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We report a theoretical study of dipolar effects on the switching current density of soft

ferromagnetic elliptical nanoelements. Relevant changes on the critical current value are found

according to the orientation of the magnetization and the spin polarization with the major axis. We

show that the critical current density may be reduced by as much as 92% for thin nanoelements

magnetized along the minor axis direction, using in-plane spin polarization parallel to the

magnetization. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4865317]

Spin-transfer torque (STT) magnetization switching in

submicron sized magnetic systems has recently received

considerable attention, both for its fundamental interest, as

a new spintronic effect, as well as for its large potential for

the development of new spintronic devices. It was theoreti-

cally proposed by Slonczewski1 and Berger2 as a new

mechanism to locally manipulate the magnetic order of

nano-sized systems, and led to an ever increasing interest in

the small-scale architecture of the magnetic order of having

magnetic nanoelements.

One promising application of STT magnetization

switching is the new generation of nonvolatile random

access memories (MRAM) based on magnetic tunnel junc-

tion cells. Recent efforts to reduce the switching current den-

sity of STT-MRAM cells have focused on the optimization

of the magnetic properties of the switching layer,3–5 the use

of composite free layer structures,6–8 and the use of hard axis

external field.9 We presently report a discussion of another

possible way to achieving the reduction of the switching cur-

rent density.

The magnetic stability of soft ferromagnetic nanoele-

ments with sub-micrometer dimensions is largely due to the

shape anisotropy. This opens a promising route to tailoring

the spin polarized current effects on the magnetic order of

MRAM cells. The ground state of elliptical nanoelements

corresponds to magnetization along the major axis. Thus, the

switching current density for magnetization along the major

axis is expected to be larger than the corresponding value of

a circular nanoelement. Also, if the magnetization is along

the minor axis direction, smaller external effects, either

external field or spin polarized electrical current, are required

for switching. Thus, provided the thermal stability is not

compromised, one may seek low switching current density

systems for device applications in this configuration.

In this paper, we report a theoretical investigation of the

impact of the dipolar field on the critical current for switch-

ing elliptical Fe and PyTM thin nanoelements.

We use a generalized Landau–Lifshitz–Gilbert–

Slonczewski (LLGS) equation d ~M=dt ¼ �c0 ~M � ~H
�
, with ~H

�

given by

~H
� ¼ ~Hef f þ am̂ � ~Hef f þ

2lBgJ

ð1þ a2ÞetMS
ðm̂ � p̂Þ

� 2lBgaJ

ð1þ a2ÞetMS
p̂: (1)

The magnetization dynamics includes the effect of

damping, the contribution of the Slonczewski spin transfer

torque,1 and the conservative part of the magnetic energy,

represented by the effective field ~Hef f . ~M is the magnetiza-

tion, m̂ ¼ ~M=MS, and MS is the saturation magnetization. g
is a function of the orientation of the magnetization relative

to the spin polarization direction1 and is given by

g ¼ �4þ ð1þ gÞ3 ð3þ m̂:p̂Þ
4g3

� ��1

: (2)

J is the current density, t is the thickness of the nanoele-

ment, and e is the absolute value of the electron charge. p̂ is

the electron spin polarization direction, c0 ¼ c=ð1þ a2Þ, c is

the electron gyromagnetic ratio, a is the Gilbert damping pa-

rameter, and g is the spin polarization factor. We use a¼ 0.4

and g¼ 0.4.

The z-axis is chosen perpendicular to the surface of the

nanoelement and the uniaxial anisotropy easy axis is in-

plane along the êA direction. We use cubic simulation cells

with edge of d¼ 2 nm. The effective field is given by ~Hef f

¼ �ð@E=@ ~MÞ and the energy density is given by

E ¼ A

d2

X
j

X
k

1� m̂j:m̂kð Þ � K
X

j

ðm̂j � êAÞ2

þM2
S

2

X
j

X
k

m̂j:m̂k

n3
jk

� 3ðm̂j:n̂jkÞðm̂k:n̂jkÞ
n5

jk

 !
; (3)

where the first term is the exchange energy, coupling

nearest-neighbor magnetic moments, and A is the ferromag-

netic exchange stiffness. The second term is the anisotropya)Electronic address: ascarrico@gmail.com
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energy and the last term involves an unrestricted sum of the

magnetostatic energy over all pairs of cells. m̂i is the direc-

tion of the magnetic moment of the ith cell, and nij is the dis-

tance between the cells i and j in units of cell size d. The

current density is perpendicular to the surface of the nanoele-

ment and the spin polarization is in the xy-plane.

The magnetic structure of the stationary state (dM/dt¼ 0)

is found by seeking a set of directions of the moments in all

cells (m̂i; i ¼ 1;…;N) which makes the effective torque

(c0 ~M � ~H
�
) in each one of them smaller than 10�14 Am2=s.

The switching curve is obtained by starting with J¼ 0 in a

nearly uniform state, either along the minor-axis direction or

the major-axis direction, and finding the magnetic structure of

the stationary state which accommodates the competing

trends of the exchange and dipolar energies to the geometrical

confinement of the magnetic structure in the nanoelement.

For each value of the current density thereafter, the self-

consistent search10 for the stationary state magnetic structure

is initialized with the magnetic phase corresponding to the

previous value of the current density.

Fe has larger values of the saturation magnetization and

uniaxial anisotropy energy. Therefore for nanoelements with

the same dimensions, the critical current of Fe nanoelements

is larger. As shown in Fig. 1, the critical currents for circular

(90 nm� 90 nm� 2 nm) and nearly circular Fe nanoele-

ments are around 25� 107A=cm2, while for PyTM nanoele-

ments the corresponding values are around 6� 107A=cm2.

In Fig. 1, we also show the values of the switching cur-

rent density for 90 nm� L ðnmÞ � 2 nm nanoelements mag-

netized along the minor axis, and for L ðnmÞ � 90 nm� 2 nm

nanoelements magnetized along the major axis. In both cases,

we use the uniaxial anisotropy and the current spin polariza-

tion parallel to the magnetization.

For magnetization along the minor axis, the PyTM

90 nm� 70 nm� 2 nm and the Fe 90 nm� 46 nm� 2 nm

nanoelements have critical current densities of 6� 106A=cm2

and 3� 107A=cm2, corresponding to reductions of 90% and

86% on the critical current densities of the corresponding cir-

cular nanoelements.

For magnetization along the major axis, the PyTM

20nm� 90m� 2nm and the Fe 20 nm� 90 nm� 2 nm nano-

elements have critical current densities of 8:65� 107A=cm2

and 36:6� 107A=cm2, corresponding to an increase in 44%

compared with the critical current densities of the correspond-

ing circular nanoelements.

The leading features of the results shown in Fig. 1 are

summarized in Table I for nanoelements of dimensions rang-

ing from 62 nm up to 110 nm.

Notice that for magnetization along the minor axis, the

Fe 42 nm� 70 nm� 2 nm nanoelement switches at a current

density of 2� 107 A/cm2, with a 92% reduction of the critical

current density (25� 107 A/cm2) of the circular nanoelement.

Similarly, the 58 nm� 70 nm� 2 nm PyTM nanoelement

switches at a current density of 0.6� 107 A/cm2, with a 90%

reduction of the critical current density (5.9� 107 A/cm2) of

the circular nanoelement.

In Fig. 2, we show the switching curves of Fe

L(nm)� 70 nm� 2 nm nanoelements. In the inset, we show

similar results for PyTM nanoelements. There are two

regimes. Circular and nearly circular Fe nanoelements

switch at current densities around 25� 107 A/cm2, while

low aspect ratio Fe nanoelements switch at current densities

smaller than 5� 107 A/cm2.
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FIG. 1. Switching current densities of iron (left hand side axis) and PyTM

(right hand side axis) elliptical nanoelements: square symbol curves for

magnetization along the major axis and circular symbol curves for magnet-

ization along the minor axis.

TABLE I. Critical current density (JC ð107A=cm2ÞÞ.

Circular 2a¼ 150 nma a< rb

Diameter 2r (nm) Fe PyTM Fe PyTM Fe PyTM

62 25 5.9 27.0 8.3 2.2 (38 nm)c 0.8 (50 nm)c

66 25 5.9 26.2 8.0 2.9 (38 nm)c 0.7 (54 nm)c

70 25 5.9 26.4 7.9 2.0 (42 nm)c 0.6 (58 nm)c

90 25 5.9 25.4 7.6 3.0 (46 nm)c 0.6 (70 nm)

110 24.9 5.9 24.9 7.4 3.0 (54 nm)c 0.7 (78 nm)c

aMagnetization along the major axis.
bMagnetization along the minor axis.
cThe minor axis length.

FIG. 2. Switching curves of Fe and PyTM (inset) elliptical L (nm)� 70 nm

� 2 nm nanoelements. The panels (A) and (B) show the magnetic structure at

selected points in the curves.
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The low current density regime corresponds to nanoele-

ments with minor axis length below a certain threshold

value, leading to a reduced stability of the state with the

magnetization along the hard axis of the dipolar field. The re-

versal is a two stage process. At a current density around

2� 107 A/cm2, the magnetization switches to the easy axis

direction of the dipolar field. By further increasing the cur-

rent density, the magnetization switches to the direction

determined by the electron spin polarization.

In Fig. 3, we show the maps of the spin polarized current

effective field (HJ) and of the dipolar field (Hd) at the switch-

ing point. Figs. 3(a) and 3(b) concern the switching of the Fe

46 nm� 70 nm� 2 nm nanoelement at a current density of

23� 107 A/cm2. Figs. 3(c) and 3(d) are for the switching of

the Fe 42 nm� 70 nm� 2 nm nanoelement at a rather smaller

current density of 1.4� 107 A/cm2. See that the dipolar field

intensities have nearly equal values. However, the relative

orientation of the effective current field and the dipolar field

favors the low switching current in the nanoelement with

small aspect ratio.

Notice that the threshold value of the minor axis length

for the Fe nanoelement corresponds to an aspect ratio of 0.6,

while for the PyTM nanoelement it is larger (0.83). This extra

stability of magnetic phase of the Fe nanoelements magne-

tized along the minor axis direction is due to the uniaxial ani-

sotropy. PyTM is isotropic. Thus, the dipolar effects dragging

the minor axis uniform state (along the hard axis of the shape

anisotropy) to the easy axis direction occur for larger aspect

ratio values.

In summary, we have shown that the shape anisotropy

of Fe and PyTM nano-ellipses may be explored to design sys-

tems with considerable reduction, by as much as 92%, of the

switching current.
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FIG. 3. Maps of the spin polarized current effective field (HJ) and of the dipolar field (Hd) at the switching point. (a) and (b) for Fe 46 nm� 70 nm� 2 nm, and

(c) and (d) for the Fe 42 nm� 70 nm� 2 nm. The color bar code indicates the field intensity.
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