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Effect of Geometrical Modulation on pMT]J
Magnetization Reversal
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Spin-transfer torque-magnetic random access memory (STT-MRAM) is one of the most prominent spintronic devices for replacing
conventional electronic memory devices due to its extraordinary performance as it delivers fast operational speed, non-volatility,
and a high-memory density. At advanced technology nodes, manufacturing process would invariably lead to bit on bit variation of
STT-MRAM cell at wafer level. Here, we show that in a perpendicularly magnetized magnetic tunnel junction (MTJ), the in-plane
demagnetizing tensor greatly influences the magnetization switching process of the free layer (FL). The geometrical asymmetricity was
introduced to induce a varying in-plane demagnetizing field. This impacts the stability of the MTJ and requires a larger anisotropy
to sustain an out-of-plane magnetization state. Interestingly, a faster switching of the FL comprising the MTJ is observed. This
resultant rapid switching is ascribed to the nucleation of a reversal embryo at the defect.

Index Terms— Magnetic tunnel junction (MTJ), magnetization reversal, micromagnetics, perpendicular magnetic anisotropy (PMA),

spin transfer torque (STT).

I. INTRODUCTION

HE scaling of current semiconductor-based CMOS mem-

ory technologies is limited by the increased power dis-
sipation due to the increase in standby leakage current as the
device size is scaled down. This has led to a renewed interest
in investigating alternative cost-effective memory technologies
as a replacement for CMOS. Spintronic devices, which utilize
both the spin degree of freedom and electrical charge of elec-
tron, have been proposed as a strong candidate for universal
memory technology. The manipulation of the magnetic state
of nanostructure by electrical current has led to a number of
spintronics-based devices.

Magnetic random access memory (MRAM) is one of the
most promising candidates for next-generation non-volatile
memory and logic devices owing to its high endurance, fast
read/write speed and low-power consumption. The basic build-
ing block of the MRAM is the magnetic tunnel junction (MTJ),
wherein an insulator layer is sandwiched between two mag-
netic layers. The relative orientation between two magnetic
layers (parallel/anti-parallel) represents two bits, “0” and “1,”
which can be read by tunnel magnetoresistance effect in an
MT]J [1], [2]. Spin transfer torque (STT)-MRAM is attractive
for replacing the static random access memory (SRAM) in
L2 cache due to its ability for reducing the standby power to
nearly zero by exhibiting same processing speed with same
size [3], [4].

For STT-MRAM cells down to 10 nm node size, materials
with large perpendicular magnetic anisotropy (PMA) constants
are needed. A PMA material has to satisfy some of the key
factors to be employed as a candidate for STT-MRAM. First,
a high magnetocrystalline anisotropy constant K is required,
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as it enables scaling while keeping the device immune to ther-
mal fluctuation. For low-energy operations, the critical current
needed for switching should be small. However, these two
parameters scale inversely to each other. Different approaches
have been introduced in order to minimize the writing energy
of a perpendicular MTJ (pMTJ) such as thermally assisted
switching or voltage-controlled switching [5]-[7].

As MTJ devices are scaled down for higher densities,
the lithographic processes will inherently be reaching their
limit. At wafer level, variation in the geometrical shapes of
the patterned MTJ devices structure is expected. The minor
changes in the aspect ratio and shape of the pMTJ cell leads
to different switching processes.

The shape effect has been shown to greatly influence
the reversal process in in-plane MTJ structures due to the
shape-induced anisotropy. Goggle-shaped structures have been
shown to precisely control the final magnetization configura-
tion to reduce the spread of the switching threshold [8]. Due
to the out-of-plane anisotropy in pMTJ, the shape effect is
considered negligible. You and Kim [9] have shown that the
pMT]J stack with circular shape exhibits a stable out-of-plane
vortex configuration, which is an intermediate state between
in-plane and out-of-plane magnetization state. The effect of
the in-plane demagnetizing tensor on the reversal process of
pMT]J has not been reported to our knowledge.

In this paper, we present a study on the effect of geometrical
non-uniformity on the switching behavior of pMTJ devices.
Three geometries are investigated: a symmetric (circular),
a partial symmetric (elliptical), and an asymmetric (egg shape)
cross section. We show that the in-plane demagnetizing tensor
for a single layer is greater for elliptical and egg-shaped struc-
ture compared to circular structure. This significantly influ-
ences the reversal process of pMTJ structures. Furthermore,
the symmetry in the circular pMTJ structure leads to a further
stabilization of the out-of-plane and vortex magnetization
configuration, whereas the geometrical asymmetricity reduces
the switching time of the pMTJ devices. The wide adoption
of high volume manufacturing of STT-MRAM is currently

0018-9464 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



7100707

a
@) Simulated MTIJ stack

Free Layer FL
Insulator|
SAF

§-:
z X 45 to 55 nm ; 1
60 nm !
y

Fig. 1. (a) Schematic of the MTJ stack showing a FM for the free layer,
an insulator I, and an SAF layer consisting of two FM with a non-magnetic
layer NM in between. (b) Cross section of the MTJ stack is presented.
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limited by the lack of a robust technology capable of patterning
dense MTJ arrays. As STT-MRAM scales down, one of the
requirements for MTJ patterning is to control and minimize
MT]J performance degradation at small critical dimensions.

ITI. MICROMAGNETIC MODEL
Micromagnetic simulations were performed using the object
oriented micromagnetic framework (OOMMEF) [10] which
solves the augmented Landau-Lifshitz—Gilbert equation
dmg dmg
dt dt
_ya]n-’is X (g X%p)_ybl(%s Xn—ip) (1)

= —ymy X He + amy x

where y is the gyromagnetic ratio, a is the Gilbert damping
constant, Hes is the effective field, mj, p is the unit vectors
of the magnetization for the switching layer and polarizer
layer (PL), ay = a;J with a;j = ¢ (h/QReuoMst)) and by
a second-order function of the current density J. ¢ is the spin
polarization of the PL, /i is the reduced Planck’s constant, e
is the electron charge, My is the saturation magnetization of
the magnetic layers, po is the permeability of vacuum, and ¢
is the thickness of the free layer (FL).

The MTJ stack is shown in Fig. 1(a). The stack
comprises (bottom to top) a field-biased synthetic antiferro-
magnetic layer (SAF), an insulating layer (I) and a ferro-
magnetic (FM) FL. The SAF layer comprises two FM layers
separated by a non-magnetic spacer layer (NM). The FM layer
next to the insulating layer is termed the PL of the MTJ stack.
The use of SAF layer has been shown to reduce the stray
field from the PL. To achieve the SAF, the two FM layers
comprising the SAF are antiferromagnetically coupled with a
two surface exchange energy o of —1 x 1073 J/m2. The lower
FM layer of the SAF stack is biased by a field of 4 x 103 A/m.
The magnetocrystalline anisotropy constant is assumed to be
inversely proportional to the thickness of the FM layer 7, as the
interface coupling is decreased. Therefore, the thickness of
the FL was chosen to be twice the thickness of the PL. The
thickness of the FL is chosen to be 2 nm which shows the same
trend as a magnetic layer of 2 nm thickness with a buffer layer
of about 0.5 nm inserted. The thickness of 1 nm is chosen for
all of the other FM layers. All the FM layers have a saturation
magnetization Mg of 1.3 x 10 A/m and an exchange stiffness
constant Agxen of 3 x 107! J/m. The damping constant a
was set to 0.01 and the spin polarization ¢ of the PL to 0.7 to
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Fig. 2. Relaxed out-of-plane magnetization of the FL for a (a) stack and

(b) single layer is shown. The final magnetization direction of the FL is shown
in (c) for ellipses with magnetocrystalline anisotropy values of 0.71, 0.76,
0.88, and 0.9 MJ/m3.

simulate the efficiency of the tunnel junction. The cell mesh
size is chosen to be 1 x 1 x 1 nm? which is smaller than the
exchange interaction length. Similar material parameters have
been used in [11] and [12]. The Oersted field generated by the
current flowing through the MTJ stack is neglected here.

III. MAGNETOCRYSTALLINE
ANISOTROPY INVESTIGATION

Three distinct shapes have been studied which are chosen
due to their properties as completely symmetric (circular), par-
tial symmetric (elliptical), and asymmetric as a mix between
both structures (egg-shape). The top view of the structures
is shown in Fig. 1(b). The nominal area of the structures
investigated is as follows: circular 40 x 40 nm?, elliptical
60 x 40 nm?, and the asymmetric elliptical (egg) shapes were
varied between 45 and 55 x 40 nm?.

First, the normalized initial out-of-plane magnetization of
the FL was set to +1 and then relaxed until the magnetization
reaches its ground state. The normalized magnitude of the
out-of-plane magnetization of the magnetic FL as a function
of the magnetocrystalline anisotropy constant K is presented
in Fig. 2(a). For reference, the normalized magnitude of
the out-of-plane magnetization for a single layer with the
same characteristic as the FL is shown in Fig. 2(b). The
magnetocrystalline anisotropy constant for the FL was varied
from 0.5 to 1 MJ/m>. As shown in Fig. 2(a), for the circular
pMTIJ, as the K value is reduced to 0.67 MJ/m3, the relaxed
magnetization state adopts an out-of-plane configuration.
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Below this value, the magnetization adopts a vortex con-
figuration. This confirms results which have been reported
before [9]. For egg-shaped structure, we note that a K at
0.9 MJ/m?, the magnetization adopts an opposite out-of-
plane configuration. As the magnetocrystalline anisotropy K is
further reduced, the magnetization of the FL adopts an
in-plane configuration. For the elliptical structure, the relaxed
state adopts an oscillating, positive and negative, out-of-plane
configuration, as K is reduced. Below 0.79 MJ/m3, the relaxed
state adopts the in-plane configuration until it reaches below
the K value of 0.74 MJ/m?3, where the magnetization adopts a
vortex configuration. The magnetic configuration of the refer-
ence single layer is determined by the competition between the
demagnetizing and the magnetocrystalline anisotropy fields.
Interestingly, the magnetization changes its out-of-plane direc-
tion from out-of-plane anti-parallel (AP) to out-of-plane par-
allel P direction for the stack unlike the egg-shape from the
single layer which moves in-plane.

For ellipse and egg-shaped structure, the single layer mag-
netization adopts an in-plane configuration at identically the
same magnetocrystalline anisotropy constant K, whereas the
circular structure retains its out-of-plane magnetization for
even lower K values, as can be seen in Fig. 2(b). For the
MT]J stack, however, the magnetization configuration exhibits
a magnetization switch which can be assigned to the stray
field from the SAF layer. For in-plane MTJ’s the stray field
of the SAF layer forms a closed loop which does not affect
the magnetic FL [13], [14]. However, this is not the case for
a perpendicular SAF layer where the magnetization of the
PL affects the FL. For circular-shaped MTJ, the SAF stabilizes
a third state between out-of-plane and in-plane configuration.
This state is called vortex state which forms a circular in-plane
magnetization around a center with out-of-plane magnetiza-
tion consistent with previous simulations [9]. The SAF layer
prevents the circular FL to fully turn in-plane. Interestingly,
for egg-shaped MTJ’s the magnetization of the FL switches
at the same magnetocrystalline anisotropy as the single layer
as shown in Fig. 2(b). The magnetization changes its out-of-
plane direction from out-of-plane AP to out-of-plane parallel P
direction for the stack unlike the egg-shape from the single
layer which turns in-plane. This phenomenon gives proof that
the SAF layer is affecting the FL in pMTJ stack different
from in-plane MTJ systems [13], [14]. A further reduction
of the magnetocrystalline anisotropy for egg-shaped MTJ also
affects the strength of the SAF which reduces its intensity and
the magnetization of the FL tilts slowly in-plane. Remarkably,
the elliptical shape on the other side shows a pending out-of-
plane magnetization between these two shapes dependent on
the magnetocrystalline anisotropy K. This behavior must be
related to the partly symmetric structure of the ellipse. The
different magnetic states for elliptical-shaped FL can be seen
in Fig. 2(c).

As for elliptical-shaped MTJ stack, the out-of-plane mag-
netization m; is transiting between (4/—) out-of-plane mag-
netization as a function of K. We performed fast Fourier
transform in order to investigate this phenomenon as the stable
magnetization precession maybe dependent on the geometry
and magnetocrystalline anisotropy. The fast Fourier transform
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Fig. 3. Fast Fourier transform of the out-of-plane magnetization of elliptical
FL for a magnetocrystalline anisotropy of (a) 0.925 MJ/m3 and (b) 0.9 MJ/m?3.

of the out-of-plane magnetization m for the relaxation process
for different K values can be seen in Fig. 3(a) and (b) for
AP and P configurations, respectively. For the AP case the
frequencies are distinct with low magnitude of magnetization
change. As for the P case, the magnitude of the magnetization
significantly increases as the magnetization has to switch
from AP to P. The frequencies are therefore lowered with
a rather random distribution. This might be related to the
symmetry axes and their ratio a/b from minor to major axis a
completely different trend is observed. The collective magnetic
configuration and stray field within the system enables the
FL to have an out-of-plane magnetization at lower K for
circular shape.

IV. CURRENT-INDUCED MAGNETIZATION SWITCHING

The current-induced magnetization switching via the
STT phenomenon was investigated for circular and egg-
shaped structures. The initial perpendicular magnetization
m, of 0.8 was chosen to introduce a symmetry breaking
where the STT from the electrical current can act on the
magnetization of the FL. When the magnetization of the
polarizer and FL is aligned strictly P or AP, the STT effect
will be nonexistent which follows a sine behavior of the
out-of-plane magnetization angle according to (1). To obtain
the 0.8 out-of-plane magnetization m,, the magnetocrystalline
anisotropy values for the circular and egg-shaped structure
were 0.6285 and 0.9015 MJ/m?>. The initial state of the MTJ
stack is in the AP state. A current pulse of 2 ns was applied
along the negative z-direction to both stacks with a current
density of 1 x 10" J/m?. The pulse duration was chosen to
be within the dynamics switching regime and to ensure that
the magnetization of the FL switches completely.

Fig. 4 shows the out-of-plane magnetization dynamics of the
FL as a function of simulation time. For the circular-shaped
structure, we note that the magnetization switching occurs by
a decreasing amplitude oscillatory behavior. The egg-shaped
structure does not show any oscillation and there is an almost
sharp change in magnetization configuration. We observe that
the egg-shaped structure switches within 0.45 ns from m, =
0.8 to —0.8 while the circular shape takes around 0.7 ns to
switch. Two different dimensions for the circular stack are
chosen to compare the effect of magnetic volume on the
switching of the FL. The result shows that irrespective of the
larger magnetic volume of the egg shape, the switching is still
faster for the same current density applied. This is consistent
with the fact that a constant current density is applied which
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Fig. 4. Time-dependent perpendicular magnetization dynamics of the FL for
an initial magnetization of m; = 0.8 versus time for different shapes and
sizes.
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Fig. 5. Magnetization dynamics for (a) circular-shaped MTJ and (b) egg-
shaped MTIJ.

determines the switching time regardless of the cross-sectional
area.

To gain a better understanding of the reversal process
of the FL in circular and egg-shaped structure, we plotted
the magnetization switching as a function of time for the
MT]J stack. As shown in Fig. 5(a), the switching of the
circular stack occurs via a precessional motion of the magnetic
moments, whereas for the egg-shaped structure in Fig. 5(b) the
magnetic moment in the FL does not undergo any oscillation.
We extracted the spin configuration during the switching of
pMTIJ stacks. For the circular structure, we note that the
switching of the FL is via the concentric reversal of the
moments starting from the edge of the structure. As such,
the switching of the core of the circular device leads to
precessional motion of the spins. For the egg-shaped structure,
we note that the reversal occurs from the smaller edge of the
structure and propagates toward the larger edge, similar to the
propagation of a domain wall (DW) as shown in Fig. 6.

To investigate the change of magnetization in further detail,
we plotted the respective energies which are proportional to the
magnetic fields. Fig. 7(a) and (c) show the time dependence
of the exchange, uniaxial and demagnetization energy for a
current density J of 1 x 10'' A/m?. The energy fluctuations
for exchange, uniaxial, and demagnetization energies of the
circular structure are on similar order of magnitudes and
interact with each other which lead to different oscillations.
This is further exemplified in the fast Fourier transform plot
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Fig. 6. (a) Initial magnetization state for the FL of the circular-shaped MTJ.
(b) and (c) Intermediate magnetization states for the current-induced magne-
tization switching. (d)—(f) Magnetization states for the FL of the egg-shaped
MTlJs, respectively. The color code represents the out-of-plane magnetization
where blue indicates the AP state with up magnetization and red indicates the
P state with down magnetization.
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Fig. 7. (a) and (c) Time dependence for exchange, uniaxial, and demag-

netization energy for (a) circular structure and (c) egg-shaped structure for
a current density J of 1 x 101 A/m?. (b) and (d) Frequency dependence
for exchange, uniaxial, and demagnetization energy for (b) circular structure
and (d) egg-shaped structure for a current density J of 1 x 101 A/m2.

shown in Fig. 7(b). The demagnetizing energy change stands
on the contrary to the uniaxial and exchange energies. The
exchange energy oscillates at specific frequencies, whereas
uniaxial and demagnetization energies change over a broader
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Fig. 8.  Switching time depending on the current density for (a) circular

and egg-shaped MTJs with initial perpendicular magnetization m; = 0.8 and
magnetocrystalline anisotropies of 1 x 106 J/m3 and for (b) with same initial
perpendicular magnetization and different ellipticities of the egg shape.

frequency range. This might be due to the vortex state
exhibited by the circular structure at the beginning. Interest-
ingly, the exchange energy of egg-shaped structure drops to
nearly zero as shown in Fig. 7(c). This can be explained by
the fact that the initial state of the egg-shaped structure has
nearly parallel magnetic moments with m, = 0.8 out-of-plane
magnetization which minimizes the exchange energy close
to zero. Therefore, the uniaxial anisotropy energy increases
until the magnetization is in-plane and drops again to a
minimum when the magnetization is perpendicular again. The
demagnetization energy drops at the beginning in the same
way until the magnetization reaches the in-plane configuration
and increases afterwards. Fig. 7(d) depicts the fast Fourier
transform for egg-shaped structure. No induced frequency
spectrum is observed which suggests that exchange energy is
responsible for the oscillations.

Fig. 8 reveals the switching time dependence on the current
density from AP to P state. We obtain for the same current
densities lower switching times for the egg-shaped structure
than those for the circular-shaped structure for m, = 0.8. For
a low-current density J of 0.5 x 10'! A/m? the switching
time can be reduced by 47 %. In terms of reducing power
consumption this reduction is remarkable because the egg-
shaped structure exhibits a higher K value which leads to a
higher current density. The switching time for the magnetiza-
tion between m; = 0.8 and —0.8 is following the trend given
as [15]:

T X —In— 2)

where 6 and 6y are the final and initial magnetization angles
with respect to the z-direction. For the switching time, we
kept the initial and final magnetization to m,; = +0.8 which
is constant here. The inversely proportional trend from the
current density to the switching time can be clearly seen
in Fig. 8. The demagnetizing field is the main difference
between the two structures. It should be noted that the effective
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field here is also not the same for circular and egg-shaped
MT]J because it includes the magnetocrystalline anisotropy and
external magnetic effects. The stray field from the PL can be
conceived as external magnetization field which is different
for the two structures.

V. DEMAGNETIZING FIELD INVESTIGATION
For a symmetric structure as the circular shape, the demag-
netizing field is inside the plane and normal to the edges. The
demagnetizing field can be written as

- - * dx
fip = (4 Mstyo) / a 3)
o T

where ¢ is the thickness, yq is the distance from the edge to
the middle point, and r is the distance of the position to the
middle point of the structure. The magnitude can be expressed
by Hp = ((87 Mst)/yo). For a more complex structure such
as the elliptical or egg-shaped structure, the demagnetizing
field has to be calculated analytically. It can be noted similar
to the end of a bar magnet that the edge poles are situated
at the edges of the long axis. For the egg-shaped structure,
this is even more complicated because the long axis is not
symmetrical which results in a disparate ratio of magnetic
flux at the edge poles with a higher magnetic flux at the
narrower edge. For any given geometry the demagnetizing
field is given by

HD=4ENMS “4)

where N is the demagnetizing factor. The demagnetizing factor
is a sum of the demagnetizing factors per coordinate (x, y, z)
N = N, + N, + N;. For elliptical shape, we can obtain [16]

Tt la—b 3 fa—b\>
Ny=—|1-- S 5)
4q 4 a 16 a

N Tl Sa=b 2 a—b\’ ©

Y7 da 4 a 16\ a

N;=1— Ny —N,. 7
Factors a and b are the major and minor axis of the

ellipse, respectively. For our ellipse with + = 2 nm, a = 60
nm, and b = 40 nm, we obtain N, = (x/120)(43/48),
Ny = (x/120)(77/48), and N, = ((48 —m)/48). The
demagnetizing factor N, is around 1 and much larger than the
other two as expected for a very thin magnetization structure.
Also, the fabrication of this structure is relatively simple.
Unfortunately, this advantage is suspended if circular and egg-
shaped structures are compared with a high K value of 1
MJ/m3. This underlines the importance of the initial spin
configuration. The larger switching time can be explained
by a lower torque which acts on the in-plane magnetization.
For nearly perpendicular magnetization for K = 1 MJ/m?,
the initial torque is close to zero and starts growing with
increased in-plane magnetization.

VI. INVESTIGATION OF MATERIAL PARAMETERS ON
CRITICAL SWITCHING CURRENT
The investigation of the current-induced magnetiza-
tion switching in relation to the material parameters is
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Fig. 9. Switching current as a function of the exchange constant of the FL for
the egg-shaped structure with a unit magnetization m; = 0.8 to m; = —0.8,
a uniaxial constant K of 0.9015 x 10° J/m? and a switching time of 2 ns.

of great interest for the successful implementation into
devices [17]-[19]. The critical switching current density is
given by the following relation [3], [20]:

_ 2ea M s Hegst

he ®)

Jc
with Heft = Hg + Han + Agxenk® + Hpem, Where H is the
interlayer exchange field, Han = (2K /Mg) the anisotropy
field, k the spin-wave vector, and Hpem denotes for the out-
of-plane demagnetizing field.

The switching behavior of the asymmetric structure, egg-
shaped, was investigated as a function of the exchange stiffness
constant. The critical current density as a function of the
exchange stiffness constant is shown in Fig. 9. The time for
this magnetization reversal process from AP to P state has been
fixed to 2 ns for a magnetization change of m, = 0.8 to —0.8.

The critical current density in a range of 1.25-2.25 x
10~'" J/m from the exchange stiffness constant increases
stepwise with a nearly constant current density above. The
step can be explained due to an additional spin wave within
the fixed time of 2 ns. The decrease in current density from
exchange constants 2.25 to 4 x 10~!! J/m cannot be explained
by (8) and must be attributed to the fixed simulation time. For
the simulated structure an exchange constant of 3 x 10~!'! J/m
has been used which corresponds to a relatively stable current
density of around 0.216 x 10'" A/m?.

The damping constant o is also of great importance for
the switching behavior as seen from (2) as well as from (8).
A linear relationship is therefore expected for the critical
current density as a function of the damping constant, as shown
in Fig. 10.

In a range of 0.03-0.2 of the damping constant, a linear
trend of the critical current density is observed. However,
at lower damping constant an unexpected increase in current
density is discovered. The fixed time leads to an artifact for
low damping constant where the state of the spin wave is more
crucial compared to larger damping constant.

The saturation magnetization is an intrinsic property of
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Fig. 11. Switching current as a function of the saturation magnetization of
the FL for the egg-shaped structure with a unit magnetization m; = 0.8 to
m; = —0.8, a uniaxial constant K of 0.9015 x 10° J/m3 and a switching time
of 2 ns.

the material which can be altered through the fabrication
process. The behavior of critical performance characteristics
such as the magnetization dynamics as a function of the
saturation magnetization is of crucial interest for an engineer-
ing integration into practical device architecture. The critical
magnetization switching current density as a function of the
saturation magnetization is shown in Fig. 11.

The critical current density first decreases as a function of
saturation magnetization with a minimum at 0.161x 10'" A/m?
for a saturation magnetization of 1.2 x 10° A/m, and increases
for larger saturation magnetization. The decrease in current
density from 0.235 to 0.161 x 10'! A/m? cannot be explained
by the anisotropy field decrease with increasing saturation
magnetization. We rather believe that the lateral structure
induces spin waves, because they lower the current density
with increasing saturation magnetization. The maximum
number of spin waves should be denoted at the saturation
magnetization with the lowest critical current density. For
saturation magnetization larger than 1.2 x 10° A/m an increase
in current density is observed as expected from (8).
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VII. CONCLUSION

We have performed micromagnetic simulations on repre-
sentative pMT]J stacks with circular, elliptical, and egg-shaped
cross section, to mimic the different lateral deformations. The
results show that lateral defects greatly influence the magnetic
stability. This leads to requiring larger perpendicular magne-
tocrystalline anisotropy to sustain the same magnetization state
as the circular structures.

This can be explained by the symmetry breaking induced
by the lateral defect in the MTJ.
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