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Transport in a double planar tunnel junction with ferromagnetic electrodes is analyzed theoretically in
the zero-temperature limit. The in-plane and out-of-plane components of the spin torque exerted on magnetic
moment of the central layer are determined as a function of the angle θ between magnetic moments of one of the
external electrodes and of the central layer. Two configurations of the magnetic moments of external electrodes
are considered, i.e. parallel and antiparallel ones. It is found that both torque components depend strongly on
the thickness of the central layer, especially in junctions with a relatively thin central layer, where enhancement
of the torque or a change of its sign can be observed for specific layer thicknesses. In junctions with thick central
layer and in the limit of small bias voltage applied to the junction, the in-plane torque is generally smaller in the
parallel configuration than in the antiparallel one. The opposite relation is observed for the normal torque.
PACS numbers: 73.40.Gk, 72.25.−b

1. Introduction
Electrons tunneling through a barrier between two ferromagnetic electrodes with non-collinear magnetic moments can exert a torque on the magnetic moments of
both electrodes. This torque (called spin torque) is a
consequence of the spin transfer from conduction electrons to localized magnetic moments [1]. It has been
found experimentally that a sufficiently large spin torque
can lead to switching of the magnetic moments [2, 3],
which is promising for various applications, e.g. in magnetic memory elements. However, to obtain the torque
that is sufficient to rotate magnetic moment, the current density of an order 105 –107 A/cm2 is required. The
high bias voltage should be then applied to the junction,
which however is not good from the application point
of view due to possible electrical breakdown of the tunnel barrier. The enhancement of the tunneling current
and consequently of the spin torque in a region of low
bias voltage can be obtained in the double junction due
to the formation of resonant states in the central layer
[4–6].

assumed to be thick enough to be considered as semi-infinite electrodes. It is also assumed that magnetic
moments of all three layers are in the junction plane.
We consider two collinear configurations of magnetic moments of the external electrodes. In the parallel configuration magnetic moments of the left and right electrodes,
S l and S r , point in the same direction, whereas in the antiparallel configuration they are opposite.

Fig. 1. Schematic of the system considered in this paper. S l , S c and S r denote the net spin in the left, central
and right layers, respectively, whereas Tk and T⊥ denote
the in-plane and normal spin torque components.

2. Model
In this paper we consider a double planar tunnel junction with three ferromagnetic layers and two nonmagnetic barriers (Fig. 1). External magnetic layers are
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Generally, the spin torque exerted on the central layer
has two components, the in-plane and out-of-plane (also
called normal) ones. The in-plane torque Tk lies in the
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plane common to the net spin of all magnetic layers,
whereas the normal one T⊥ is perpendicular to this plane.
Both components of the spin torque are calculated as a
function of the angle θ formed by magnetic moments in
the left and central layers and as a function of the central layer thickness dc . Calculations have been performed
in the zero temperature limit and in the free-electron-like
one-band model [7]. Accordingly, the electronic structure
of ferromagnetic layers is modelled by a parabolic spin–
split band with the free electron mass. Non-collinear orientation of magnetic moments in different layers requires
spinor transformations in the description of the matching
boundary conditions for the electron wave function [1, 7].
In the coherent tunneling model assumed here the tunneling electron is in a coherent state of the whole system
consisting of three magnetic layers and two barriers. The
spin torque components have been then determined from
the conservation of the total angular momentum, i.e. momentum of localized moments and that carried by spin
current associated with free electrons. Accordingly, the
in-plane torque is calculated from the formula
¢
~ ¡ sl
Tk =
Jx − Jxsr ,
(1)
2
whereas the normal torque is given by
¢
~ ¡ sl
(2)
T⊥ =
Jy − Jysr ,
2
where Jµsl denotes the µ-th component (µ = x, y) of the
spin current density calculated in the central layer at
a point located near the interface with the left barrier,
whereas Jµsr denotes analogous density calculated at the
interface with the right barrier. The µ-th component of
the spin current corresponding to electrons described by
the wave function Ψ (y) is calculated from the general expression
·µ
¶
i~
∂ +
s
jµ (y) =
Ψ (y) σµ Ψ (y)
2m
∂y
¸
∂
+
(3)
−Ψ (y)σµ Ψ (y) ,
∂y
where σµ are the Pauli matrices, whereas Ψ (y) has the
spinor form in the relevant local reference frame. To find
the total spin currents Jµsl and Jµsr , one has to sum contributions from electrons of different in-plane wave vectors and energies. In the calculations of normal torque,
the contribution from electrons in the energy window between the Fermi levels of both external electrodes, as well
as the contribution from electrons of lower energy (below
tunnel window) are taken into account. It is assumed
that the charge current due to a positive bias applied to
the junction corresponds to electrons tunneling from the
left to right electrodes. Electrons of lower energy do not
contribute to the charge current and in-plane torque, but
they contribute to the out-of-plane torque and this contribution can be significant especially in the systems with
small bias voltage applied to the junction. In particular,
this contribution is responsible for the exchange coupling
between ferromagnetic layers, which appears also for vanishing bias voltage.

3. Results and discussion
Numerical calculations have been performed for the parameters corresponding to systems with semiconductor
ferromagnetic electrodes: the Fermi energy EF = 0.1 eV,
the spin splitting of the electron band 2∆ = 0.12 eV,
the barrier height U = 0.1 eV and the barrier thickness d = 2.0 nm. In Fig. 2 the torque components are

Fig. 2. The in-plane (a and b) and normal (c and d)
components of the spin torque calculated as a function
of the angle θ for the parallel (a and c) and antiparallel
(b and d) orientation of the magnetic moments in the
external electrodes. The results are for the four indicated values of the central layer thickness dc . The other
parameters are: the Fermi energy EF = 0.1 eV, spin
splitting of the electron band 2∆ = 0.12 eV, the bias
voltage V = 0.02 V, the barrier height U = 0.1 eV, and
barrier thickness d = 2.0 nm.

presented as a function of the angle θ for the bias voltage V = 0.02 V and for four different values of dc . As
one can see, the obtained results strongly depend on the
central layer thickness dc . The in-plane torque has the
same sign for all values of dc , but its magnitude depends
on dc . The normal torque obtained for different dc can
also differ in sign. Both torque components vanish in the
collinear configurations. The in-plane torque is positive
for 0 < θ < π and usually achieves a maximum value
for θ close to π/2, similarly as in single junctions [7].
However, position of the maximum depends on the cen-
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tral layer thickness and for certain values of dc can differ
from θ = π/2. The θ dependence of the normal torque is
more complicated. In the antiparallel (AP) configuration
in junctions with dc = 1.0 nm, the torque changes sign for
θ close to π/2, so it vanishes for θ corresponding to the
non-collinear configuration. Similar behavior is obtained
in the parallel (P) geometry for dc = 0.75 nm. However,
the magnitude of the normal torque in junctions with
such anomalous angular dependence is generally smaller
than in other junctions.

Fig. 3. The in-plane (a) and normal (b) components
of the spin torque in the P and AP configuration, calculated as a function of the central layer thickness for
θ = π/2. The inset shows the analogous dependence
obtained for the charge current. The other parameters
of the junction are the same as in Fig. 2.

To demonstrate the strong influence of the central layer
thickness on the spin torque we plot in Fig. 3 both torque
components versus dc , calculated for θ = π/2 and for two
different magnetic configurations. As one can see again,
both components of the torque in both configurations
strongly depend on dc . In junctions with special thickness of the central layer, a considerable enhancement of
the spin torque can be observed. Similar oscillatory-type
behavior can be observed in the plot of the charge current versus dc (inset in Fig. 3a). Such a dependence results from the presence of resonant states formed in the
central layer, which have a significant influence on the
transport properties of double tunnel junctions. Despite
the complex character of the presented dependence, one
can notice that the oscillations are damped in junctions
with a relatively thick central layer. In such junctions
both torque components tend to constant values. Comparing the torques in P and AP configurations, one can
note that the magnitude of the in-plane torque is larger
in the antiparallel configuration than in the parallel one.
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The opposite relation is observed for the normal torque
component. In the AP configuration the normal torque
is close to zero in junctions with a relatively thick central layer. This can be explained by the analysis of the
torque acting on magnetic moment of the central layer
as a sum of two torques exerted by electrons tunneling
through the left and right barriers. In the case of the normal torque these two contributions have the same signs
in the P configuration and opposite signs in the AP configuration. These signs are in agreement with the signs of
the torques exerting on the sink and the source electrode
in the single junction for the appropriate geometry of
magnetic moments. As both contributions are of comparable magnitude, the strong difference between normal
torques in the P and the AP configuration is observed
and the normal torque in the AP configuration is very
small. On the other hand, for the in-plane torque (in the
limit of small bias voltage) both contributions have the
opposite signs in the P configuration and the same signs
in the AP configuration. This explains why the in-plane
torque is larger in the AP than in the P configuration.
However, the magnitude of the in-plane torque exerted by
electrons tunneling through the left barrier is higher than
the one exerted by electrons tunneling through the right
barrier. As a result, the in-plane torque in P configuration is higher than the normal torque in AP configuration
in junctions with a thick central layer.
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