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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 Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation. Magnetization switching time in the
absence of biquadratic coupling for an applied current density of 10 x 10''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 the roughness and spacer layer thickness on switching

time is studied.
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I. INTRODUCTION

Ultrafast magnetization switching assisted by a spin
transfer torque has been received considerable interest
in recent years, due to its potential applications in fu-
ture spintronic devices such as magnetic random access
memories*? and high frequency microwave oscillators>4.
The basic structure used in the memory devices is a tri-
layer structure consists of two ferromagnetic layers and
a nonmagnetic spacer layer. In which, magnetization of
the first ferromagnetic layer is fixed and hence it act as a
polarizer, when the current passes through it. Spin po-
larized electrons reaches the second ferromagnetic layer
(free layer), produces a spin torque due to the exchange
interaction between local magnetization and spin angular
momentum®. This spin torque will switch the magneti-
zation of the free layer, when the applied current is above
the critical value®. The reduction of the critical current
density and the switching time are the two important is-
sues in the development of potential applications. Fuchs
et al? introduced a pentalayer structure based on the pro-
posal from Berger®, 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 lay-
ers are anti-aligned?. The enhanced spin transfer torque
increases the switching speed and reduces the switching
time and critical current density required to initiate the
magnetization switching!™. Since, then spin transfer
torque magnetization switching in pentalayer nanopil-
lar has been widely studied both theoretically2"1% and
experimentally %7 Growing a pentalayer nanopillar for
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magnetization switching applications in a smooth fashion
without roughness is very difficult. Hence, the resultant
pentalayer structure have certain interface roughness,
and they give rise to two different coupling mechanisms!®.
First one is biquadratic coupling which arises due to the
uncorrelated interface roughness™ and the second one is
orange peel coupling (Néel coupling) which arises due to
the correlated interface roughness?’. We have recently
studied the effect of both orange peel coupling?!! and bi-
quadratic coupling?? on current induced magnetization
switching in trilayer structure. In this paper, we study
the effect of biquadratic coupling on spin torque mag-
netization switching in a pentalayer nanopillar device.
Biquadratic coupling was first phenomenologically intro-
duced by Riihrig et al in 199123, The energy expres-
sion describing two coupled magnetic layers of the form

£ = —Jy(m; - my)?, is called as biquadratic, because

it is quadratic in both of the magnetization directions*®.
Where, F and A are the energy and unit surface area
of the interface respectively. m; and ms are unit mag-
netization vectors of the first and second magnetic lay-
ers respectively. Jp is the coupling strength. All the
measured values of Jy is negative, favoring perpendicu-
lar orientations of the magnetizations. Biquadratic cou-
pling can be experimentally studied by measuring the
field dependence of the direction and value of the macro-
scopic magnetic moment of the sample. There are var-
ious technique which provide this information, such as
Magneto-optical Kerr effect (MOKE), magnetometry, vi-
brating sample magnetometry (VSM), superconducting
quantum interface device (SQUID) magnetometry, alter-
nating gradient magnetometry (AGM), etc*t. The first
hints for the existence of the biquadratic in Fe/Cr/Fe tri-
layer were observed independently by Griinberg et al?
and Unguris et al?% in 1991. Existence of biquadratic
was firmly established by Riihrig et al®¥ and it has been
investigated in detail by many peopleé*”=%. Although
biquadratic was studied for many systems, there is no
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general theory for biquadratic coupling which can be
adopted for all the systems. Biquadratic coupling arises
due to anyone of the following origin: intrinsic origin
(angular dependence of exchange energy , extrin-
sic thickness fluctuations?® indirect exchange through
unpaired spin (“loose spin” model*Z, and uncorrelated
roughness interfacé™®3, We investigate the effect of bi-
quadratic coupling occurs due to the magnetic dipole
field created by a uncorrelated roughness in the ferro-
magnetic layers. This can be done by solving the magne-
tization switching dynamics of the free layer governed by
the Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equa-
tion. 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 [[Il Numerical integra-
tion of the LLGS equation and the results are discussed
in section [[IIl Concluding remarks are made in section

vl

1. MODEL WITH BIQUADRATIC COUPLING AND
DYNAMICAL EQUATION

The pentalayer nanopillar structure consists of three
ferromagnetic layers (two pinned layer and one free layer)
and two non-magnetic metal (spacer) layers are taken
for our study and the schematic diagram of the penta-
layer nanopillar are given in FIGURE [I] Magnetization
of the first pinned layer (bottom) having large thickness
is pinned along the easy axis. Thickness of the second

Current source

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
0. m, my; and my2 represent the magnetization of the free
layer, first pinned layer and second pinned layer respectively.

pinned layer (top) is lower than the first one and its mag-
netization is pinned opposite to that of first one, in order
to increase the spin transfer efficiency. Both pinned lay-
ers have periodic interfacial roughness with a period L
and a height 6. 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 thin-
ner non-magnetic metal spacers are taken in between the
ferromagnetic layers 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 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 ex-
change coupling between the spins of the conduction elec-
tron and local magnetization, and it switches the mag-
netization 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 anti-aligned
to the free layer (high resistance configuration) and hence
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??

d
d—m — —[m x heg] — a[m x (m x heg)]
-
+ ajl[m X (m X mpl)] — ajg[m X (m X mpg)].
(1a)
m = (m®, mY, m?), m? = m*2 + m¥% + m*? = 1.
(1b)
Where, m = % is the dimensionless magnetization of

the free layer, = vMit is the dimensionless time vari-
able. Here « is gyromagnetic ratio, M is saturation mag-
netization of the free lagfer. a is the Gilbert damping
parameter, a;; = W%SMW and ajo = W%:LMW are
the spin transfer torque coefficient due to the first and
second pinned layer respectively. Spin transfer torque
coeflicient value is positive when electrons flow from the
pinned layer to the free layer (i.e. thicker layer to thin-
ner layer) and negative when the electrons transfer from
the free layer to the pinned layer (i.e. thinner to thicker
layer)@@. Here, p is the polarization factor, J is the
current density applied, A is reduced Planck’s constant,
1o is the permeability of the free space, e is the elec-
trons charge, d is the thickness of the free layer and My,
and M,y represents the saturation magnetization of the
first pinned layer and second pinned layer respectively.
m,; and m,, are the unit magnetization vectors in the
first and second pinned layers respectively. To account
the non-collinearity between the free layer easy axis and
pinned layer magnetization, we shall write the pinned
layers magnetization as my,; = cosf;e” + sinf;e¥ and
myo = cos(m+62)e” +sin(m+62)e?, where, 6, and 0, are
the angles between the free layer easy axis and the mag-
netization of the first and second pinned layers respec-
tively. The effective magnetic field h.y¢ due to various
magnetic anisotropic contributions and due to external
field acting on the free layer can be written as,

hesr = (hq + hy)m®e” + hee? — N.m*e”. (2)



Magnetization of the free layer taken for our study is
aligned along its easy axis (z-axis) and hence magneto-
crystalline anisotropy acts along z-axis. h, is the field
term due to magneto-crystalline anisotropy and e” is the
unit vector along z-axis. h; 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 agl?46
—A4rt —8md
(572 oo (577

Here, A., is the exchange stiffness constant of the free
layer and ts is the thickness of the spacer layer, § and
L are height and period of the roughness of the pinned
layer respectively. In Eq. , he represents the external
magnetic field applied perpendicular to the easy axis of
the magnetization (along y-direction) and eV is the unit
vector along y-axis. IV, represents the demagnetization
factor along z-direction, which arises due to the shape
anisotropy present in the system and e® is the unit vector
along z-axis. For our case, §; = 03 = 0 and hence m,; =
e’, m,, = —e®. By substituting these values and the
total effective magnetic field found in Eq. into Eq.
(1)), and write the LLGS equation in component form as,
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d x
(;n = (he + N;mY)m* — alhem®mY
-
— (ha + o + N)m®m* — (hg + hy)m,m?]
—ap(m” +m*) —ap(m’ +m*) (4a)
dmY
(ZL = —(ha + hy + N, )m®m?
+ af(he — (ha + hb)my)me + (he + szy)mzz]
+ ajim®m¥ + ajom®mY (4b)
dm*® T Y T 22z
= (hg + hp)m®mY — hem® — a[(hq + hy + N)m® m

+ (he + N.m?)mYm?] + aj1m®m® + ajom™m®.
(4c)

Eqgs. - 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.

I1l. MAGNETIZATION SWITCHING DYNAMICS: A
NUMERICAL STUDY

The set of three first order dimensionless LLGS equa-
tions (Egs. - ) are numerically integrated using
Runge-Kutta fourth order procedure and the material
parameters used for the numerical simulation are given
in TABLE[[} After solving the dimensionless LLGS equa-
tions, the dimensionless time variable 7 is converted into
dimension time variable ¢ by using the transformation

t = 7/yMjs. In order to suppress the ringing effect and os-
cillations in the magnetization switching, we have chosen
the value of applied current density and Gilbert damp-
ing factor as, J = 10 x 101" Am~2 and o = 0.001 re-
spectively. First, the impact of biquadratic coupling on
switching time is studied, by separately solving the LLGS
equation for both in the absence of biquadratic coupling
and in the presence of biquadratic coupling case. Then
impact of period of roughness and spacer layer thickness
on switching time are studied by varying their respective
parameter. Numerical results of each study is presented
in the forthcoming sections.

Parameter Symbol Value
Polarization factor p 0.3
Gilbert damping parameter «a 0.001
Magneto-crystalline anisotropy
field of the free layer ha 0.01
Saturation magnetization of the
free layer M, 0.795 x 10°Am ™!
Thickness of the free layer d 2.8 x 107 %m
Thickness of spacer layer ts 2x 107 %m

Exchange stiffness constant of

the free layer Ace 2.1 x 107 gm=1
Height of the roughness of the

pinned layer 5 0.8 x 107 %m
Period of the roughness of the

pinned layer L 40 x 10 %m
TABLE 1. Values of various parameters used for the
calculations®*#<,

A. Impact of biquadratic coupling on switching time

First, the set of three first order LLGS equations (Egs.
- [id) are numerically simulated in the absence of
biquadratic coupling and in the presence of biquadratic
coupling case separately and the results obtained are
plotted in FIGURE The magnetization (m) of the
free layer is initially aligned along the positive z-direction
(m® = +1). The current passes through the pinned layer
becomes spin polarized and the polarized electrons en-
tered into 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 pre-
cession and reaches the switched state (m® = —1). The
time taken for switch the magnetization from m® = +1
to m® = —1 is called as switching time and its value in
the absence of biquadratic coupling is 186 ps for an ap-
plied current density of 10 x 10'* Am~=2. The presence of
biquadratic coupling reduces the switching time to 160
ps (shown in FIGURE . The reason for reduction of
switching time in the presence of biquadratic coupling
is understood from the magnetization trajectory in m¥ -
m? plane shown in the FIGURE [3] In the absence of bi-
quadratic coupling, the free layer magnetization reaches
the hard axis m¥Y = +1 near m?* = —0.45 as a response
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FIG. 2. A plot of free layer magnetization versus switching
time for the pentalayer nanopillar in the presence and in the
absence of the biquadratic coupling for an applied current
density of J = 10 x 10** Am~2. The presence of biquadratic
coupling reduces the switching time from 186 ps to 160 ps.
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FIG. 3. Magnetization trajectory in m¥ - m? plane for the
presence of biquadratic coupling and for the absence of bi-
quadratic coupling (BQC).

to spin transfer torque, whereas in the presence of bi-
quadratic coupling, the free layer magnetization reaches
the hard axis m¥ = 41 near m* = —0.20 itself. i.e. The
spiralling path of the free layer magnetization in mY -
m? 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
filed arises due to the uncompensated magentic poles
presented in the edges of the pinned layers, moves the
magnetization of the free layer from easy axis to hard
axis very fast and hence the presence of biquadratic cou-
pling 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 tri-
layer structure?2. Since, biquadratic coupling arises due

to the roughness in the pinned layer, we study the impact
of period of roughness on switching time and the results
of the same are presented in the next section.

B. Impact of Period of Roughness on Switching Time

In order to understand the effect of period of rough-
ness on switching time, the first order LLGS equations
(Egs. — ) are numerically integrated by varying the
period of the roughness (L) from 0 nm to 100 nm. The
data obtained from numerical simulations for an applied
current density of 10 x 101 Am~2 are plotted in FIGURE
[ Switching time in the absence of biquadratic coupling
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FIG. 4. A plot of the period of the roughness versus switch-
ing time for the pentalayer nanopillar for an applied current
density J = 10 x 10" Am 2. Switching time decreases when
the period of the roughness is decreased.

(i.e. if there is no roughness) is 186 ps and when the
period of roughness is increased, 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 are increased and it increases the bi-
quadratic coupling field acting on the free layer which
reduces the switching time. For the period of roughness
of our device (40 nm), switching time is 160 ps, which is
perfectly matches with the result in FIGURE [2] Impact
of spacer layer thickness on switching time is also stud-
ied and their numerical results are presented in the next
section.

C. Impact of Spacer Layer Thickness on Switching Time

Effect of spacer layer thickness on switching time is
studied by numerically simulating the first order LLGS
equations given in Egs. - [4d), by varying the spacer
layer thickness from 1 nm to 10 nm. The data obtained
for the applied current density of 10 x 10 Am ™2 are
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FIG. 5. A plot of the thickness of the spacer layer versus
switching time for the pentalayer nanopillar for an applied
current density J = 10 x 10" Am™2. Switching time increases
when the thickness of the spacer layer is increased.

155 ps to 182 ps, when the thickness of the spacer layer
is increased from 1 nm to 10 nm (shown in FIGURE
b). 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.
After 10 nm, the effect due to biquadratic coupling is
negligible and switching occurs only due to spin transfer
torque. For the thickness of the spacer layer of our device
(2 nm), switching time is 160 ps, and it is exactly matches
with the result in FIGURE B2l

IV. CONCLUSION

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 ps to 160 ps for an applied
current density of 10x 10" Am~2. Reduction of switching
time in the presence of biquadratic coupling is also con-
firmed by the magnetization trajectory in m¥-m? 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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