σ̂ · m̂
�

ĉi +
∑
i �= i ′

(i,i ′ ∈ �)

t ĉ†i ĉi ′ ,

(4)

� represents the uncoupled left (L), right (R), or barrier (B)
regions. The last term defines the coupling with the leads,

Ĥint = t ĉ†a ĉα + t ĉ†b ĉα′ + H.c., (5)

where, in ĉ†i = (c†↑i ,c
†↓
i ), cσ

i (c†σi ) annihilates (creates) an
electron with spin σ on site i (∈ �), σ = ↑ (+1), ↓ (−1)
represents the up or down spin projection, and t is the
spin-independent hopping parameter between sites restricted
to nearest neighbors, assumed to be constant everywhere (t =
−1 eV). In Eq. (4), ε0

�,i = (ε↓
�,i + ε

↑
�,i)/2 represents the aver-

aged on-site energy in region � and site i. �� = (ε↓
� − ε

↑
�)/2

define the exchange splitting, driven by the magnetization
vector, m̂

�
, which is rotated in xz plane with angle θ

�
. σ̂ is the

(a) (c)

(b)

FIG. 1. (Color online) (a) Schematic structure of a SFTJ of the
form FM/MI/FM. The magnetization vector on each layer is rotated
by an angle θ in xz plane. Subscripts L, R, and B stands for left,
right, and barrier, respectively. The atomic layers, represented by
green crosses, are enumerated from 1 to 3 in the barrier (NB = 3).
Subscripts next to left (right) interface are denoted a (b) in the barrier
and α (α′) in the lead. (b) Potential profile describing the averaged
on-site energies (ε0

L, ε0
B , and ε0

R) and exchange splittings (�L, �B ,
and �R). eV = μR − μL, with μ the chemical potential in the lead.
EF = 0 eV refers to Fermi energy level. For negative bias, the electron
flow density (Je) goes from reference layer (left) to free layer (right).
(c) Density of states at zero bias for ε0

R = +5 and −1 eV cases.

Pauli matrix vector. Figure 1(a) shows the schematic structure
of an ideal symmetric SFTJ—assumed periodic in xz plane
perpendicular to current direction along y—where insulating
spacers between FM and MI are neglected. Subscripts α(α′)
and a(b) refer to atomic sites in left (right) and barrier regions,
located next to FM/MI (MI/FM) interface. Figure 1(b) shows
the potential profile where the averaged on-site energies and
exchange splittings are described. Under applied bias the
potential inside the barrier, given by NB monolayers, varies lin-
early with layer number i, εσ

B,i = εσ
B + eV(i − 1)/(NB − 1).

eV = μR − μL, with μ the chemical potential in the lead.
Insulating spacers of NS monolayers thick between FM and
MI are modeled by modifying the interfacial barrier heights
and taking NB = NMI + NS , where NMI refers to the number
of monolayers given just by the magnetic insulator. MTJ
structures are modeled by considering �B = 0 and taking
NB = NI . A negative bias voltage corresponds to a negative
charge current density; hence, the electron flow density, Je, is
defined positive when going from the reference layer (left) to
the free layer (right). The isolated Green’s function of each
uncoupled region, �, defined as ĝ = Î /(E − εk‖ − Ĥ�) is
determined, where we have explicitly written εk‖ , being the
energy of the in-plane vector, k‖, of the Bloch state. The system
is then coupled through Dyson’s equation [10]

Ĝpq = ĝpq + ĝpa�̂aaĜaq + ĝpb�̂bbĜbq, (6)

where subscripts p and q are any two sites across the
barrier, and the self-energy terms given by �̂aa(bb) = t2ĝαα(α′α′)
take into account the propagation of the electron across
barrier/electrode interfaces. Equation (6) is self-consistently
solved and analytical expressions for the coupled retarded
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Green’s functions, Ĝpq , are obtained. To evaluate the net
spin-transfer torque in the free layer, we proceed to solve the
quantum kinetic equation based on Keldysh formalism [10],
which yields solutions for the interfacial lesser Green’s
functions, Ĝ<

bα′(α′b), of the form

Ĝ<
bα′(α′b) = Ĝ<L

bα′(α′b) + Ĝ<R
bα′(α′b), (7)

with

Ĝ<L
bα′ = t2D̂B̂ĝba(Î + �̂aaÂĝaa)ĝ<

ααĜa
aα′ ,

(8)
Ĝ<R

bα′ = tD̂B̂[ĝbb + ĝba�̂aaÂĝab]ĝ<
α′α′

(
Î + tĜa

bα′
)
,

and

Ĝ<L
α′b = tL̂N̂�̂bbĝbaM̂ĝ<

ααĜa
ab,

(9)
Ĝ<R

α′b = tL̂N̂g<
α′α′Ĝ

a
bb.

Superscript a refers to the advanced Green’s function,
ĝ<

αα(α′α′) = −f
L(R) [ĝαα(α′α′) − ĝa

αα(α′α′)], with f
L(R) the Fermi-

Dirac distribution in the left (right) layer. In these equa-
tions, Â=(Î − ĝaa�̂aa)−1, B̂=(Î − ĝbb�̂bb)−1, and D̂=(Î −
B̂ĝba�̂aaÂĝab�̂bb)−1; also, N̂=(Î − �̂bbĝbb)−1, M̂=(Î −
�̂aaĝaa)−1, and L̂=(Î − N̂�̂bbĝbaM̂�̂aaĝab)−1. The interfa-
cial spin current density components (Qjy

bα′) and the electron
flow density (Je) are obtained considering

Q
jy

bα′ = t

4π

∫
Tr[(Ĝ<

α′b − Ĝ<
bα′ )σ j ]dEdk||, (10)

Je = |e|t
2π�

∫
Tr[(Ĝ<

α′b − Ĝ<
bα′ )]dEdk||. (11)

Superscript j refers to the spin space direction, defined by
the Pauli matrix, σ j . e and t are the electric charge and
hopping terms, respectively. � is the Planck’s constant. k||
is the transverse component of the wave vector, and the energy
integral is over the whole energy range [10,11]. Finally, the
Slonczewski and fieldlike components of the spin torque,
T = Qbα′ , applied on the right lead are defined,

T‖ ≡ Q
xy

bα′ cos θR − Q
zy

bα′ sin θR, (12)

T⊥ ≡ Q
yy

bα′ . (13)

III. RESULTS AND DISCUSSION

In the simple cubic single-band tight-binding model, at zero
bias, the energy limits of the density of states (DOS) are given
by Eσ

min(max) = εσ
� ± 6t , which brings different band filling

values in the leads associated with the DOS at Fermi level
(EF = 0 eV). Four band filling cases are studied where �� =
+2 eV unless stated otherwise; therefore, for the parameters
considered here, ε0

L(R) = +5 eV, given on Fig. 1(c) top panel,
defines the half-metallic case, which considers no states at
EF for minority carriers. ε0

R = +3 eV, in contrast, allows a
small contribution of minority spin states at Fermi level, see
Fig. 1(b). Both cases are referred to be in the low-band-filling
regime, which applies reasonably well to transition metals (Fe,
Co, Ni) and their compounds. The tight-binding modeling of
spin-transfer torque in MgO-based tunnel junctions yields bias
dependencies and magnitudes in semiquantitative agreement

with the experimental observations [35]. We additionally
investigate the cases ε0

R = +1 eV and ε0
R = −1 eV, where the

population of minority carriers at Fermi level increases until
it becomes larger than the population of the majority carriers;
therefore, a polarization inversion is expected as the system
moves towards the high-band-filling regime, see Fig. 1(c)
bottom panel. Our model being limited to a single band, it
does not capture the specific wave-function symmetries that
would arise in crystalline junctions, such as Fe/MgO [36].
However, limiting this study to low bias voltage, this model
provides a qualitative description of the spin transport in spin
filter junctions.

First, we investigate structures where insulating spacers
needed to magnetically decouple the MI and FM layers are
disregarded. Here, we study the bias dependence of STT
in partial SFTJs (Sec. III A) and the angular dependence
of STT in junctions of the form FM/MI/FM (Sec. III B).
The former is set considering θR(B) = π/2(0) and �L = 0,
the latter takes into account θL(R) = π/2(0). In both cases,
ε0
L = ε0

R and the barrier height is set as close as possible
to the Fermi level to guarantee large current densities. To
avoid the Fowler-Nordheim effect [37], ε0

B = +9 eV and
�B = +2 eV are considered, which brings at zero bias,
E

↑
min = +1 eV. In Sec. III C, we study the case where

insulating spacers are inserted between FM and MI in order
to decouple the two magnetic layers. Such an insertion is in
principle expected to dramatically reduce both TMR and STT
amplitudes. However, it has been shown experimentally that
insertion of a 0.8-nm-thick SrTiO3 nonmagnetic insulating
spacer between a FM electrode and a magnetic insulating
barrier in La2/3Sr1/3MnO3/(SrTiO3)/NiFe2O4/Au junctions is
efficient in decoupling the exchange interaction between the
magnetic insulator and the electrode without substantially
modifying the TMR ratio [29]. We show how the spin-
transfer torque components are modified when we insert
the nonmagnetic insulating spacer. The dampinglike torque
dramatically decreases in magnitude preserving its qualitative
behavior as a function of bias. In contrast, the magnitude of
the fieldlike torque is only slightly reduced in both partial and
symmetric SFTJs. Therefore disregarding such spacers does
not bring major changes in the fieldlike term, which should be
measurable experimentally.

A. Partial spin filter tunnel junction

As displayed in Figs. 2(a) and 2(b), main panels, for the
aforementioned band filling cases, it is found that a bilayer
system of the form MI/FM is enough to dramatically enhance
the spin-torque components compared to MTJs, displayed
on insets. In Figs. 3(a) and 3(b), the torque efficiencies are
displayed as a function of band filling for V = −1.0 V .
Whereas the T‖/je magnitude remains on the same order
as in MTJs, (T⊥ − T 0

⊥)/je is increased by a factor of 10 in
the low-band-filling regions up to a factor of 100 as the
system moves towards higher band filling values. Notice
that the equilibrium interlayer exchange coupling (IEC) [38],
i.e., the zero-bias value of T⊥, T 0

⊥, has been subtracted.
The underlying mechanism of the fieldlike torque is first
understood in the framework of free-electron approach based
on Wentzel-Kramers-Brillouin (WKB) approximation. In the

235417-3



ORTIZ PAUYAC, KALITSOV, MANCHON, AND CHSHIEV PHYSICAL REVIEW B 90, 235417 (2014)

−1 0 1
−80

0

80

Voltage (V)

T
⊥

−T
⊥0  (μ

eV
/Λ

)

−15

0

15
T

|| (μ
eV

/Λ
)

 

 

−1 0 1

−0.5
0

0.5

−1 0 1
0

0.5 MTJ
(b)

(a)

ε
L(R)
0 =+5 eV

+3
+1
−1

MTJ

FIG. 2. (Color online) Bias dependence of nonequilibrium (a)
Slonczewski, T‖, and (b) fieldlike, T⊥ − T 0

⊥, spin-torque components,
for NM/MI/FM (main panels) and FM/I/FM (insets) structures,
with θR = π/2, θL(B) = 0 and ε0

B = +9 eV for different values of
spin averaged on-site energies in the leads (ε0

L = ε0
R). �L = 0 and

�R(B) = +2 eV in p-SFTJs (former). �B = 0 and �L(R) = +2 eV
in MTJs (latter). NB = NI = NMI = 3 and the hopping parameter is
t = −1 eV. In all cases, the magnitudes of the torques are given in
μeV/
, where 
 denotes the interfacial unit area.
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FIG. 3. (Color online) MTJ and p-SFTJ efficiencies for the
nonequilibrium (a) Slonczewski and (b) fieldlike spin-torque com-
ponents as a function of ε0

L(R) and V = −1.0 V. Similar parameters
as in Fig. 2 are considered. In (b), the MTJ magnitude is multiplied
by 10 to fit in the graph. Insets refer to the torque efficiencies of
the p-SFTJ as a function of barrier thickness (NB = NMI), given in
numbers of atomic layers, for V = −1.0 V and ε0

L(R) = +3 eV. The
magnitudes of the torque efficiencies are given in units of h/e.

thick-barrier limit, to the lowest order in the transmission, the
fieldlike component of the spin torque for electrons flowing
from left to right (L → R) and right to left (R → L) read

T L→R
⊥ = 8�

2

mξθR

(
k

↓2
R − k

↑2
R

)
kLq

↓
Rq

↑
R

∑
σ

(
σ

e−2dκσ

qσ
L

k2
L + qσ2

L

)
sin θR,

(14)

T R→L
⊥ = 2�

2

mξθR

(k↓
R − k

↑
R)(q↓

R − q
↑
R)(k↓

Rk
↑
R − q

↓
Rq

↑
R) sin θR.

(15)

k
↑(↓)
R =

√
2m
�2 (E ± �R − εk‖ + eV), kL =

√
2m
�2 (E − εk‖) rep-

resent the wave vectors in the leads. In the barrier, the
exponential decay is given by edκ↑(↓) ≡ e

∫ d

0 q
↑(↓)
B dy , with q

↑(↓)
B =√

2m/�
2(Uo − y eV

d
∓ �B − E + εk‖). Uo and d represent the

barrier height and thickness, respectively. m is the effective
mass, y is the transport direction and other parameters were
already defined in the TB approach. For y = 0(d), q

↑(↓)
B ≡

q
↑(↓)
L(R), and

ξθR
= [(k↓

R + k
↑
R)(q↓

R + q
↑
R) − (k↓

R − k
↑
R)(q↓

R − q
↑
R) cos θR]2

+ 4(q↓
Rq

↑
R − k

↓
Rk

↑
R)2. (16)

In Eqs. (14) and (15), ξθR
depends on the free layer mag-

netization direction and is driven by the exchange splitting
of the barrier, see Eq. (16). This term brings a fieldlike
torque angular dependence that deviates from the conventional
sin θR dependence encountered in MTJs. Within the TB
formalism, this deviation, which appears also in T‖, is small
and becomes negligible in the high band filling regime. Of
great importance is the nonvanishing zeroth-order term of
T R→L

⊥ , given in Eq. (15), which demonstrates that the fieldlike
torque is dominated by the spin-dependent reflection at MI/FM
interface, depending strongly on q

↑
R − q

↓
R and k

↑
R − k

↓
R and

being independent of the barrier width. This result is confirmed
in the TB approach. For this, in Eqs. (8) and (9), we vanish
G<R

bα′(α′b) (G<L
bα′(α′b)) to describe the interaction arising from

left (right) layer only. It is found that even in the presence
of a thin magnetic insulating barrier, for all band fillings,
the nonequilibrium fieldlike torque, T⊥ − T 0

⊥, is driven by
the spin-dependent reflection at MI/FM interface, and the
contribution of the tunneling electrons (L → R) becomes
negligible in high band filling regime. Meanwhile, the Slon-
czewski components, for electrons flowing from left to right
and right to left, are both second order in barrier transmission,
∼e−2dκ↑(↓)

(not shown here), and strongly depend on the barrier
width.

On insets in Figs. 3(a) and 3(b), the torque efficiencies as a
function of the barrier width for ε0

L(R) = +3 eV and V = −1.0
V are displayed. Whereas T‖/je remains constant as a result
of T‖ and je decaying at the same rate, (T⊥ − T 0

⊥)/je expo-
nentially increases in agreement with Eq. (15). The torkances
of the STT components, ∂T/∂V , as the system moves
towards higher band filling, are of particular interest. First, in
agreement with a recent work [33], due to the asymmetry of
the junctions, the fieldlike torque depends linearly on the bias
voltage; however, as ε0

L(R) decreases, ∂(T⊥ − T 0
⊥)/∂V changes
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sign, see Fig. 2(b). The underlying mechanism is inferred from
Eq. (15), T R→L

⊥ ∝ (k↑
R − k

↓
R), where the torkance changes

sign as a result of polarization inversion. Meanwhile, the
Slonczewski STT component exhibits an important feature
in contrast to MTJs. Whereas in MTJs ∂T‖/∂V changes sign

as ε0
L(R) decreases [see inset in Fig. 2(a)], in p-SFTJs it does

not [see main panel in Fig. 2(a)]. This behavior is understood
considering the WKB approximation, where T‖ for MTJs and
p-SFTJs to the lowest order in the thick barrier limit are
given by

T L→R
‖(MTJ) = 2�

2

m

(k↓
L − k

↑
L)(k↓

R + k
↑
R)

(
k

↓
Lk

↑
L − q2

L

)(
k

↓
Rk

↑
R + q2

R

)
qLqRe−2dκ(

k
↓2
L + q2

L

)(
k

↑2
L + q2

L

)(
k

↓2
R + q2

R

)(
k

↑2
R + q2

R

) sin θR ≡ TLPL sin θR, (17)

T L→R
‖(pSFTJ) = 8�

2

mξθR

(k↓
R + k

↑
R)kL

[
e−2dκ↑

q
↑
Lq

↑
R

(
k

↓
Rk

↑
R + q

↓2
R

)
k2
L + q

↑2
L

− e−2dκ↓
q

↓
Lq

↓
R

(
k

↓
Rk

↑
R + q

↑2
R

)
k2
L + q

↓2
L

]
sin θR

≈ 8�
2

mξθR

(k↓
R + k

↑
R)kL

[
e−2dκ↑

q
↑
Lq

↑
R

(
k

↓
Rk

↑
R + q
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]
sin θR. (18)

For simplicity, we have considered the contribution of
electrons incident from the left layer only. TL and PL, defined
in Ref. [38], are the transmissivity and effective Slonczewski
polarization of left layer, respectively. It is straightforward to
notice from Eq. (17) that in MTJs the sign of T‖ is determined
by the sign of the polarization PL ∝ (k↓

L − k
↑
L), whereas in

p-SFTJs, given in Eq. (18), PL is absent and no sign reversal
is expected since T‖ is driven by the tunneling electrons that
experience the lowest barrier height [majority electrons in
Eq. (18)].

B. Symmetric spin filter tunnel junction

In the previous section, we have seen that a magnetic in-
sulating barrier adjacent to a ferromagnetic layer dramatically
enhances the torque amplitude compared to magnetic tunnel
junctions. The fieldlike torque is driven by the spin-dependent
reflection at the MI/FM interface, whereas the Slonczewski
component is dominated by the tunneling electrons that
experience the lowest barrier height. To exploit these important
features, we propose a device of the form FM/MI/FM, referred
to as symmetric spin filter tunnel junction, or s-SFTJ. The
system now consists of two ferromagnets separated by a
magnetic insulator, the left layer is referred to as the reference
layer and the right layer is the free layer on which the torque
is exerted. In this device, when the magnetization direction of
the barrier is aligned on the magnetization of the free layer, the
junction is expected to behave like an MTJ. In contrast, when
the magnetization of the barrier is misaligned with respect
to the magnetization of the free layer, the system behaves
like the p-SFTJ discussed in the previous section. Therefore,
the magnitude of the spin-transfer torques can be tuned,
depending on the relative angle between the magnetizations
of the barrier and free layer. In Figs. 4(a) and 4(b), we
display the angular dependence of the STT components for
V = +1.0 V. For this study, the magnetization of the barrier
is rotated by an angle θB while the magnetization of the
leads is kept perpendicular to each other, θL(R) = π/2(0), as
sketched in Fig. 4(b). When the magnetization of the barrier
is perpendicular to the magnetization of the free layer, the

fieldlike torque is driven by the spin-dependent reflection.
Thus, as shown in Fig. 4(d) (bottom-right panel), where we
have plotted the case ε0

L(R) = +3 eV and θB = 3π/2 for
s-SFTJ and p-SFTJ junctions, the fieldlike torque is likely
to be independent on the details of the electronic structure of
the reference layer and therefore displays a bias dependence
similar to partial SFTJs. In contrast, when the barrier is aligned
or antialigned to the free layer, Eqs. (14) and (15) vanish;
therefore, the contribution to the fieldlike torque is driven by
the leads, recovering MTJ bias characteristics, as shown in
Fig. 4(d) (bottom-left panel) for the case θB = 0, where the
slight enhancement is due to the spin-filtering imposed by
the magnetic insulating barrier. Similar outputs are found in
other band filling cases. Consequently, at low voltage, the bias
dependence of the nonequilibrium field like torque in s-SFTJs
can be expressed as

T⊥ − T 0
⊥ = b1(θB )V + b2(θB )V

2, (19)

where the coefficients, in contrast to Eq. (2), depend on θB . The
Slonczewski STT component shows a more complex angular
behavior, which depends also on band filling regime and on
the relative orientation of the magnetizations in the barrier
and left layer. For the half-metallic case, depicted by the filled
green dots in Fig. 4, the reference layer filters the spin states.
If these states are anti-aligned with the magnetization of the
barrier (θB = 3π/2), the electron flow density exponentially
drops, as shown in Fig. 4(c); therefore, T‖ is dramatically
reduced, see Fig. 4(a). However, if the spin states are aligned
with the magnetization of the barrier (θB = π/2), the enhanced
electron tunneling results in a dramatic increase in the torque
amplitude and in the electron flow density, see Figs. 4(a)
and 4(c). Furthermore, when the magnetization of the barrier
is aligned on the magnetization of the free layer (θB = 0), the
system behaves like a MTJ with an enhancement in the torque
amplitude due to the magnetic nature of the insulating layer.
This effect persists for higher band filling values, as displayed
in Fig. 4(d), top-left panel, for the case ε0

L(R) = +3 eV. An
important feature in nonhalf metallic cases appears when the
magnetization of the barrier is antiparallel (θB = 3π/2) or
parallel (θB = π/2) to the magnetization of the reference layer.
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FIG. 4. (Color online) Angular dependence of nonequilibrium (a) Slonczewski torque, (b) fieldlike torque, and (c) electron flow density,
for FM/MI/FM structure (s-SFTJ) with V = +1.0 V and four values of the spin-averaged on-site energy. (d) Bias dependence of the spin-torque
components for 1/4 band filling case (ε0

L(R) = +3 eV). Left- (right-) hand insets compare the s-SFTJ solutions with a MTJ (p-SFTJ) structure
with parameters similar to those given in Fig. 2. The magnetization of the barrier is rotated by an angle θB while the magnetization of the leads
are kept perpendicular to each other, θL(R) = π/2(0). �L(R)(B) = +2 eV in s-SFTJ.

In the former, given in Fig. 4(d) top-right panel, for ε0
L(R) =

+3 eV, T‖ behaves like in partial SFTJs, whereas in the latter,
the magnitude is reduced, see Fig. 4(a). To understand these
effects, we recall the discussion in the previous section, where
we mentioned that T‖ in p-SFTJs is driven by the tunneling
electrons that experience the lowest barrier height, implying
that when the polarization inversion is reached (high-band-
filling regime), JAP > JP , being JAP (P ) the charge current
density in antiparallel (parallel) configuration, θB = 0 and
θR = π (0). Similarly, in s-SFTJ for the antiparallel alignment
between the magnetization of the barrier and the magnetization
of the reference layer, polarization inversion allows higher
current densities, which results in larger torque amplitudes
compared to the parallel configuration, see Figs. 4(a) and 4(c).

C. Spin filter tunnel junctions with insulating spacers

In Sec. III A, the bias dependence of partial spin filter tunnel
junctions (NM/MI/FM) was studied. A dramatic enhancement
of the spin-torque components compared to magnetic tunnel
junctions was uncovered, as well as a domination of the
fieldlike term compared to the damping torque (T⊥ > T‖).
It was additionally found that the efficiency of T‖ remains
in same order as in MTJs, whilst the efficiency of T⊥ is
dramatically enhanced. In Sec. III B, the angular dependence
of symmetric structures of the form FM/MI/FM was studied,
and we showed that depending on the relative orientation of the
magnetizations in the barrier and free layer the system behaves

like a MTJ or partial-SFTJ. These results may be put under
debate since realistic structures require additional spacers to
break the exchange interaction of the magnetic insulator and
the ferromagnetic electrode; for this reason, we study here
two architectures, a partial SFTJ of the form NM/MI/S/FM,
and a symmetric junction of the form FM/S/MI/S/FM, where
S stands for the insulating spacer defined by NS atomic
layers. The barrier height of the spacer is set to ε0

S = +7 eV
and �S = 0, which guarantees large current densities without
reaching the resonant regime. We also set ε0

B = +9 eV
and �B = +2 eV and fix the other parameters as in the
previous sections. It is found that insertion of insulating
spacers does not qualitatively change our conclusions. In Fig. 5
main panels (insets), we display the bias dependence of the
spin-torque efficiencies (components) for an MTJ with NI = 3
and p-SFTJs with NMI = 3 and NS = 0,1, and 2. Only the
half-metallic case is given, but similar results are obtained
in other band filling cases. Whereas in MTJs, the insertion
of a spacer between the barrier and free layer modifies the
quadratic profile of the fieldlike torque by inducing a linear
term in V [see Eq. (2)], in p-SFTJs, spacers do not affect
the linear profile reported in Fig. 2(b); moreover, because
the torque is driven by the spin-dependent reflection, its
amplitude exhibits a small decrease, which for NS = 2 remains
still higher than MTJs, see inset in Fig. 5(b). In contrast,
the in-plane torque being driven by the tunneling electrons
that experience the lowest barrier height, this component
dramatically decreases with the insertion of an insulating
spacer [inset of Fig. 5(a)]. These results are confirmed
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FIG. 5. (Color online) MTJ and p-SFTJ efficiencies for the
nonequilibrium (a) Slonczewski and (b) fieldlike spin-torque com-
ponents as a function of bias. Three p-SFTJ structures of the form
NM/MI/S/FM are studied, where the thickness of MI is fixed to
NMI = 3 and of S to NS = 0,1, or 2 monolayers. The barrier thickness
of the MTJ is set to NI = 3. Insets refer to the bias dependence of
the nonequilibrium (top) Slonczewski and (bottom) fieldlike torque.
In all cases, ε0

L(R) = +5 eV, ε0
B = +9 eV, θR = π/2, θL(B) = 0, and

t = −1 eV. ε0
S = +7 eV, �R(B) = +2 eV, and �L(S) = 0 in p-SFTJs.

�L(R) = +2 eV and �B = 0 in MTJs.

by considering the torque efficiencies, displayed in main
panels. Whereas the efficiency of the in-plane torque, T‖/je,
remains unaffected by the insertion of the spacer (∼−0.079),
the efficiency of the perpendicular torque, (T⊥ − T 0

⊥)/je,
increases; consequently, T⊥ � T‖ when insulating spacers are
taken into consideration. Indeed, the dramatic enhancement
of the spin-torque magnitudes in p-SFTJs is reduced in the
presence of insulating spacers; however, when considering
thin spacers the predicted spin torque is still higher than in
MTJs.

We have extended this study to the case of a symmetric spin
filter tunnel junction of the form FM/S/MI/S/FM with NMI = 3
and NS = 1. The barrier heights are set to ε0

B = +9 eV
and ε0

S = +7 eV for the magnetic insulator and the spacers,
respectively. We found that the angular dependence of the
torque becomes qualitatively similar to the case discussed
in Sec. III B, where insulating spacers are neglected (not
shown). In Fig. 6, the STT bias dependence of this symmetric
junction in the low band filling regime (ε0

L(R) = +3 eV) is
displayed for two configurations, θB = 0 and θB = 3π/2. The
leads are set to θL(R) = π/2(0), see top sketches in Fig. 6.
The former case (θB = 0) defines a symmetric SFTJ with
MTJ-like characteristics. Here, we compare our solutions with
two types of MTJs with similar barrier thicknesses, NI = 5,
and different barrier heights, ε0

B = +7 and +9 eV. When
the barrier height is closer to the Fermi level, the torque
amplitudes are much larger; therefore, the MTJ with ε0
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FIG. 6. (Color online) Bias dependence of the spin-torque com-
ponents for 1/4 band filling case (ε0

L(R) = +3 eV). Left (right) panels
compare the s-SFTJ system of the form FM/S/MI/S/FM with a MTJ
(p-SFTJ) structure of the form FM/I/FM (NM/MI/S/FM), where the
thicknesses of I, MI, and S are fixed to NI (MI)(S) = 5(3)(1). Top
(bottom) panels refer to the nonequlibrium Slonczewski (fieldlike)
component. The magnetization of the leads are kept perpendicular
to each other, θL(R) = π/2(0). Left (right) panels refer to the
configuration where θB = 0(3π/2). Two MTJ structures are displayed
on left panels, ε0

B = +7 eV and ε0
B = +9 eV. To fit in the graph,

the former has been multiplied by 0.1 and the latter by 10. Other
parameters are similar to previous figures.

+7 eV (ε0
B = +9 eV) shows much larger (lower) amplitudes

than the symmetric SFTJ, as given in Figs. 6(a) and 6(c).
If an MTJ of the form FM/S/I/S/FM is considered with
similar parameters as the symmetric SFTJ, the latter will
show torque amplitudes slightly enhanced due to the spin
filtering imposed by the magnetic insulator (not show), in clear
agreement with the ideal case given in Fig. 4(d) left panels.
The latter case (θB = 3π/2), which defines a symmetric SFTJ
with p-SFTJ-like characteristics becomes more interesting.
Here, the Slonczewski torque amplitude in the symmetric
structure is lowered with respect to partial SFTJs of the form
NM/MI/S/FM with NMI = 3 and NS = 1, in contrast to the
ideal case given in Fig. 4(d) top right panel where both,
symmetric and partial junctions showed similar amplitudes.
This is due to the extra spacer added between the reference
and barrier layers which contributes to an exponential decay
of the electrons tunneling. Despite this decay, the magnitude
is still larger than in MTJs with NI = 3, see Fig. 6(b) and
inset in Fig. 2(a). Meanwhile, the fieldlike torque amplitude
remains much larger than in MTJs and similar to partial
SFTJs of the form NM/MI/S/FM because the contribution of
electrons incident from the free layer (right to left) dominates;
consequently, even if thick spacers are considered to decouple
the reference and barrier layers, the torque magnitude shall not
decrease significantly, see Fig. 6(d).
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IV. CONCLUSION

To conclude, using a tight-binding model, we have theoret-
ically studied the spin-transfer torque mechanism in junctions
involving a magnetic insulating barrier. In the case of partial
spin filter tunnel junction, composed of a magnetic tunnel
barrier adjacent to a metallic ferromagnet, NM/MI/FM, we
have shown a strong enhancement of the torque amplitudes
compared to conventional MTJs. When an insulating spacer
is added to decouple the exchange interaction between MI
and FM, i.e., NM/MI/S/FM, we have shown that for thin
spacers made of 1 or 2 monolayers, the torque amplitudes
remain larger than conventional MTJs. The fieldlike torque
strongly depends on the spin-dependent reflection at MI/FM
interface. Meanwhile, the in-plane torque is driven by the

tunneling electrons that experience the lowest barrier height.
To exploit these important features and those of conventional
MTJs, a hybrid device has been proposed, referred to as
symmetric spin filter tunnel junction, and composed of two
ferromagnetic electrodes separated by a magnetic tunneling
barrier, FM/(S)/MI/(S)/FM. In such structure, we have shown
that the STT components can be tuned from conventional
MTJ-like to partial SFTJ-like behavior just by rotating the
magnetization of the insulating layer. This offers the pos-
sibility of fabricating a device that is able to retrieve bias
characteristics of both systems, partial SFTJ and conventional
MTJ, which opens novel avenues in the future developments
of current-induced-magnetization-reversal and -excitation
devices.
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