Journal of Superconductivity and Novel Magnetism
https://doi.org/10.1007/s10948-017-4517-3

ORIGINAL PAPER

Spin Transfer Torque Switching in Pentalayer Nanopillar
with Biquadratic Coupling
D. Aravinthan1 · P. Sabareesan2 · M. Daniel3
Received: 17 November 2017 / Accepted: 5 December 2017
© Springer Science+Business Media, LLC, part of Springer Nature 2017

Abstract
The effect of biquadratic coupling on spin transfer torque-assisted magnetization switching in the pentalayer nanopillar
device is studied by numerically solving the magnetization switching dynamics of the free layer governed by the LandauLifshitz-Gilbert-Slonczewski (LLGS) equation. Magnetization switching time in the absence of biquadratic coupling for an
applied current density of 10 × 1011 Am−2 is 186 ps. Biquadratic coupling arises due to the uncorrelated roughness in the
ferromagnetic layers and it reduces the switching time to 160 ps. Further, the impact of the period of roughness and spacer
layer thickness on switching time are studied.
Keywords Ultrafast magnetization dynamics · Multilayer · Magnetization switching · Spin transfer torque · Nanopillar ·
Switching time

1 Introduction
Ultrafast magnetization switching assisted by a spin transfer torque has been received a considerable interest in recent
years, due to its potential applications in future spintronic
devices such as magnetic random access memories [1, 2]
and high frequency microwave oscillators [3, 4]. The basic
structure used in the memory devices is a trilayer structure
which consists of two ferromagnetic layers and a nonmagnetic spacer layer. Magnetization of the first ferromagnetic layer is fixed, and hence, it acts as a polarizer, when
current passed through it. Spin polarized electrons reaches
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the second ferromagnetic layer (free layer) and that produces a spin torque due to the exchange interaction between
local magnetization and spin angular momentum [5]. This
spin torque will switch the magnetization of the free layer,
when the applied current is above the critical value [6]. The
reduction of the critical current density and the switching
time are the two important issues to develop potential applications. Fuchs et al. [7] introduced a pentalayer structure
based on the proposal from Berger [8], in order to reduce the
critical current density and the switching time by increasing
the spin transfer torque efficiency. In the pentalayer structure, additional spacer layer and a ferromagnetic pinned
layer are added above the trilayer structure and showed that
spin torque efficiency is increased, when the pinned layers are anti-aligned [9]. The enhanced spin transfer torque
increases the switching speed and reduces the switching
time and critical current density required to initiate the
magnetization switching [10, 11]. Since then, the spin transfer torque magnetization switching in pentalayer nanopillar
has been widely studied both theoretically [12–15] and
experimentally [16, 17]. Growing a pentalayer nanopillar for magnetization switching applications in a smooth
fashion without roughness is very difficult. Hence, the resultant pentalayer structure have a certain interface roughness,
and they give rise to two different coupling mechanisms
[18]. First one is biquadratic coupling which arises due to
the uncorrelated interface roughness [19] and the second
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one is orange peel coupling (Néel coupling) which arises
due to the correlated interface roughness [20]. We have
recently studied the effect of both orange peel coupling [21]
and biquadratic coupling [22] on current induced magnetization switching in trilayer nanopillar structure. In this
paper, we study the effect of biquadratic coupling on spin
torque magnetization switching in a pentalayer nanopillar
device. Biquadratic coupling was first phenomenologically
introduced by Rührig et al. in 1991 [23]. The energy expression describing two coupled magnetic layers of the form
E
2
A = −J2 (m1 · m2 ) , is called as biquadratic, because it
is quadratic in both of the magnetization directions [18],
where E and A are the energy and unit surface area of the
interface, respectively. m1 and m2 are unit magnetization
vectors of the first and second magnetic layers, respectively. J2 is the coupling strength. All measured values of
J2 are negative, favoring perpendicular orientations of the
magnetization. Biquadratic coupling can be experimentally
studied by measuring the field dependence of the direction and value of the macroscopic magnetic moment of the
sample using the techniques such as Magneto-optical Kerr
effect (MOKE), magnetometry, vibrating sample magnetometry (VSM), superconducting quantum interface device
(SQUID) magnetometry, alternating gradient magnetometry (AGM) [24]. The first hint for the existence of the
biquadratic in Fe/Cr/Fe trilayer was observed independently
by Grünberg et al. [25] and Unguris et al. [26] in 1991. Existence of biquadratic was firmly established by Rührig et al.
[23] and it has been investigated in detail by several other
groups [27–34]. Although biquadratic was studied for many
systems, there is no general theory for biquadratic coupling
which can be adopted for all systems. Biquadratic coupling arises due to anyone of the following origin: intrinsic
origin (angular dependence of exchange energy) [35–39],

Fig. 1 A sketch of the pentalayer
nanopillar with biquadratic
coupling. In the zoomed view,
we see the pinned layers have
the periodic interfacial terraces
with a period L and a height δ.
m, mp1 and mp2 represent the
magnetization of the free layer,
first pinned layer and second
pinned layer respectively

extrinsic thickness fluctuations [40, 41], indirect exchange
through unpaired spin (“loose spin” model) [42], and uncorrelated roughness interface [19, 43]. We investigate the
effect of biquadratic coupling occurs due to the magnetic
dipole field created by a uncorrelated roughness of the free
and pinned layers. This can be done by solving the magnetization switching dynamics of the free layer governed
by the Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation. The structure of the paper is organized as follows.
Sketch of the pentalayer nanopillar taken for our study and
the construction of the dynamical equation (LLGS) expressing the magnetization switching dynamics of the free layer
are described in Section 2. Numerical integration of the
LLGS equation and the results are discussed in Section 3.
Concluding remarks are made in Section 4.

2 Model and Dynamical Equation
The pentalayer nanopillar structure consisting of three
ferromagnetic layers (two pinned layer and one free layer)
and two non-magnetic metal (spacer) layers is taken for
our study and the schematic diagram of the pentalayer
nanopillar is given in Fig. 1. The magnetization of the first
pinned layer (bottom) having large thickness is pinned along
the easy axis of the magnetization. The thickness of the
second pinned layer (top) is smaller than that of the first one
and its magnetization is pinned opposite to the first one, in
order to increase the spin transfer efficiency. Both pinned
layers have periodic interfacial roughness with a period L
and a height δ. Thickness of the free layer is thinner than the
second pinned layer, and its magnetization is free to move
and it have in-plane anisotropy. Two thinner non-magnetic
metal spacers are kept in between the ferromagnetic layers
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to avoid the direct coupling between the ferromagnetic
layers. Current is supplied normal to the plane of the device
(z-direction) and it becomes spin polarized, when it passes
through the pinned layer. The polarized current entered into
the interface of the free layer produces a spin transfer torque
(STT) due to the exchange coupling between the spins of the
conduction electron and local magnetization, and it switches
the magnetization of the free layer. The electrons scattered
from the free layer reaches the second pinned layer. Since
the magnetization of the second pinned layer is aligned antiparallel to the free layer (high resistance configuration),
the electrons are reflected back into the free layer. The
reflected electrons produces an additional STT in the free
layer, which reduces the critical current density and the
switching time. The magnetization switching dynamics of
the free layer in the pentalayer is governed by the LLGS
equation and it can be written in dimensionless form as [44],

(1a)

m2 = mx 2 + my 2 + mz 2 = 1

(1b)

2

2

−(ha + hb + Nz )mx mz − (ha + hb )mx my ]
2

2

2

2

−aj 1 (my + mz ) − aj 2 (my + mz )
dτ

(2)

Magnetization of the free layer taken for our study is aligned
along its easy axis (x-axis) and hence, magneto-crystalline
anisotropy acts along x-axis. ha is the field term due to
magneto-crystalline anisotropy and ex is the unit vector
along x-axis. hb is biquadratic coupling field arises due to the
uncompensated magnetic poles present in the edges of the
both pinned layers and its value can be written as [19, 45],




μ0 Ms2 δ 2 L
−8π d
−4π ts
1 − exp
. (3)
exp
hb =
L
L
2π 3 Aex d

(4a)

= −(ha + hb + Nz )mx mz
2

M
is the dimensionless magnetization
where m = M
s
of the free layer, τ = γ Ms t is the dimensionless time
variable. Here, γ is gyromagnetic ratio, Ms is saturation
magnetization of the free layer. α is the Gilbert damping

parameter, aj 1 = aj 2 = aj = μ pJ
2 is the spin transfer
0 edMs
torque coefficient, and its value is positive when electrons
flow from pinned layer to free layer (i.e., thicker layer to
thinner layer) and negative when electrons transfer from free
layer to pinned layer (i.e., thinner to thicker layer) [6]. Here,
p is the polarization factor, J is the current density applied,
 is reduced Planck’s constant, μ0 is the permeability of the
free space, e is the electron’s charge, d is the thickness of the
free layer. mp1 and mp2 are the unit magnetization vectors
in first and second pinned layer, respectively. The effective
magnetic field heff due to various magnetic anisotropic
contributions and due to external field acting on the free
layer can be written as,

heff = (ha + hb )mx ex + he ey − Nz mz ez .

dmx
= (he + Nz my )mz − α[he mx my
dτ

dmy

dm
= −[m × heff ] − α[m × (m × heff )]
dτ
+aj 1 [m×(m×mp1 )]−aj 2 [m×(m × mp2 )]
m = (mx , my , mz ),

Here, Aex is the exchange stiffness constant of the free
layer, d is the thickness of the free layer and ts is the
thickness of the spacer layer, δ and L are height and period
of the roughness of the pinned layer, respectively. In (2), he
represents the external magnetic field applied perpendicular
to the easy axis (along y-direction) and ey is the unit vector
along y-axis. Nz represents the demagnetization factor
along z-direction, which arises due to the shape anisotropy
present in the system and ez is the unit vector along z-axis.
By substituting the total effective magnetic field found in (2)
into (2), and write the LLGS equation in component form
as,

2

+α[(he − (ha + hb )my )mx + (he + Nz my )mz ]
+aj 1 mx my + aj 2 mx my

(4b)
dmz
2
= (ha + hb )mx my − he mx − α[(ha + hb + Nz )mx mz
dτ
+(he + Nz my )my mz ] + aj 1 mx mz + aj 2 mx mz .
(4c)

Equations (4a)–(4c) are the first order dimensionless LLGS
equations by solving the set of above three equations,
magnetization switching dynamics of the free layer can be
studied and it is discussed in the next section.

3 Magnetization Switching Macrospin
Dynamics: A Numerical Study
The set of three first order dimensionless LLGS equations (4a)–
(4c) are numerically integrated using Runge-Kutta fourth
order procedure and various parameters used for the
numerical simulation are given in Table 1. After solving
the dimensionless LLGS equations, the dimensionless time
variable τ is converted into dimension time variable t by
using the transformation t = τ/γ Ms . In order to suppress
the ringing effect and oscillations in the magnetization
switching, we have chosen the value of applied current
density and Gilbert damping factor as, J = 10 × 1011 Am−2
and α = 0.001, respectively. First, the impact of biquadratic
coupling on switching time is studied by solving the LLGS
equation both in the absence and in the presence of
biquadratic coupling. Then, impact of period of roughness
and spacer layer thickness on switching time are studied by
varying their respective parameter. The numerical results of
each study is presented in the forthcoming sections.
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Table 1 Values of various
parameters used in the
calculations [21, 22]

Parameter

Symbol

Value

Polarization factor
Gilbert damping parameter
Magneto-crystalline anisotropy field of the free layer
Saturation magnetization of the free layer
Exchange stiffness constant of the free layer
Thickness of the free layer
Thickness of spacer layer
Height of the roughness of the pinned layer
Period of the roughness of the pinned layer

p
α
ha
Ms
Aex
d
ts
δ
L

0.3
0.001
0.01
0.795 × 106 Am−1
2.1 × 10−11 J m−1
2.8 × 10−9 m
2 × 10−9 m
0.8 × 10−9 m
40 × 10−9 m

3.1 Impact of Biquadratic Coupling on the Switching
Time
First, the set of three first order LLGS (4a)–(4c) are
numerically solved in the absence and in the presence of
biquadratic coupling separately and the results obtained are
plotted in Fig. 2. The magnetization (m) of the free layer
is initially aligned along the positive x-direction (mx =
1). The current passing through the pinned layer becomes
spin polarized and the polarized electrons enter into the
free layer produces a spin transfer torque. As a response
to the spin transfer torque and damping torque, the free
layer magnetization undergoes an elliptical precession and
reaches the switched state (mx = −1). The time taken for
switching the magnetization from mx = +1 to mx = −1
is called the switching time and its value in the absence of
biquadratic coupling is 186 ps for an applied current density
of 10 × 1011 Am−2 . The presence of biquadratic coupling
reduces the switching time to 160 ps (shown in Fig. 2). The
reason for reduction of switching time in the presence of

Fig. 2 A plot of the free layer magnetization versus switching time
for the pentalayer nanopillar in the presence and in the absence of
the biquadratic coupling (BQC) for an applied current density of J =
10 × 1011 Am−2 . The presence of biquadratic coupling reduces the
switching time from 186 ps to 160 ps

biquadratic coupling is understood from the magnetization
trajectory in my - mz plane as shown in Fig. 3.
In the absence of biquadratic coupling, the free layer
magnetization reaches the hard axis my = + 1 near
mz = − 0.45 as a response to spin transfer torque.
However, when there exists a biquadratic coupling, the free
layer magnetization reaches the hard axis my = + 1
near mz = − 0.20 itself, i.e., the spiraling path of the
free layer magnetization in the my - mz plane in the
presence of biquadratic coupling is very short compared to
that of the same in the absence of biquadratic coupling.
Additional biquadratic coupling field that arises due to the
uncompensated magnetic poles presented in the edges of
the pinned layers, moves the magnetization of the free
layer from the easy axis to another stable state very fast
and hence the presence of biquadratic coupling reduces
the switching time. Therefore, the fastest magnetization
switching in pentalayer structure can be achieved in the
presence of biquadratic coupling and it is in good agreement
with the results obtained for the trilayer structure [22].
Since, biquadratic coupling arises due to the roughness in
the pinned layer, we study the impact of the period of

Fig. 3 Magnetization trajectory in my - mz plane for the presence and
for the absence of biquadratic coupling (BQC)
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roughness on the switching time and the results of the same
are presented in the next section.

3.2 Impact of Period of Roughness on the Switching
Time
In order to understand the effect of the period of roughness
on the switching time, the first order LLGS (4a)–(4c) are
numerically integrated by varying the period of roughness
(L) from 0 to 100 nm. The data obtained from the numerical
simulation for an applied current density of 10 × 1011 Am−2
are plotted in Fig. 4. The switching time in the absence
of biquadratic coupling is found to be 186 ps and when
the period of roughness is increased, the switching time
of the free layer magnetization decreases, and it saturates
near 100 nm. When the period of roughness increases, the
uncompensated magnetic poles presented in the edges of
the pinned layers increases and it increases the biquadratic
coupling field acting on the free layer which reduces the
switching time. When the period of roughness of our device
is set as 40 nm, the switching time is found as 160 ps,
which is perfectly matches with the result in Fig. 2. In
order to understand the effect of spacer layer thickness on
biquadratic coupling field, we study the impact of spacer
layer thickness on the switching time and their numerical
results are presented in the next section.

3.3 Impact of Spacer Layer Thickness
on the Switching Time
Effect of spacer layer thickness on the switching time is
studied by numerically simulating the first order LLGS
equations given in (4a)–(4c), by varying the spacer layer
thickness from 1 nm to 10 nm. The data obtained for an
applied current density of 10 × 1011 Am−2 is plotted in
Fig. 5. It is found that the switching time increases from
155 ps to 182 ps, when the thickness of the spacer layer

Fig. 5 A plot of thickness of the spacer layer versus switching time
for an applied current density of J = 10 × 1011 Am−2 . The switching
time increases when the thickness of the spacer layer is increased

is increased from 1 to 10 nm as found in Fig. 5. The
biquadratic coupling field acting on the free layer decreases
exponentially, when the thickness of the spacer layer is
increased, and hence the switching time increases. When
the thickness is beyond 10 nm, the effect due to biquadratic
coupling is negligible and the switching occurs only due to
the spin transfer torque. When the thickness of the spacer
layer of our device is 2 nm, the switching time is found as
160 ps, and it exactly matches with the result in Fig. 2.

4 Conclusions
The spin transfer torque assisted magnetization switching
in the pentalayer nanopillar with biquadratic coupling is
studied by numerically solving the LLGS equation. The
presence of biquadratic coupling reduces the switching time
from 186 to 160 ps for an applied current density of 10 ×
1011 Am−2 . Reduction of switching time in the presence of
biquadratic coupling is also confirmed by the magnetization
trajectory in my -mz plane. Further, the effect of period of
roughness and spacer layer thickness on switching time
is also studied. Switching time of the free layer in the
pentalayer nanopillar device can be reduced by fabricating
the pentalayer nanopillar with biquadratic coupling and with
minimal thickness.
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