
 

 

ANNUAL REPORT for the period OCTOBER, 2014 -  SEPTEMBER, 2015

Submitted to

INSPIRE PROGRAM DIVISION

Department of Science and Technology (DST)

Under the INSPIRE FELLOWSHIP PROGRAM

Name of the candidate: D. ARAVINTHAN

INSPIRE Fellowship Code No.: IF110674

CENTRE FOR NONLINEAR DYNAMICS

SCHOOL OF PHYSICS

BHARATHIDASAN UNIVERSITY

TIRUCHIRAPPALLI – 620 024

TAMIL NADU



DST - INSPIRE FELLOWSHIP

ANNUAL PROGRESS REPORT of Mr.  D. ARAVINTHAN (2014-2015)

1. Name of the INSPIRE Fellow          : D. ARAVINTHAN
2. Nature of Fellowship (JRF/JRF-Professional) : JRF
3. INSPIRE Fellowship Code No. : IF110674
4. (a) Name, designation and Address of Guide : Dr. M. Daniel
   Professor (Retd.)

  Centre for Nonlinear Dynamics
  School of Physics
  Bharathidasan University
  Tiruchirappalli - 620024
  Tamil Nadu.

(b) Name, designation and Address of Co - Guide : Dr. M. Senthilvelan
   Assistant Professor 

  Centre for Nonlinear Dynamics
  School of Physics
  Bharathidasan University
  Tiruchirappalli - 620024
  Tamil Nadu.

5. (a) Place of Work (Name of the Institute/University/ etc) : Centre for Nonlinear Dynamics
  School of Physics
  Bharathidasan University
  Tiruchirappalli - 620024
  Tamil Nadu.

(b) Name of University/Institute registered for Ph.D. degree :  Bharathidasan University, 
       Tiruchirappalli – 620024
          Tamil Nadu.

6. Date of Joining to INSPIRE Fellowship  :  01-10-2011
7. Period up to which fellowship is tenable  :  30-09-2016
8. (a) Date of Enrollment for Ph.D. Program  :  01-10-2011

(b) Date of Registration/Admission into Ph.D. Program  :  01-10-2011
9. (a) Topic of research  : Nonlinear Magnetization Switching         

   Dynamics in Nanopillars
(b) Broad Subject area :  Physics

10. Objective in undertaking work : 
To study the effect  of biquadratic  coupling on current  induced magnetization  switching in  the

trilayer nanopillar structure and find the ways to reduce the magnetization switching time.

11. Period of Report  : From- 01-10-2014 to- 30-09-2015

12. Attendance  
(a) Total No. of working days during the period under report : 241
(b) Out of these, total No. of days in which the INSPIRE Fellow was present and worked: 228
(c) Number of days for which leave was sanctioned  :  13

1



13. Detailed report about the research work done during the above
mentioned period.
Introduction

Spin current induced magnetization switching in multilayers proposed by Slonczeswki [1] and
Berger [2] have attracted much interest in recent years because of its potential applications in
microwave frequency generators, read/write heads, spin transfer torque random access memories
(STTRAM) and etc [3]. The reduction of critical current density required to initiate the magnetiza-
tion switching, and increase the speed of magnetization switching are the important issues to develop
potential applications. Growing multilayer nanopillar in an ideal layer by layer fashion is very difficult
task. The resultant multilayers have certain interface roughness or even discontinuities, and they give
rise to different coupling mechanisms [4]. The first among them is the pinhole coupling, which arises
due to discontinuities in the nonmagnetic layer. The second one is the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction which arises due to the oscillation of electrons, in the Fermi surface of
the spacer material. There are two more coupling mechanisms, which arises due to the roughness
of the layers. The first one is the orange peel coupling or Néel coupling, which results from the
dipole interaction between two ferromagnetic layers separated by a nonmagnetic spacer layer with
correlated interface roughness. Second one is biquadratic coupling which occurs when the roughness
of the free and pinned layers are uncorrelated [5]. The biquadratic coupling energy favours the per-
pendicular alignment of the free and pinned layers magnetization and hence it is expected to reduce
the switching time. We have recently studied the impact of orange peel coupling on spin current
induced magnetization switching in a Co/Cu/Ni-Fe nanopillar device. In this work, we investigate
the impact of biquadratic coupling on magnetization switching in the Co/Cu/Ni-Fe nanopillar. This
can be done by solving the magnetization switching dynamics of the free layer governed by LLGS
equation and the results are given below in detail.
Model and Dynamical Equation

The Co/Cu/Ni-Fe nanopillar is considered for our study in this paper and it consists of two

Figure 1: (a). Geometry of the Co/Cu/Ni-Fe
nanopillar device. (b). In the zoomed view, we see
the pinned layer (Co) have periodic interfacial terraces
with a period L and a height δ.

ferromagnetic layer (Co, Ni-Fe) sandwiched by
a nonmagnetic (Cu) spacer layer. Geometry of
the above nanopillar device is shown in the FIG-
URE 1. The ferromagnetic Cobalt (Co) layer
with a thickness of 4 nm possessing high coer-
civity, whose magnetization (mp) is pinned and
lies parallel to the plane of the layer (x-direction)
forms the pinned layer and it is supposed to have
periodic interfacial terraces with a period L and
a height δ. The middle spacer layer is made up
of the nonmagnetic metal Copper (Cu) with a
thickness (2 nm). Free layer is made up of a low
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coercivity material Permalloy (Ni-Fe) and its thickness is 4 nm. Free layer is assumed to have smooth
interface and it have in-plane magnetization which is free to move when the current is applied. Cur-
rent is applied along z-direction of the nanopillar device and it becomes polarized when passing
through the pinned layer. Spin polarized current entered into the free layer produces a torque due to
the exchange of angular momentum between a spin polarized current and the magnetization of the
free layer. When the applied current is above the critical value, spin transfer torque will switch the
magnetization of the free layer. The free layer magnetization switching dynamics is governed by the
LLGS equation and it can be written in dimensionless form as,

dm
dτ

= −(m×heff )−α[m×(m×heff )]+aj[m×(m×mp)], and m2 = mx2 +my2 +mz2 = 1. (1)

Here, m = (mx, my, mz) represents the magnetization of the free layer. τ = γMst is the dimensionless
time. Where γ is the gyromagnetic ratio and Ms is the saturation magnetization of the free layer.
α is Gilbert damping parameter and aj = pJ�

µ0edM2
s

is the spin transfer torque coefficient. The current
flows from the pinned layer to the free layer, and so positive value is assigned to the spin transfer
coefficient aj in Eq. (1). p is the polarization factor, J is the current density applied from the source,
� is the reduced Planck’s constant, µ0 is the permeability of free space, e is the electron’s charge and
d is the thickness of the free layer. mp represents the unit magnetization vector of the pinned layer.
heff is the total effective magnetic field acting on the free layer and it can be written as,

heff = hma + hshape + hext + hbqc. (2)

The free layer has in-plane magneto-crystalline anisotropy and it aligned along easy axis(x-direction).
Hence the field contribution due to the magneto-crystalline anisotropy is written as hma = hamxex,

where ha = 2ka

µ0M2
s
, here ka is the magneto-crystalline anisotropy coefficient. ex is the unit vector

along x-direction. Shape anisotropy arises due to the demagnetizing field and the field contribution
due to shape anisotropy is written as hshape = −[Nxmxex + Nymyey + Nzmzez], where Nx, Ny, Nz

are the demagnetization factors, and ex, ey, ez represent the unit vectors along x, y and z directions
respectively. The value of the demagnetization factors depends upon the shape of the material.
Since, the free layer lies in the xy-plane, Nx = Ny = 0 and Nz = 1. Therefore, field term due
to shape anisotropy becomes hshape = −Nzmzez. When an external magnetic field he is applied
perpendicular to the easy axis (y-direction), the term due to the external field can be written as
hext = heey. There are uncompensated magnetic poles present in the edges of the pinned layer
due to the roughness and they give rise to a magnetic dipole field in the direction of pinned layer
magnetization (x-direction). This magnetic dipole field couples with the magnetization of the free
layer and it is called as biquadratic coupling filed which can be written as, hbqc = hbm

xex, where
hb = µ0M2

s δ2L
2π3Aexd

exp
�

−4πts

L

� �
1 − exp −8πd

L

�
, hb is the magnitude of the coupling strength. Here, δ and L

are height and period of the roughness of the pinned layer respectively. Aex is the exchange stiffness
constant of the free layer and ts is the thickness of the Cu layer. Therefore, the total effective magnetic
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field acting on the free layer can be written as,

heff = (ha + hb)mxex + heey − Nzmzez. (3)

By substituting the effective field (eq. 3) and value of mp into the Eq. (1), we get the dynamical
equation(LLGS equation) as,

dm
dτ

= −[m × ((ha + hb)mxex + heey − Nzmzez)] − α[m × (m × ((ha + hb)mxex + heey − Nzmzez))]

+ aj[m × (m × ex)]. (4)

By analytically solving the LLGS equation (4), we can calculate the value of critical current density
required to initiate the switching of the magnetization of the free layer and it is discussed in the next
section.
Critical current density for magnetization switching

The critical value of the current density can be calculated from the time independent solution
of the LLGS equation (4). In the static limit ( dm

dt
= 0), the damping term (m × dm

dt
) vanishes. To

obtain the time independent solution of the LLGS equation, we write the LLGS equation(4) in the
component form for the static case as,

(he + Nzmy)mz − aj(my2 + mz2) = 0, (5)
− (ha + hb + Nz)mxmz + ajm

xmy = 0, (6)
(ha + hb)mxmy − hem

x + ajm
xmz = 0. (7)

Solving Eqs. (6) and (7) algebraically, the time independent solution for my is obtained as

my = he(ha + hb + Nz)
a2

j + (ha + hb)(ha + hb + Nz) · (8)

The time independent solution of mz can be obtained by substituting the value of my found in Eq.
(8) into Eq. (6) as

mz = heaj

a2
j + (ha + hb)(ha + hb + Nz) · (9)

The time independent solution of mx is obtained by substituting the values of my and mz in the
length constraint equation (m2 = mx2 + my2 + mz2 = 1). The resultant solution reads

mx =
�
1 − h2

e[a2
j + (ha + hb + Nz)2]

[a2
j + (ha + hb)(ha + hb + Nz)]2

� 1
2

· (10)

The critical current density for magnetization switching is obtained by using the time independent
solutions given in Eqs. (8-10) as initial conditions. The free layer magnetization is initially aligned
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along the easy axis, i.e. along x-direction, so that the initial conditions are mx = 1, my = 0 and
mz = 0. If the free layer magnetization satisfies the above initial conditions, then the magnetization
switching can occur when the value of mx becomes zero. i.e. when,

h2
e[a2

j + (ha + hb + Nz)2] = [a2
j + (ha + hb)(ha + hb + Nz)]2. (11)

Using the above condition (Eq. (11)) and switching off the external applied field (he = 0), we get a2
j

as,
a2

j = −(ha + hb)(ha + hb + Nz). (12)

By substituting the value of aj(aj = pJ�
µ0edM2

s
) into Eq. (12), the expression for the critical current

density Jc in the presence of BQC is obtained as

Jc =
�

µ0edM 2
s

p�

�
[(ha + hb)(ha + hb + Nz)]

1
2 . (13)

The above equation shows that the critical current density depends on the thickness of the free
layer(d), magneto-crystalline anisotropy(ha), shape anisotropy(Nz) and the BQC(hb). The actual
value of the critical current density required to initiate the switching of the magnetization of the
Permalloy free layer is calculated from Eq. (13) by substituting the values of all the respective
experimental parameters found in TABLE 1 and it’s value is 1.0914 × 1012Am−2.

Table 1: Values of various parameters used in the calculations [6].

Parameter Symbol Value
Polarization factor p 0.4
Gilbert damping parameter α 0.001
Magnetocrystalline anisotropy coefficient of Ni-Fe ka 2 × 103Jm−3

Saturation magnetization of Ni-Fe Ms 0.795 × 106Am−1

Height of the roughness of the pinned layer δ 0.8 × 10−9m
Period of the roughness of the pinned layer λ 40 × 10−9m

Effect of Biquadratic Coupling on Current Induced Magnetization Switching
The magnetization switching dynamics of the free layer governed by the LLGS equation (eq.

(1)) is numerically integrated using Runge-Kutta fourth order procedure in the presence and in
the absence of biquadratic coupling separately. The material parameters used for the numerical
simulation is shown in TABLE 1. Initially the free layer magnetization (m) is aligned along the
positive x-direction. The applied current switches the magnetization into negative x-direction and
time taken for this is called as switching time. Magnetization switching time of the free layer in the
absence of biquadratic coupling is 61 ps for an applied current density of 5×1012Am−2 . The presence
of biquadratic coupling reduces the switching time from 61 ps to 49 ps (shown in FIGURE 2). The
reason is that, biquadratic coupling favours the perpendicular alignment of the free and pinned layers
magnetization, and hence biquadratic coupling field moves magnetization of the free layer from in-
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Figure 2: A plot of free layer magnetization
versus switching time in the presence and in the
absence of the biquadratic coupling (BQC).
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Figure 3: A plot of the period of the roughness
versus switching for J = 5 × 1012Am−2.

plane to out of plane very fast. This generates a demagnetizing field which forces the magnetization
of the free layer from out of plane into the plane (switched state). Thus biquadratic coupling field
reduces the switching time. Since, biquadratic coupling occurs due to the roughness in the pinned
layer, we study the impact of period of roughness on switching time. We have varied the period of the
roughness (interfacial terraces) from 0 nm to 70 nm and again solved the LLGS equation numerically
for an applied current density of J = 5 × 1012Am−2 . The data obtained are plotted in FIGURE 3.
Magnetization switching time is 61 ps, when the period of the roughness is zero i.e. in the absence
of biquadratic coupling. When the period of the roughness increases, number of uncompensated
magnetic poles in the pinned layer increases, and it increases the biquadratic coupling field. Increase
in the biquadratic coupling field fasten the magnetization switching and reduces the switching time
(as shown in FIGURE 3). For the period of roughness of our device (40 nm), the switching time is
49 ps which agrees perfectly with the result in the FIGURE 2. Thus switching time can be reduced
by making the nanopillar with biquadratic coupling.
Conclusion

The spin current induced magnetization switching in a Co/Cu/Ni-Fe nanopillar with biquadratic
coupling is investigated. By analytically solving the governing equation (LLGS equation), we have
calculated the critical current density required to initiate the magnetization switching and it’s value
is 1.0914×1012Am−2. Further, we have studied the magnetization switching dynamics by numerically
solving the LLGS equation and found that switching time in the absence of biquadratic coupling is 61
ps and in the presence of biquadratic coupling it reduces to 49 ps. Also, the period of roughness effect
on switching time confirms the presence of biquadratic coupling reduces the switching time. Fast
magnetization switching can be achieved by constructing the nanopillar with biquadratic coupling.
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14. Summary of research work during this period
The reduction of critical current density required to initiate the magnetization switching and increase
the speed of magnetization switching are the important issues to develop potential applications.
Growing multilayer nanopillar in an ideal layer by layer fashion is very difficult task. The resultant
multilayers have certain interface roughness or even discontinuities, and they give rise to different
coupling mechanisms. The first among them is the pinhole coupling, which arises due to disconti-
nuities in the nonmagnetic layer. The second one is the Ruderman- Kittel-Kasuya-Yosida (RKKY)
interaction which arises due to the oscillation of electrons, in the Fermi surface of the spacer material.
There are two more coupling mechanisms, which arises due to the roughness of the layers. The first
one is the orange peel coupling or Néel coupling, which results from the dipole interaction between
two ferromagnetic layers separated by a nonmagnetic spacer layer with correlated interface rough-
ness. Second one is biquadratic coupling which occurs when the roughness of the free and pinned
layers are uncorrelated. The biquadratic coupling energy favours the perpendicular alignment of the
free and pinned layers magnetization and hence it is expected to reduce the switching time. We have
recently studied the impact of orange peel coupling on spin current induced magnetization switching
in a Co/Cu/Ni-Fe nanopillar device. Now we have investigated the impact of biquadratic coupling on
magnetization switching in the Co/Cu/Ni-Fe nanopillar, by solving the magnetization switching dy-
namics of the free layer governed by LLGS equation. By analytically solving the governing equation
(LLGS equation), we have calculated the critical current density required to initiate the magneti-
zation switching and it’s value is 1.0914 × 1012Am−2. Further, we have studied the magnetization
switching dynamics by numerically solving the LLGS equation and found that switching time in the
absence of biquadratic coupling is 61 ps and in the presence of biquadratic coupling it reduces to
49 ps. Also, the period of roughness effect on switching time confirms the presence of biquadratic
coupling reduces the switching time. Fast magnetization switching can be achieved by constructing
the nanopillar with biquadratic coupling.
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15. Plan of work for the next year
So far, I have studied the impact of the orange peel coupling and biquadratic coupling on mag-
netization switching in a trilayer nanopillar, and the impact of biasing on magnetization switching
in a pentalayer nanopillar structure, by constructing the associated dynamical equation and solved
the same in order to find the switching time. In future, I have planned to carry out the following
investigations.
1. To study the influence of RKKY(Ruderman-Kittel-Kasuya-Yosida) coupling on mag-
netization switching in a trilayer nanopillar.
RKKY coupling or oscillating interlayer exchange coupling arises due to conduction electron reflec-
tion at the interface of the ferromagnetic layer. The field corresponding to the RKKY coupling can
be written as,

Hoxc = J1

tF t2
s

sin
�

2πts + φ

Λ

�
, (14)

where, J1 is amplitude of interlayer coupling, tF and ts are the thicknesses of the free layer and spacer
layer respectively, Λ and φ are the period and phase of the oscillating electron.
Field due to the above RKKY coupling taking account into the total effective field acting on the
free layer and solve the magnetization switching dynamics of the free layer governed by the LLGS
equation for the new effective field. By solving, we can study the effect of RKKY coupling on mag-
netization switching.
2. To identify the pentalayer nanopillar for which the magnetization switching time is
less.
I have planned to study the impact of biasing on magnetization switching in a pentalayer nanopillar
for various ferromagnetic material like Fe, Co, Ni, Py(Ni-Fe), by solving the governing dynamical
equation for each material and identify the material which shows very less switching time.

Further, I have planned to consolidate all my findings and going to write my Ph.D. thesis.
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