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Resonant spin-torque in double barrier magnetic tunnel junctions
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Abstract

Spin-torque effects were investigated in double barrier magnetic tunnel junctions of the form F1/I1/F/I2/F2 where F is a soft ferromagnetic
layer, I1 and I2 are two tunnel barriers, and F1 and F2 are two ferromagnetic layers whose magnetization are pinned in-plane, in either antiparallel
or parallel magnetic configuration. We show that for some particular thickness of the F layer, resonant effects take place in the F layer, which
enhance the net spin-torque amplitude by more than an order of magnitude. The spin-torque was calculated as a function of distance from the
barriers within the F layer. It has an oscillatory behavior with very large amplitude when the resonance conditions are fulfilled.
© 2006 Elsevier B.V. All rights reserved.

PACS: 75.70.Cn; 73.40.Gk; 73.40.Rw; 75.70.Pa

Keywords: Magnetic tunnel junctions; Spin-transfer; Spin-torque; Quantum wells

Slonczewski already predicted in 1989 that the magnetiza-
tions of two ferromagnetic layers separated by a thin tunnel
barrier feel an interaction at zero bias voltage resulting from
the transfer of spin associated with the symmetric tunneling
of spin-polarized electrons through the barrier [1]. Later, the
possibility to switch the magnetization of a magnetic nanos-
tructure or to excite spin-waves by a spin polarized current was
predicted by Slonczewski [2] and Berger [3]. Due to the rela-
tively large critical current density required to observed these
phenomena (jc ∼ 107 A/cm2), it has long been believed that
these phenomena could only be observed in metallic nanos-
tructures. Indeed, magnetic tunnel junctions are voltage-limited
since they undergo electrical breakdown when the barrier is
exposed to too large bias voltage (of the order of 1 V for a
1 nm thick barrier corresponding to a breakdown electrical field
of the order of 109 V/cm). Experimentally, it became possi-
ble to observe current induced magnetization switching when
the technological progress in nanostructuration allowed tailor-
ing magnetic pillars of dimension below 150 nm so that the

* Corresponding author.
E-mail address: vedy@magn.ru (A. Vedyayev).

effects associated with spin transfer were not hidden by the in-
fluence of the Oersted field due to the current density. Thus,
the first experimental observations of current induced magneti-
zation switching were obtained in 2000 in Co/Cu/Co pillars of
lateral dimensions below 150 nm [4,5]. Since then, the phenom-
enon was observed and studied in many other systems includ-
ing complex spin-valve stacks used in current-perpendicular-to-
plane magnetoresistive heads [6].

More recently, thanks to the progress in the development
of low resistance tunnel barriers (resistance area product be-
low 10 �µm2) with large TMR amplitude, some experimental
groups succeeded to observe spin-torque effects in MTJ com-
parable to those observed in metallic spin valve pillars [7,8].
The critical current density for switching in MTJ was found to
be of the same order of magnitude (5 × 106–2 × 107 A/cm2)
as in their metallic counterparts. Various schemes are under
investigation to try to reduce the critical current density for
switching such as by using magnetic material with lower mag-
netization (for instance CoFeB), or by combining the effects of
two reference layers in opposite magnetic states as suggested
by Berger [9].

In this Letter, we propose another approach to drastically
enhance the spin torque efficiency based on the use of reso-
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Fig. 1. Schematic representation of energy potential seen by the tunneling elec-
trons in our model system.

nant effect in double barrier magnetic tunnel junctions. The
systems we are interested in consist of a central free layer
(F) sandwiched between two tunnel barriers (I1 and I2) them-
selves sandwiched between two ferromagnetic reference layers
with in-plane magnetization (F1 and F2). In this geometry, the
central free layer forms a spin-dependent quantum well. Un-
der certain resonance conditions, we theoretically show that the
electrical current as well as the spin current through the system
can be drastically increased, yielding a correlative increase in
the amplitude of the spin-torque acting on the magnetization of
the F layer.

Our model system consists of two thick (semi-infinite) fer-
romagnetic electrodes (F1 and F2) connected to reservoirs with
chemical potentials μ1 and μ2 and two nonmagnetic insulat-
ing tunnel barriers (I1 and I2) of thickness b separated by a
thin free ferromagnetic layer (F) of thickness a (see Fig. 1).
The magnetizations of the outer electrodes are assumed to be
pinned in-plane in either antiparallel or parallel alignment and
the magnetization of the middle layer makes an angle θ with
the direction of the F1 magnetization supposed to be parallel to
the z-axis. The y-axis is perpendicular to the plane of the layer.
The x-axis is in plane, perpendicular to the y and z axes.

Using the “sd model” of free like conduction electrons in-
teracting with localized d electrons responsible for the local
magnetization, the one-electron Hamiltonian of the system in
layer α can be written in the following form:

(1)Hα =
(

p̂2(r)

2m
− Uα

)
−

∑
n

J α
sd(r − Rn)

(
σ̂ Ŝα

n

)
,

where p̂(r) is the momentum operator of the conduction elec-
tron, Jsd is the s–d exchange constant, σ̂ are Pauli matrices and
Ŝn is the operator associated with the localized spin situated at
point Rn and responsible for the local magnetization. Jα

sd = 0
within the nonmagnetic tunnel barriers and Jα

sd �= 0 inside the
ferromagnetic layers. α = 1,2, . . . ,5 refers to the index of the
layers, Uα represents the energy associated with the bottom of
the conduction band in the ferromagnetic layers (α = 1,3,5)
and the height of the barriers in the insulating layers (α = 2,4).
The ferromagnetic layers are assumed to be in single domain
states. The two outer layers (F1 and F2) are in antiparallel (par-
allel) magnetic configuration whereas the magnetization of the
central one makes an angle θ with the F1 magnetization. The
z-direction is chosen as the spin quantization axis for the two
outer F-layers and the Pauli matrix σ̂ in the central layer with

tilted magnetization (α = 3) has to be transformed by the usual
matrix of rotation

T̂ =
( cos θ

2 − sin θ
2

sin θ
2 cos θ

2

)
.

Finally, we consider that the electrons flowing from left (right)
reservoirs are represented by Fermi distributions with chemical
potentials μ1 (μ2) so that μ1 −μ2 = eV , where V is the applied
voltage. The schematic picture of the potentials of the structure
is shown in Fig. 1.

In order to calculate the electrical current and the com-
ponents of the vectorial spin currents, we need to solve the
Schrödinger equation and may use the expressions for the cur-
rents in terms of the transmission matrix (Landau formalism),
which is nondiagonal in spin-space in the case of noncollinear
alignment of magnetizations in the ferromagnetic layers.

However a more transparent way to calculate both currents
and torques is to use the non-equilibrium Keldysh technique,
which allows, in principle, to take into account elastic and in-
elastic processes of electrons scattering. The result of the inves-
tigation of the influence of the scattering on spin torque will be
presented in a forthcoming paper. In the present Letter, elastic
scattering in the F layer is not taken into account. In the follow-
ing of the Letter, we will use the mean field approximation for
the operator Ŝα , so that Ŝα is considered as a classical vector:
(Sz = S0 cos θ , Sx = S0 sin θ , Sy = 0).

In the case of absence of scattering processes, the Keldysh
Green functions can be calculated in the simple form:
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(
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where
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where nL (respectively nR) are the Fermi distribution func-
tions for the left (respectively right) reservoir, ψσ(α)

L(R)(y, κ) is the
spinor (index σ ) wave function of the electron when an electron
with spin α, energy E and momentum �κ in xz-plane is injected
from the left (right) reservoir. y is the coordinate perpendicu-
lar to the plane of the layers. We point out that for noncollinear
alignment of the magnetizations in the ferromagnetic layers, the
indexes σ and α may not coincide. This means that an electron
with an initial spin index α =↑ (for example) undergoing par-
tial reflection and partial penetration into the F-layer reaches an
entangled state in which both ↑ and ↓ components are not equal
to 0. The system of wave functions ψ

σ(α)
L(R)(y, κ) is a full and or-

thogonal system of eigenfunctions. The latter are normalized to
the unit flow.
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