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Recently, the concept of perpendicular shape anisotropy spin-transfer-torque magnetic random-access
memory (PSA STT MRAM) was proposed to enhance the thermal stability factor, �, of the storage
layer through its shape anisotropy, thus enabling the downsizing scalability of conventional STT MRAM
beyond sub-20-nm technological nodes. However, this is expected to negatively impact the writing current
and switching time, calling for the search for the best compromise. Here, we report a micromagnetic study
of the STT-driven magnetization reversal of sub-20-nm PSA STT MRAM cells, with a particular emphasis
on the technologically relevant case of � � 80, thus providing guidelines for their practical design. For an
aspect ratio (η) of the storage layer of η ≤ 1, magnetization reversal obeys a macrospinlike mechanism,
while for η > 1 a noncoherent reversal is observed, which is characterized by buckling or nucleation of
a transverse domain wall at the ferromagnet-insulator interface, which then propagates along the vertical
axis. Decreasing the lateral size while maintaining a constant value of � implies a larger height, which is
found to lead to an increase of the switching voltage. In all cases, the inverse of the switching time scales
linearly with the applied voltage.

DOI: 10.1103/PhysRevApplied.16.024020

I. INTRODUCTION

The spin-transfer-torque magnetic random-access mem-
ory (STT MRAM) is one of the most promising emerg-
ing nonvolatile memory technologies [1–4]. It combines
nonvolatility with a quasi-infinite write endurance, high
speed, low power consumption, and scalability [5–7].
These properties have stimulated the commercial produc-
tion of STT MRAM for a variety of stand-alone and
embedded applications, in particular, ENOR flash replace-
ment and last-level cache static random-access memory
(SRAM) replacement [7–11]. While initial STT MRAM
devices used an in-plane (IP) magnetization, it is shown
that a perpendicular orientation of magnetization leads
to a better trade-off between the thermal stability fac-
tor, � = (EB/kBT) (where EB is the energy barrier of the
storage layer and kBT is the thermal activation energy,
with kB being the Boltzmann constant and T being the
operating temperature), which determines the memory-
retention time and the switching current. These devices,
called perpendicular STT (PSTT) MRAM, use the inter-
facial perpendicular magnetic anisotropy (IPMA) existing
at the interface between the storage layer (i.e., Fe-Co-B
based) and the MgO tunnel barrier [1,5,12]. Nonetheless,

*nuno.cacoilo@cea.fr

the downsizing scalability of magnetic tunnel junctions
(MTJs) below sub-20-nm diameters faces a fundamental
challenge. Indeed, as the lateral size of the device shrinks,
there is a decrease in � brought by the IPMA. This can
be understood by considering that, at these small dimen-
sions, reversal of the magnetic volume is almost coherent,
and thus, � is roughly proportional to the device area.
This decrease significantly reduces the retention time of
the memory [13–15]. A proposal to counter this decrease
is to double the IPMA by using two Fe-Co(B)/MgO inter-
faces [16]. Still, it remains challenging to keep � > 80 at
sub-20-nm diameters. A different approach consists in tak-
ing advantage of the shape anisotropy of the storage layer
by increasing its thickness (H ) to values in the order of or
larger than the storage-layer diameter. Thereby, the shape
anisotropy no longer promotes easy-plane magnetization
but rather further stabilizes magnetization along the per-
pendicular orientation. This concept of memory, named
perpendicular shape anisotropy (PSA) STT MRAM, had
been studied and experimentally developed simultaneously
at SPINTEC [17–21] and at Tohoku University [22]. As
the thickness of the storage layer increases, magnetization
is expected to be more stable against thermal fluctua-
tions due to the larger total anisotropy [17–20,22], thus
allowing the cell diameter to be reduced below 20 nm,
while maintaining a sufficiently high thermal stability.
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Another significant advantage of the PSA STT MRAM
is the resilience to the operating temperature [20]. This is
because the magnetic properties of the thick storage layer
(in particular, thermal variation of its magnetization) are
much closer to those of the bulk material than those in con-
ventional PSTT MRAM, the thin storage layer of which,
only 1.5 to 2 nm thick, comes with an enhanced thermal
decrease of magnetization. However, the increased aspect
ratio (η = H

W ) of the storage layer in PSA STT MRAM
may lead to a noncoherent reversal, higher switching volt-
ages, and longer switching times. An understanding of the
underlying mechanism of magnetization reversal is neces-
sary to minimize these drawbacks. Here, micromagnetic
simulations of the magnetization reversal mechanism of
PSA MTJs induced by STT are realized, enabling the iden-
tification of different features of magnetization reversal.
This study is performed by considering a prism with a
fixed base width of W = 20 nm and an aspect ratio between
0.8 and 3. In a subsequent study, the base width of the
prism is reduced to sub-20-nm dimensions, while main-
taining a thermal stability factor, �, of around 80 through
the consideration of a larger aspect ratio. In both cases,
the reversal mechanism and the dependency between the
switching time and the applied voltage are analyzed.

II. MICROMAGNETIC MODEL

The magnetization dynamics is described by the
Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation.
We consider the material Fe-Co-B (Fig. 1), with a spon-
taneous magnetization of Ms = 1 MA m−1, an exchange
stiffness of Aex = 15 pJ m−1, and a damping value of α =
0.01 [23]. The simulations are performed using the finite-
difference micro3D solver with a cubic computational cell
size, δx × δy × δz, of 2 × 2 × 2 nm3 [24]. The effective
magnetic field, Heff, is calculated for each computational
cell. The IPMA is implemented using an evanescent uni-
axial contribution:

Ku(z) = K0 exp
(

− z
λKu

)
, (1)

where λKu defines the decay length of the IPMA through-
out the thick layer. The value of the coefficient K0 is
adjusted, so that the incremental sum of the areal value of
Ku results in Ks, which is taken to be 1.4 mJ m−2 [23]:

Ks = K0

N−1∑
i=0

δz exp
(

− iδz

λKu

)
(2)

where N is the number of computational-cell layers along
the defined evanescent orientation (z).

In Figs. 1(b) and 1(c), the equilibrium states, with and
without the effect of the interfacial anisotropy, are com-
pared for a square prism with a base width of 20 nm and a
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FIG. 1. (a) Three-dimensional (3D) scheme of the studied
Fe-Co-B prism with height H and base width W. Storage layer
is shown with a yellowish color, tunnel barrier with a gray color,
and reference layer with a reddish color. 3D equilibrium initial
state of 60-nm-thick Fe-Co-B layer (b) without IPMA and (c)
with IPMA. Color bar indicates normalized magnitude of mag-
netization along the defined z direction (along the square-prism
axis) in each computational cell.

height of 60 nm. From Fig. 1(b), a flower state is observed
at both the top and bottom surfaces [25]. When adding
an IPMA at the bottom interface, a sturdier perpendicular
orientation of the magnetization is enforced [Fig. 1(c)].

Starting from the equilibrium state with IPMA, a spin-
polarized current is injected. In a thin MTJ, this effect is
included in the LLGS equation as a dampinglike torque
term (�IP

STT) and a fieldlike torque (the latter is neglected in
the following equations) [1]:

∂tm = −|γ |μ0 (m × Heff) + α (m × ∂tm) + �IP
STT, (3)

where γ is the gyromagnetic ratio, μ0 is the vacuum
permeability, and

�IP
STT = −|γ |a‖Vm × (m × mRL), (4)

where a‖ is the prefactor of the dampinglike torque, V is
the applied voltage, m is the normalized magnetization
vector of the storage layer, and mRL is the normalized
magnetization vector of the reference layer.

As the injection of current occurs at the bottom inter-
face, the spin polarization is expected physically to decay
exponentially through the interaction with magnetization
[26,27]. We can model this effect, assuming that the value
of a‖ decreases spatially as

a‖=a0 exp
(

− z
λSTT

)
, (5)

where λSTT defines the length scale of the STT decay. The
value of the coefficient a0 can be obtained by knowing
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that the averaged sum of each plane of computational cells
along the material will result in a macrospin value of

〈a‖〉 = �

2|e|
ηSTT

RA
1

MsH
, (6)

where � the reduced Planck constant, e is the electron
charge, ηSTT is the STT efficiency, RA is the resistance-area
product of the tunnel barrier, and H is the total height of
the storage layer. From this value, it is possible to calculate
coefficient a0 as follows:

〈a‖〉 = a0

N

N−1∑
i=0

exp
(

− iδz

λSTT

)
. (7)

Here, both decay lengths (λSTT and λKu) are assumed to
be 1 nm. In addition, considering the very small area
of the square prism, operable PSA STT MRAM devices
would require an RA product in the order of 1 
 μm2 to
avoid excessive write voltages, which may otherwise yield
dielectric breakdown (1.2 V for a voltage pulse width in
the order of tens of ns [23]). Since the STT efficiency is a
function of the tunnel magnetoresistance (TMR) [28–30],
and assuming that in our device the TMR is higher than
100%, a value of ηSTT = 0.5 is used.

III. MAGNETIZATION REVERSAL DRIVEN
BY STT

We consider hereafter a set of magnetic prisms with
constant base width of 20 nm and different pillar heights
(H = 16, 18, 20, 30, 40, 50, and 60 nm). Figure 2 shows
the average magnetization along the vertical axis of the
storage layer as a function of time for different heights
and an applied voltage of −3 V. This voltage range is
actually experimentally inaccessible, since it would cause
dielectric breakdown of the tunnel barrier. However, one
could reduce this voltage range by lowering the junction
RA product to values much below 1 
 μm2 (as is the
case in recording heads) at the expense of a lower TMR.
It is observed that, for the same voltage, an increase in
height results in an increase in the time it takes to start
reversing the magnetic layer. For a height of 16 nm, the
switching mechanism exhibits a rather sharp variation in
magnetization during reversal, whereas a slower relaxation
is obtained for thicker prisms (see, e.g., H = 40 and 50
nm in Fig. 2). Further increasing the height of the storage
layer leads to a change in the reversal profile. Around 52
nm, magnetization reversal starts to exhibit a shoulder; this
effect is amplified as the layer height is increased to 60 nm.

To understand the underlying mechanism of magne-
tization reversal of these structures, we analyze the 3D
trajectories described by the averaged magnetization vec-
tor inside the unitary sphere, as shown in Fig. 3. Indeed, we

Time (ns)

h

FIG. 2. Time traces of mean reduced magnetization 〈mz〉 for a
storage layer with a constant base width of W = 20 nm, variable
height H , and aspect ratio η. Applied voltage is −3 V.

can infer that the switching mechanism is height depen-
dent. For a height of 16 nm, a typical macrospin switch-
ing trajectory is observed, since the normalized magnetic
moment conserves the length, and it holds for the entire
trajectory curling around the unitary sphere. When increas-
ing the height to 40 nm, the switching trajectory no longer
lies on the unitary sphere; instead, it lies inside of it, with
the magnitude of the magnetic moment being smaller than
one. This effect is more pronounced for a height of 60
nm, which is also accompanied by slower magnetization
dynamics. This slowing down is observed in Fig. 2 and is
related to the shoulder near 〈mz〉 ≈ 0.

We can further observe this behavior from the 3D snap-
shots of magnetization, shown in Fig. 4 at different time
steps, for three different heights: 16, 40, and 60 nm. Start-
ing with the smallest height of 16 nm, the macrospin
regime is identified, since magnetization rotates coher-
ently. Even though the model assumes the STT to decay

FIG. 3. Switching trajectories of magnetization of the storage
layer represented on the unitary sphere. The z axis represents
〈mz〉 and the basal plane (x and y axes) represents 〈mx,y〉. Results
obtained for an applied voltage of −3 V; pillar heights of 16, 40,
and 60 nm, and constant base width of W = 20 nm.
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FIG. 4. Snapshots of magnetization at different time steps in ns
(in bold, the time to reverse 10%, 50%, and 90% magnetization)
for 16-, 40-, and 60-nm-thick magnetic prisms with a base width
of 20 nm and an applied voltage of −3 V. Color bar is linked to
mz and time steps selected are displayed on the time trace of the
average magnetization plot at the top with associated symbols.

exponentially from the MgO interface, at these dimen-
sions, the exchange interactions are strong enough to
insure coherent reversal. For the height of 40 nm, magne-
tization reversal follows a bucklinglike mechanism, since
the whole magnetic prism reacts simultaneously during
reversal but in a nonuniform way [31–33]. For the largest
height of 60 nm, the nucleation of a domain wall starts
at the bottom interface (where the STT is maximal). Two
magnetic domains, in a tail-to-tail domain-wall configura-
tion, are observed in the frame at 11.5 ns. The domain wall
then propagates along the vertical direction of the mag-
netic prism, while it rotates azimuthally in the transverse
plane (as seen, for example, in Fig. 3). This mechanism
of reversal is thus identified as a transverse domain-wall
propagation [34].

From the curves shown in Fig. 2, it is possible to
extract an important feature of the STT-driven magneti-
zation reversal: the dependency of the switching time on
the applied voltage. This switching time, τswitch, is defined
as the time it takes to reverse half of the magnetic volume,
which, in a macrospin regime, means that magnetization
lies perpendicular to its initial orientation, i.e., 〈mz〉 = 0.
This is shown in Fig. 5, with an inset showing the

FIG. 5. Dependence of switching time on applied voltage for
different heights of the storage layer and constant base width of
W = 20 nm. Coherent reversal is highlighted in light pinkish and
noncoherent in light blue. Inset shows the dependency of the
inverse switching time on applied voltage.

dependency of the inverse of τswitch versus applied volt-
age. This relationship is found to be linear, and it can be
ascribed to the conservation of angular momentum during
the reversal process [35–37]. Moreover, the slopes of these
lines are related to the magnitude of the perpendicular
anisotropy field (H⊥) and to 〈a‖〉 [using Eq. (6)] [23]:

1
τswitch

= V
( 〈a‖〉2

H⊥

)
A − 〈a‖〉B, (8)

where A and B are height-independent constants.
Indeed, fixing the base width and increasing the height

leads to an increase in H⊥, as it is dominated by the
contribution of the PSA (the value of the IPMA is fixed
for all heights). In addition, with increasing height, 〈a‖〉
is reduced [see Eq. (6)]. As a result, the slope becomes
steeper, as long as the reversal is coherent [η of 0.8 (16 nm
height) and 0.9 (18 nm height)]. Further increasing the
height of the storage layer leads to a different evolution of
the slope, which reflects the noncoherent reversal behav-
ior. This is already expected from Fig. 2, as there is a clear
deviation from the macrospin regime.

Moreover, it is observed that an increase in height
is accompanied by an increase in the minimum voltage
required to reverse the magnetic prisms, which, as shown
below, is connected with an increase in the thermal sta-
bility factor. This means that, at this width, η 	 1 would
not be feasible for a working device, because of the high
switching voltage and slow reversal mechanism.

The thermal stability can be calculated using the string
method [38–42], which computes the minimum-energy
path that magnetization follows to reverse between its
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FIG. 6. Minimum-energy path between up and down states for
different heights of the storage layer with constant base width of
20 nm.

two stable states (magnetization up or down), as shown
in Fig. 6. As expected, increasing the height of the stor-
age layer significantly increases the energy barrier, leading
to an increase in �, which rapidly becomes prohibitively
large for aspect ratio higher than one. Thus, it is important
to take into consideration the aspect ratio of the storage
layer when designing the device, as � is very sensitive to
the layer height.

From the perspective of device applications, one should
stay within a reasonable value of �, typically in the range
of 60 to 100, depending on the memory-specified retention
and acceptable bit-error rate. This is the case for η � 1
at these selected material parameters. Staying within this
aspect ratio also leads to a coherent reversal, avoiding
the longer switching time and higher voltages needed for
the high-aspect ratio pillars. As such, we study different
aspect ratio combinations that give � of around 80, with
dimensions (both base width and height) in the sub-20-
nm design space. For these simulations, as we are using
smaller heights than before, the computational cell size is
reduced from 2 to 1 nm3. The selected dimensions of the
storage layer comprise base widths of 18, 16, 14, 12, and
10 nm, with an adjusted η of 0.9, 1.0, 1.1, 1.3, and 1.8,
respectively.

Despite � being the same, it is possible to observe two
different reversal mechanisms in the 3D snapshots of mag-
netization, as shown in Fig. 7 at different time steps. It
is found that, for η ≈ 1, magnetization reversal is coher-
ent, while, for a larger aspect ratio, noncoherent reversal
occurs.

The dependency of switching time on applied voltage is
shown in Fig. 8; the inset shows that τ−1

switch again varies
linearly with the applied voltage. By increasing the aspect
ratio, the voltage required to reverse magnetization in the
storage layer increases, even though the thermal stability
factor is constant. In addition, there is no clear variation in
the slope for η of 0.9, 1.0, and 1.1, which can be attributed

15.013.313.012.712.412.00.0

0.0 19.8 20.4 20.7 21.0 21.2 23.0

25201510
Time (ns) –1 1mz

·m
zÒ

0

0

–1

1

14 × 14 × 16 nm3

10 × 10 × 18 nm3

FIG. 7. Snapshots of magnetization at different time steps in
ns (in bold, time to reverse 10%, 50%, and 90% magnetization).
Bottom line, pillar with W = 14 nm and H = 16 nm at an applied
voltage of −1 V. Middle line, pillar with W = 10 nm and H =
18 nm at an applied voltage of −1.4 V. Color bar is linked to mz
and time steps selected are displayed on the time trace of average
magnetization plot at the top with associated symbols.

to similar values of 〈a‖〉 and weak variation of the PSA (in
comparison with the significant variation in aspect ratio
seen in Fig. 5). When increasing η from 1.1 to 1.3 and
1.8, we can see a difference in slope, related to a nonuni-
form reversal. For these dimensions, the reversal is no
longer strictly uniform, but rather bucklinglike (Fig. 7).
This suggests that, at these typical dimensions, the type
of magnetization reversal is dependent on the aspect ratio
rather than on � itself. At first sight, it seems difficult
to avoid noncoherent reversal that accompanies the high

FIG. 8. Dependence of switching time on applied voltage for
different studied aspect ratios (1.8, 1.3, 1.1, 1.0, and 0.9). Inset
shows the dependency of inverse switching time on applied
voltage.
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aspect ratio required to maintain perpendicular anisotropy
when going to sub-20-nm values. A possible solution to
this challenge was experimentally presented by Jinnai et
al. [43,44], in which a thin nonmagnetic spacer layer
was placed in the middle of the storage layer. With this
design, it is no longer energetically favorable for nonco-
herent reversal to occur, leading to the possibility of having
coherent reversal in the sub-20-nm PSA STT MRAM.

IV. CONCLUSIONS

Using micromagnetic calculations, we investigate mag-
netization reversal in the PSA MTJ at sub-20-nm widths.
For a fixed base width of 20 nm, it is observed that,
for pillars with a smaller aspect ratio, reversal exhibits
a macrospinlike behavior. When increasing the height,
noncoherent reversal takes place, which evolves from a
bucklinglike reversal to a transverse domain-wall propa-
gation for higher aspect ratios. The latter is associated with
a slowing down of the dynamics when the domain wall is
located around the middle of the storage layer. It is further
observed that the inverse switching time follows a linear
relationship versus applied voltage. Considering practical
device applications, we then consider the specific case of a
thermal stability factor of around 80, while decreasing the
width below sub-20-nm dimensions. As before, magneti-
zation reversal evolves from macrospin to a noncoherent
reversal with increasing aspect ratio. This allows us to
conclude that the type of magnetization reversal mainly
depends on the aspect ratio and not on � itself. Moreover,
the linear dependency of τ−1

switch ∝ V is maintained over the
whole range of memory-cell base widths investigated.

This study provides useful guidelines for the practical
design of PSA STT MRAM, which can be summarized
as follows: (1) the resistance times area product must be
lower than that of conventional STT MRAM to keep the
write voltage significantly below the barrier breakdown
voltage; (2) technologically relevant � � 60 − 100 corre-
sponds to an aspect ratio of about one; and (3) for η � 1,
magnetization reversal is nearly macrospin, with a switch-
ing time down to about 20 ns. Thus, this type of memory
is not very fast but is still compatible with DRAM-type
applications (for instance, battery-backed DRAM), if high
memory densities can be fabricated. In addition, besides
the ENOR flash replacement mentioned in Sec. I, by lower-
ing the RA product to sub-1-
 μm2 values, the switching
time can be further reduced, opening prospects of applica-
tions as SRAM for low-power wearable systems, all sorts
of microcontrollers, and internet-of-things devices.
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