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1. Introduction

Magnetization switching process in nanopillar devices has been a continuously growing

topic of research in the recent years, because of its potential applications in ultra-high den-

sity recording media, magnetic sensors, magnetic memory devices, read/write heads etc.

The nanopillars used for memory devices are in the form of a trilayer consisting of two ferro-

magnetic layers(pinned layer, free layer) separated by a nonmagnetic spacer. Magnetization

switching in this device can be done either by applying a magnetic field or current or both.

In this direction, spin polarized current induced magnetization switching has gained con-

siderable interest due to its energy efficiency. The current is applied normal to the plane

of the nanopillar. When electrons that constitute the current go through the pinned layer,

their spin becomes polarized along the direction of magnetization of the pinned layer. The

flow of spin polarized electrons exerts a torque at the interface between spacer layer and the

free layer, due to local exchange interactions between conduction electrons and the magnetic

moments. The torque applied by non-equilibrium conduction electrons into the free layer is

known as spin transfer torque and it is the source for magnetization switching. The reduction

of critical current required to initiate the magnetization switching and increase the speed of

magnetization switching in magnetic multilayer are the important issues in magnetic mem-

ory industries. In order to reduce the switching time, the impact of orange peel coupling in a

trilayer nanopillar and the impact of biasing in a pentalayer nanopillar structure are studied

and in the following, I summarize the results obtained in detail.

2. Impact of orange peel coupling on current induced magnetization switching

in a trilayer nanopillar

It is very difficult to grow multilayer nanopillars in an ideal layer by layer fashion. The

resultant multilayers have certain interface roughness or even discontinuities and they give

rise to different coupling mechanisms of which pinhole coupling, RKKY coupling and orange

peel coupling or Néel coupling are important. When the thickness of the spacer layer is of the

order of few nanometres, the orange peel coupling dominates. When the nonmagnetic spacer

layer has the correlated waviness interface and the magnetization of the two ferromagnetic
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Figure 1: (a). A sketch of the
Co/Cu/Ni-Fe nanopillar device. (b). In
the zoomed view, we see the nonmag-
netic spacer layer(Cu) interface has the
correlated waviness with wavelength λ
and amplitude A. When the magnetiza-
tion of two ferromagnetic layers are par-
allel, magnetostatic charges(-,+) of op-
posite sign(+,-) appear symmetrically
on opposing interfaces.

layers are parallel to each other, magnetostatic charges of opposite sign appear symmetrically

on the opposing interfaces. The dipole interaction between these opposing charges gives rise

to a ferromagnetic coupling between the magnetization of the two ferromagnetic layers known

as orange peel coupling referred so because of the dimpled texture of an orange and produce

a coupling field normal to the magnetization of the easy axis. Hence, it is expected to

contribute to the reduction in switching time. We investigate the impact of orange peel

coupling on spin current induced magnetization switching in a Co/Cu/Ni-Fe nanopillar. A

schematic sketch of the above device is shown in FIG. 1. The ferromagnetic Cobalt layer

with a thickness of 4 nm possessing high coercivity, whose magnetization(Mp) is fixed and

lies parallel to the plane of the layer and along x-direction forms the pinned layer. The single

domain ferromagnetic free layer with thickness same as pinned layer (4 nm) is made up of the

low coercivity material Permalloy (Ni-Fe) with an in-plane magnetization (M) which is free

to move. The middle spacer layer is made up of the nonmagnetic metal Copper (Cu) and its

thickness(2 nm) is small enough to transfer the polarized current from the Co - pinned layer

to the Ni-Fe - free layer. Current is applied into the nanopillar device along z-direction and

it becomes spin polarized while passing through the pinned layer. When the spin polarized

current reaches the free layer via the non-magnetic spacer, it produces a torque due to the

change in the spin angular momentum and it switches the magnetization of the free layer.

The magnetization switching dynamics of the free layer 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)]. (1a)

m = (mx,my,mz), m2 = mx2 +my2 +mz2 = 1. (1b)

Where, α is the Gilbert damping parameter, aj = pJ~

µ0edM2
s

is the spin transfer torque co-

efficient and its value is positive when electrons flow from pinned layer to free layer. p is

2



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 charge of an electron, d is the

thickness of the free layer and Ms is the saturation magnetization of the free layer. mp is the

unit magnetization vector of the pinned layer. m = M
Ms

is the dimensionless magnetization

of the free layer, and τ = γMst is the dimensionless time, where γ is the gyromagnetic ratio

of free electron. heff is the effective field acting on the free layer and it can be written as,

heff = hma + hshape + hext + hopc, (2)

where hma is field contribution due to the magnetocrystalline anisotropy and the correspond-

ing field for in-plane magneto-crystalline anisotropy along its easy axis is hma = ham
xex.

hshape is the term due to the shape anisotropy caused by demagnetizing field and for free

layer lies in xy-plane, it can be written as, hshape = −Nzm
zez. hext is the field contribution

due to externally applied field and if it is applied perpendicular to the easy axis of the free

layer magnetization i.e. along y-direction, then hext = hee
y. hopc is the field generated due

to orange peel coupling between two ferromagnetic layers and it acts in a direction normal

to the magnetization of the easy axis then hopc = hnm
yey, where hn = π2h2

√
2λd

exp
(

−2
√
2πts
λ

)

,

hn is the magnitude of the orange peel coupling field. Hence the total effective field can be

rewritten as

heff = ham
xex + (he + hnm

y)ey −Nzm
zez. (3)

By substituting the effective field found in Eq. (3) in Eq. (1), we obtain the dynamical

equation(LLGS equation) as

dm

dτ
= −[m× (ham

xex + (he + hnm
y)ey −Nzm

zez)] (4a)

− α[m× (m× (ham
xex + (he + hnm

y)ey −Nzm
zez))] + aj[m× (m×mp)].

m = (mx,my,mz), m2 = mx2 +my2 +mz2 = 1. (4b)

The critical value of the current density can be calculated analytically from the time inde-

pendent solution of the LLGS equation(Eq. (4)). In the static limit (dm
dt

= 0), the damping

term(M× dM
dt
) vanishes. To obtain the stationary solutions of the LLGS equation, we write

the LLGS equation(4a) in the component form for the static case as,

(Nz + hn)m
ymz + hem

z − aj((m
y)2 + (mz)2) = 0, (5)

−(ha +Nz)m
xmz + ajm

xmy = 0, (6)

(ha − hn)m
xmy − hem

x + ajm
xmz = 0. (7)
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Solving Eqs. (6) and (7) algebraically, the time independent solution for mz is obtained as

mz =
heaj

a2j + [(ha − hn)(ha +Nz)]
· (8)

The stationary solution of my can be obtained by substituting the value of mz found in Eq.

(8) into Eq. (6) as

my =
he(ha +Nz)

a2j + [(ha − hn)(ha +Nz)]
· (9)

The time independent solution of mx is obtained by substituting the values of my and mz

in the length constraint equation (Eq. 4b). The resultant solution reads

mx =

[

1−
h2

e[(ha +Nz)
2 + a2j ]

[a2j + (ha − hn)(ha +Nz)]2

]

1

2

· (10)

The critical current density for magnetization switching is obtained by using the time inde-

pendent solutions given in Eqs. (8-10) as initial conditions. The free layer magnetization

is initially aligned 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[(ha +Nz)
2 + a2j ] = [a2j + (ha − hn)(ha +Nz)]

2. (11)

As the magnetic layers of our device lie in the xy-plane, the demagnetizing field due to

shape anisotropy guarantees the pinned layer magnetization to lie always along the positive

x-direction. Hence, there is no need to apply any external field to retain its magnetization.

Using the above condition (Eq. (11)) and by assuming the external applied field he = 0, we

get a2j as,

a2j = (hn − ha)(ha +Nz). (12)

By substituting the value of aj(aj = pJ~

µ0edM2
s

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

current density Jc is obtained as

Jc =

(

µ0edM
2

s

p~

)

[(hn − ha)(ha +Nz)]
1

2 . (13)

The above expression shows that the critical or the threshold current density depends on

the thickness of the free layer(d), magnetocrystalline anisotropy(ha), shape anisotropy(Nz)

and the orange peel coupling(hn). The actual value of the critical current density required

to initiate the switching of the magnetization of the free layer is calculated from Eq. (13)
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by substituting the values of all the respective experimental parameters found in TABLE 1

and the resultant value in the presence of orange peel coupling reads 1.37 × 1012Am−2 and

in the absence of orange peel coupling reads 1.70× 1012Am−2.

2.1. Numerical Study

The magnetization switching dynamics governed by the LLGS equation(Eq. (4a)) is

numerically integrated using fourth order Runge-Kutta(RK4) procedure for different cases.

Since we study the impact of current induced magnetization switching only, no magnetic

field is applied i.e. he assumed to be zero(he = 0), but the Gilbert damping parameter is

chosen as (α = 0.001) to suppress the ringing effect. After solving the dimensionless LLGS

equation (Eq. (4a)), dimensionless variable τ is converted into dimension t by using the

transformation t = τ/γMs.

2.2. Impact of current density on switching time

Parameters / Constants Symbol Value
Charge of an electron e 1.602× 10−19C
Reduced Planck’s constant ~ 1.0551× 10−34Js
Gyromagnetic ratio of free electron γ 2.21× 105mA−1s−1

Permeability of free space µ0 1.257× 10−6JA−2m−1

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

Thickness of the free layer (Ni-Fe) d 4× 10−9m
Thickness of the spacer layer (Cu) ts 2× 10−9m
Amplitude of the interface waviness A 0.8× 10−9m
Wavelength of the interface waviness λ 40× 10−9m

Table 1: Experimental values of various parameters of Permalloy(Ni-Fe) material and constants
used in the calculations.

To confirm the analytical value of the critical current density and to study the effect

of current density on the switching time, magnetization switching dynamics of permalloy

free layer governed by the LLGS Equation(4a) is numerically solved in the presence and

in the absence of orange peel coupling by switching on the current and increasing it upto

10 × 1012Am−2. The data obtained from numerical simulation in the presence and in the

absence of orange peel coupling is plotted in FIG. 2, which confirms that the magnetization

switching occurs only above the critical current density and its value in the presence of orange

peel coupling is 1.39×1012Am−2, which is very close to the analytical value(1.37×1012Am−2).

The value of the critical current density without orange peel coupling is 1.65 × 1012Am−2

(found in FIG. 2) and its analytical value is 1.70× 1012Am−2. Orange peel coupling reduces
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Figure 2: A plot of current density
versus switching time in the presence
and in the absence of OPC.
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Figure 3: A plot of free layer magnetiza-
tion versus switching time for different cur-
rent density.

the critical current density. The reason behind this is that, orange peel coupling utilizes

the interface waviness of correlated layers and produces a field normal to the easy axis of

magnetization. This additional field acts on the free layer magnetization along with spin

polarized current and pulls it out of the plane.

The effect of current density on the switching time is understood from FIG. 3. From the

plots in the figure, it is observed that when the current density is increased from 2×1012Am−2

to 10×1012Am−2, the switching time decreases from 78 ps to 23 ps. When the applied current

density is high, the transfer of angular momentum from the electrons of the spin polarized

current to the free layer is high and the value of spin transfer torque exerted on the free layer

is large, and therefore the switching time is reduced.

2.3. Impact of orange peel coupling on switching time

The magnetization of the free layer against the switching time in the presence and absence

of orange peel coupling is plotted from the results of our numerical study in FIG. 4, for

an applied current density of J = 4 × 1012Am−2. Initially, the free layer magnetization
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Figure 4: Magnetization switching time in the
presence and the absence of the orange peel cou-
pling field.

is aligned along the positive x-direction

(M=(1,0,0)) and the applied current switches

to another stable state (M=(-1,0,0)) by co-

herent rotation of the magnetization. In the

absence of orange peel coupling the switch-

ing time, i.e. the time required to switch the

magnetization is 67 ps. The switching time

reduced to 48 ps when there exists orange

peel coupling between the ferromagnetic lay-

ers. The field produced by the orange peel
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coupling added with the spin transfer torque, moves the magnetization of the free layer from

in-plane to out of plane very fast. This generates a demagnetizing field normal to the film

plane which forces the free layer magnetization into the plane(reversed state). Thus, the field

due to orange peel coupling combined with the demagnetizing field due to shape anisotropy

reduce the switching time drastically. Next, I present the results about the impact of various

biasing configurations on reducing the switching time in a pentalayer nanopillar.

3. Impact of biasing on current induced magnetization switching in a pentalayer

nanopillar

In order to increase the spin transfer torque efficiency and the switching speed, Fuchs

et al adding a spacer and ferromagnetic pinned layer above the free layer in the trilayer

structure and showed that spin torque efficiency is increased when the pinned layers in

the pentalayer structure are anti-aligned. In 2007, Devolder et al introduced the biasing

in the trilayer structure and comparing the benefits of pinned layer and free layer biasing

and also showed that magnetization switching speed is enhanced by biasing. Motivated

by the above two studies, we study the current induced magnetization switching in a pen-

talayer nanopillar structure (pinned 1 / spacer 1/ free / spacer 2 / pinned 2) for various

biasing configurations. The pentalayer nanopillar device consists of three ferromagnetic

layers (two pinned layers and one free layer) and two non-magnetic metal layers (spacer

layers). A schematic diagram of the above device is shown in the Fig. 5. In which,

Figure 5: Schematic sketch of the pentalayer
nanopillar device. (a). Standard configuration
(b). Pinned layer biasing configuration (c). Free
layer biasing configuration.

first pinned layer magnetization is aligned

along the easy axis and second pinned

layer magnetization is anti-aligned to that

of first one and their magnetizations are

fixed. Magnetization of the free layer is

free to move and it have in-plane magnetic

anisotropy. Free layer is sandwiched by two

nonmagnetic spacer layers. We have ap-

ply a current normal to the plane of the

nanopillar (along z-direction), and it be-

comes spin polarized while passing through

the first pinned layer. When the spin polarized current reaches the free layer via non-magnetic

metal layer produces a torque due to the change in the electron spin angular momentum and

it switches the magnetization of the free layer. The non-participant and scattered electrons

entered into the second pinned layer which magnetization is anti-parallel direction i.e. in
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high resistance configuration, hence the electrons are reflected back into the free layer and

it produces additional spin torque to the free layer. This additional torque enhance the

magnetization switching speed. The magnetization switching process of the free layer in the

pentalayer nanopillar device is governed by the Landau-Lifshitz-Gilbert-Slonczewski (LLGS)

equation and it can be written in dimensionless form as,

dm

dτ
= −[m× heff ]− α[m× (m× heff )] + aj[m× (m×mp1)]− aj[m× (m×mp2)].

(14a)

m = (mx,my,mz), m2 = mx2 +my2 +mz2 = 1. (14b)

In Eq. (14), term due to the second pinned layer is extra from Eq. (1). Spin transfer torque

coefficient(aj) value is positive when electrons flow from pinned layer to free layer and when

electrons transfer from free layer to pinned layer its value is negative. To account the non-

collinearity between the free layer easy axis and pinned layer magnetization, we shall write

pinned layers magnetization as mp1 = cos θ1e
x+sin θ1e

y and mp2 = cos(π+ θ2)e
x+sin(π+

θ2)e
y. Various fields, parameters and constants are same as described in Eq. (1). Total

effective field acting on the free layer heff can be written as,

heff = ham
xex + hee

y −Nzm
zez. (15)

By substituting the effective field found in Eq. (15) in Eq. (14) and write the LLGS equation

in component form as

dmx

dτ
= (he +Nzm

y)mz − α[(he − ham
y)mxmy − (ha +Nz)m

xmz2 ]

+ aj[(sin θ1 + sin θ2)m
xmy − (cos θ1 + cos θ2)(m

y2 +mz2)] (16a)

dmy

dτ
= −(ha +Nz)m

xmz + α[(he − ham
y)mx2

+ (he +Nzm
y)mz2 ]

− aj[(sin θ1 + sin θ2)(m
x2

+mz2)− (cos θ1 + cos θ2)m
xmy] (16b)

dmz

dτ
= (ham

y − he)m
x − α[(ha +Nz)m

x2

mz + (he +Nzm
y)mymz]

+ aj[(sin θ1 + sin θ2)m
ymz + (cos θ1 + cos θ2)m

xmz]. (16c)

By solving the above set of first order differential equations numerically, we can study the

magnetization switching dynamics of the free layer in the pentalayer nanopillar.
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3.1. Numerical Results

The magnetization switching dynamics of the free layer having thickness 2.8 × 10−9m

is studied numerically using Runge-Kutta fourth order procedure for an applied current

density(J) 3.0 × 1011Am−2. The other material parameters and constants used for the

numerical simulation are chosen from the values given in the Table 1.

First the magnetization switching dynamics of the free layer for the standard configura-

tion(Fig. 5(a)) is studied by solving the component form of LLGS equations (Eq. 16) and

the results are plotted in Fig. 6. Fig. 6(a) represents a plot of free layer magnetization

against their switching time for an applied current density 3× 1011Am−2. Initially, the free

layer magnetization is aligned along the positive x−direction (m = (1, 0, 0)) and the applied

current switches the magnetization to the final state (m = (−1, 0, 0)) by coherent rotation.

The time taken to switch the magnetization from m = (1, 0, 0) to m = (−1, 0, 0) is called

as switching time and its value is 0.296 ns for the standard configuration. The free layer

magnetization switching trajectory in y-z axis is shown in Fig. 6(b). The initial spin transfer

torque(STT) in the standard configuration is very small for an applied current density, due

to the small angle between the pinned layer magnetization and free layer easy axis and it

can be enhanced by means of either biasing the pinned layer or by biasing the free layer.
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Figure 6: (a). A plot of magnetization versus switching time (b). Magnetization trajectory in y-z
axis for the standard configuration in the pentalayer nanopillar.

For pinned layer biasing (PLB), either the magnetization of first pinned layer or second

pinned layer magnetization can be tilted from the easy axis. To compare the different biasing

configurations, we will chose the biasing parameter leading to the same tilting position in all

the cases and we take its value as 0.4 in y-axis(0.4ey). To change the pinned layer biasing
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position to 0.4 in y-axis (Fig. 5(b)), first pinned layer magnetization is tilted to 24◦ from

the easy axis. i.e. mp1 = 0.9ex + 0.4ey and mp2 = −ex. Substituting these conditions in

the component form LLGS equation (Eq. 16) and solve the same set of equations. The data

obtained from numerical simulation is plotted in Fig. 7. If the angle between the pinned

layer magnetization and the free layer magnetization is non-zero, then the applied current

θ1 = 24, θ2 = 0
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Figure 7: (a). A plot of magnetization versus switching time (b). Magnetization trajectory in y-z
axis for the pinned layer biasing(PLB) configuration in the pentalayer nanopillar.

enhances the initial STT. The enhanced initial STT moves the magnetization of the free

layer from in-plane to the out of plane very fast and hence the switching time is reduced to

0.195 ns as shown in Fig. 7(a). Non-collinear pinned layer increase the coherency of the spin

dynamics by breaking symmetric configuration as shown in the magnetization trajectory Fig.

7(b).

Finally, we study the magnetization switching dynamics for the free layer biasing configu-

ration (FLB)(Fig. 5(c)), in which the magnetization of the free layer is pulled away from the

easy axis by an external magnetic field. Free layer magnetization is also biased to the same

tilting parameter 0.4 (he/ha = 0.4ey). In the FLB, pinned layers are same in the standard

configuration position (i.e. no biasing in the pinned layers). Substituting the applied field

value he/ha = 0.4ey in the component form LLGS equation(Eq. 16) and solve the dynamical

equation for an applied current density 3 × 1011Am−2. The data obtained from numerical

simulation is plotted in Fig. 8 and from Fig. 8(a), we can see that switching time for FLB

configuration is further reduced to 0.108 ns. The reason behind this is that, external field

applied perpendicular to the free layer magnetization produces a magnetic torque and it

combines with the spin transfer torque pulls the free layer magnetization to the out of plane
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he/ha = 0.4
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Figure 8: (a). A plot of magnetization versus switching time (b). Magnetization trajectory in y-z
axis for free layer biasing(FLB) configuration in the pentalayer nanopillar.

very fast(as shown in Fig. 8(b)).

4. Conclusions

Spin current induced magnetization switching in a trilayer nanopillar and pentalayer

nanopillar device is investigated by solving the governing LLGS equation. In trilayer nanopil-

lar, the critical current density depends on the thickness of the free layer, magnetocrystalline

anisotropy, shape anisotropy and orange peel coupling and the presence of orange peel cou-

pling between the ferromagnetic layers reduces the critical current density, and the switching

time by quickly moving the free layer magnetization from in-plane to out of plane. In penta-

layer nanopillar, the spin transfer torque switching for standard configuration, pinned layer

biasing configuration and free layer biasing configuration are studied. Biasing enhances the

spin torque acting on the free layer and reduces the switching time and the fastest magne-

tization switching is achieved for the free layer biasing configuration.
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6. Plan of Work for the Further Period

So far, I have studied the impact of the orange peel coupling on magnetization switching

in a trilayer nanopillar and the impact of biasing on magnetization switching in a pentalayer

nanopillar structure by constructing associated dynamical equation and solved the same in

order to find the switching time. In further period, I have planned to do the following work.

1. To study the impact of orange peel coupling on magnetization switching in a

trilayer nanopillar having tilted pinned layer.

Orange peel coupling field for an angle mismatch between the pinned layer magnetization

direction and the easy axis is given by,

HN =
π2h2M
√
2λtF

exp

(

−
2
√
2πd

λ

)

tan θ, (17)

where, θ is the angle between the pinned layer magnetization direction and the easy axis. I

will construct the associated governing dynamical(LLGS) equation taking account into the

above orange peel coupling field and solve the same analytically and numerically in order to

calculate the switching time.

2. To identify the pentalayer nanopillar for which the magnetization switching

time is less.

I planned to study the impact of biasing on magnetization switching in a pentalayer nanopil-

lar 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 shos very less sitching

time.

3. To study the influence of RKKY(Ruderman-Kittel-Kasuya-Yosida) coupling

on magnetization switching in a trilayer nanopillar.

RKKY coupling or oscillating interlayer exchange coupling arises due to conduction electron

reflection at the interface of the ferromagnetic layer. The field corresponding to the RKKY
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coupling can be written as,

Hoxc =
J1
tF t2s

sin

(

2πts + φ

Λ

)

, (18)

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 magnetization switching.
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