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A B S T R A C T

The development of advanced magnetic tunnel junctions with a single-digit nanometer footprint can be
achieved using an elongated multilayered ferromagnetic free layer structure. In this work, we demonstrate
the switching of a composite free layer consisting of two ferromagnets separated by an MgO layer and an
additional capping MgO layer to boost perpendicular anisotropy. This serially connected MTJs form a multi-
state memory cell. Because of the ability to store data in more than one bit (0 or 1), the memory density can
be increased, making the memory more efficient and cost-effective. A proper design of the free layer and its
interface-induced perpendicular anisotropy helps to achieve reliable switching.
1. Introduction

Emerging nonvolatile spin-transfer torque (STT) magnetoresistive
random access memory (MRAM) is one of the most promising can-
didates for future memory due to excellent performance and CMOS
compatibility for embedded applications [1]. STT-MRAM has been
increasingly adopted as a reliable, persistent nonvolatile memory ca-
pable of supporting the growing computing memory demands from
data centers to wearables, artificial intelligence [2], and IoT [3]. To
replace the ubiquitous DRAM, scaling STT-MRAM down to achieve
higher densities is a key task, as well as improving the endurance and
write speed [4]. STT-MRAM shows promise as universal memory, with
the attributes of SRAM, DRAM, and small to medium capacity stor-
age memory [5]. Devices based on perpendicular magnetic anisotropy
(PMA) have attracted much attention because of the scaling advantages
due to a strong PMA, good tunnel magnetoresistance ratio, and low
critical switching current density [6]. Studies have shown that PMA
originates from the interface between CoFeB and MgO [7]. The tunnel
magnetoresistance (TMR) and resistance area product mainly depends
on the MgO tunneling layer quality [8,9]. In recent years, double
free layer structures, such as MgO|CoFeB|MgO|CoFeB stacks, have re-
ceived widespread attention because of the enhanced PMA arising from
multiple MgO|CoFeB interfaces providing high thermal stability [10].

In particular, the design of advanced single-digit nanometer foot-
print MRAM cells requires precise knowledge of spin currents and
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torques in magnetic tunnel junctions (MTJs) with elongated free and
reference layers. Interface induced effects, like the perpendicular
anisotropy and the spin-transfer torque, must be carefully evaluated.
For this purpose, we have carefully modeled the interface effects
through the use of position-dependent parameters and applied them to
a device with several tunnel barrier interfaces with a few nanometers,
diameter. The predicted switching behavior of ultra-scaled MRAM
cells with several MgO interfaces agrees well with recent experimental
results [11].

A conventional MRAM cell consists of several layers, including a
CoFeB reference layer (RL) and a free magnetic layer (FL) separated
by an MgO tunnel barrier (TB) or by an nonmagnetic spacer (NMS),
cf. Fig. 1(b) and (c). The magnetization configuration perpendicular
to the TB is determined by the anisotropy induced by the interface
at the CoFeB|MgO interface. To further increase the perpendicular
magnetic anisotropy, additional CoFeB|MgO interfaces are added in the
FL, cf. Fig. 1(a) [12]. To reduce the cell diameter and to further boost
the perpendicular anisotropy, one elongates the FL along the direction
normal to the CoFeB|MgO interfaces [11]. With the length of the FL
increasing to the order of or even larger than the diameter of the FL, the
shape anisotropy becomes an important contribution to the perpendic-
ular anisotropy. However, the interface-induced anisotropy still plays a
decisive role in defining the switching of elongated composite FLs made
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Fig. 1. (a) Ultra-scaled MRAM cell with a diameter of 2.3 nm, a 5 nm RL, a 0.9 nm
TB, and a composite FL, consisting of two ferromagnetic parts separated by a 0.9 nm
MgO layer. The FL is capped by an additional MGO layer of 0.9 nm thickness. (b)
Conventional MRAM cell with a diameter of 40 nm, a 1 nm RL, a 1.7 nm FL, and a 1 nm
TB or (c) an NMS which consists of a 2 nm metal film.

of several pieces separated by MgO barriers as will be demonstrated
below.

2. Method

2.1. Modeling interface effects

To investigate the influence of the interface effects on the switching
behavior, we model the interface-induced anisotropy as (i) an average
constant contribution to the uniaxial bulk anisotropy (shown inFig. 2(a)
with the red-dashed line) and as (ii) localized near the interface (blue
solid line inFig. 2(a)). We employ a cubic function describing the tran-
sition between the interface and the bulk value. We set the derivative to
zero at the transition points in order to have a smooth change. Further-
more, we investigate different lengths of the transition region 𝜏, where
the interface-induced anisotropy is localized. In particular, we examine
four different lengths of the transition region, the related dependence
of the anisotropy coefficient is depicted in Fig. 2(a). The blue solid line
shows the case of a 1 nm transition region, while the cyan, violet, and
green dot-dashed lines represent the cases of a length of 0.5 nm, 1.5 nm,
and 2.5 nm, respectively. A higher length implies a slower decay of
the anisotropy inside the magnetic layers. The strength of the interface
anisotropy 𝐊𝐢 employed for the simulations is 1.53 ⋅ 10−3 mJ

m2 , consistent
with experimental values [7,11]. In the absence of bulk crystalline
anisotropy, the value of the constant uniaxial anisotropy coefficient
𝐊 resulting from each interface is given by 𝐊𝐢∕𝐭𝐂𝐨𝐅𝐞𝐁, where 𝐭𝐂𝐨𝐅𝐞𝐁 is
the length of the CoFeB layer. For the localized anisotropy coefficients
depicted inFig. 2(a), the decay functions where chosen so that they
have the same integral over the transition region 𝜏 with a value equal
to 𝐊𝐢.

We also consider different behaviors for the transverse spin dephas-
ing length shown in Fig. 2(b). The value of the spin dephasing length
determines the characteristic distance over which the non-equilibrium
spin accumulation due to the electric current running through the
structure decays from its maximum value at the FL interface to zero
inside the FL. Therefore, the spin dephasing length defines the size
of the layer close to the FL interface where the STT is acting. A
short effective value of the dephasing length of 𝜆𝜑 = 0.4 nm ensures
rapid absorption of the transverse spin components, in agreement with
2

Table 1
Simulation parameters.

Parameter Value

Gilbert damping, 𝛼 0.02
Gyromagnetic ratio, 𝛾 1.76 ⋅ 1011 rad

s T
Saturation magnetization, 𝑀𝑆 1.2 ⋅ 106 A

m

Exchange constant, A 1 ⋅ 10−11 J
m

Uniaxial anisotropy constant, K 0.6 ⋅ 106 J
m3

Current spin polarization, 𝛽𝜎 0.7
Diffusion spin polarization, 𝛽𝐷 1.0

Electron diffusion coefficient, 𝐷𝑒 2 ⋅ 10−2 m2

s

Spin-flip length, 𝜆𝑠𝑓 10 nm

Exchange length, 𝜆𝐽 1 nm

Electrical resistance in the anti-parallel state, RAP 750 kΩ
Electrical resistance in the parallel state, RP 410 kΩ

circuit theory [13], and localizes the torque near the interfaces [14],
as expected in strong ferromagnets [15,16].

However, the bulk value of the spin dephasing length can be larger
than the employed effective short value near the interface (blue line in
Fig. 2(b)), allowing the torques to act on larger portions of the FL. For
this purpose, we employ the same transition regions described before in
order to let the spin dephasing length go from its low value close to the
interface to a higher bulk value of 5 nm. The functions describing this
transition are depicted in Fig. 2(b), where the solid blue line represents
the behavior for a transition region of 1 nm, and the cyan, violet, and
green dot-dashed lines represent the behavior for transition regions of
0.5 nm, 1.5 nm, and 2.5 nm, respectively. A higher 𝜏 value implies a
slower transition of 𝜆𝜑 from its effective interface value to the bulk
value.

2.2. Micromagnetic modeling

To model the dynamic properties of an ultra-scaled MRAM cell, we
employ a fully three-dimensional finite element method solver based on
the Open Source library MFEM [17], including all physical phenomena,
described with Eqs. (1)–(6). The magnetization dynamics are captured
by the Landau–Lifshitz–Gilbert equation (LLG).
𝜕𝐦
𝜕𝑡

= −𝛾𝐦 ×𝐇eff + 𝛼𝐦 × 𝜕𝐦
𝜕𝑡

+ 1
𝑀𝑆

𝐓𝐒 (1)

𝐦 = 𝐌∕𝑀𝑆 is the position-dependent normalized magnetization,
𝑀𝑆 is the saturation magnetization, 𝛼 is the Gilbert damping constant,
𝛾 is the gyromagnetic ratio, and 𝜇0 is the vacuum permeability. The
effective field 𝐇eff includes the magnetic anisotropy field, the exchange
field, and the demagnetization field. The latter contribution to 𝐇eff is
evaluated only on the disconnected magnetic domains with a hybrid ap-
proach combining the boundary element method and the finite element
method [18]. The magnitude of the anisotropy field contribution 𝐇K is
related to the coefficient 𝐊 described before as 𝐇K = 2 ⋅ 𝐊∕(𝜇0 ⋅ 𝑀𝑆 ).
To appropriately model the switching of ultra-scaled MRAM cells, a
complete description of the torque term 𝐓𝐒 is used to include all
physical phenomena responsible for proper operation of the MRAM cell.

𝐓𝐒 = −
𝐷𝑒

𝜆2𝐽
𝐦 × 𝐒 −

𝐷𝑒

𝜆2𝜑
𝐦 × (𝐦 × 𝐒) (2)

The torque is generated by a non-equilibrium spin accumulation
𝐒 acting on the magnetization via the exchange interaction. 𝜆𝐽 is the
exchange length, 𝜆𝜑 is the spin dephasing length, and 𝐷𝑒 is the electron
diffusion coefficient in the ferromagnetic layers. The drift-diffusion for-
malism has already been successfully applied in a spin-valve structure
with a non-magnetic spacer layer [19–21]. The coupled spin and charge
drift-diffusion model, as defined by Eqs. (3)–(5) supplemented by the
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Fig. 2. Interface-induced perpendicular anisotropy and the transverse spin dephasing length.
Fig. 3. Simplified mesh of the first simulated structure. This composite structure
consists of a CoFeB (5)|MgO (0.9)|CoFeB (5)|MgO (0.9)|CoFeB (5)|MgO (0.9) MTJ
connected to normal metal contacts (50), where the numbers in parentheses indicate the
thickness of each layer in nanometer. The diameter is 2.3 nm. A bias of 2V is applied
across the structure. The colors correspond to those in the graphic, cf. Fig. 1(a). The
green framed section denotes the FL segments for FL1 and FL2, with the length 𝑙.

appropriate boundary conditions, accurately describes the charge and
the spin transport through a nanometer sized magnetic valve [22].

𝐷𝑒

(

𝐒
𝜆2𝑠𝑓

+ 𝐒 ×𝐦
𝜆2𝐽

+
𝐦 × (𝐒 ×𝐦)

𝜆2𝜑

)

= −∇ ⋅ 𝐉𝐒 (3)

𝐉𝐒 = −
𝜇𝐵
𝑒
𝛽𝜎

(

𝐉𝐂 ⊗𝐦+

𝛽𝐷𝐷𝑒
𝑒
𝜇𝐵

[(∇𝐒)𝐦]⊗𝐦
)

−𝐷𝑒∇𝐒
(4)

𝐉𝐂 = 𝜎𝐄 − 𝛽𝐷𝐷𝑒
𝑒
𝜇𝐵

[(∇𝐒)𝐦] (5)

𝜇𝐵 is the Bohr magneton, 𝑒 is the electron charge, and 𝛽𝜎 and 𝛽𝐷
are polarization parameters. ⨂ is the outer product, 𝐉𝐂 is the charge
current density, and 𝐉𝐒 is the spin current. We extended this method to
MTJs by modeling the TB as a poor conductor with a local resistance
(6) dependent on the relative orientation of the FL magnetization [23].

𝜎(𝜃) =
𝜎𝑃 + 𝜎𝐴𝑃

2

(

1 +
(

TMR
2 + TMR

)

cos 𝜃
)

(6)

𝜎𝑃 (𝜎𝐴𝑃 ) is the conductivity in the P (AP) state, and 𝜃 is the local
angle between the magnetic vectors in the free and reference layer. The
tunneling magnetoresistance is defined as

TMR =
G𝑃 − G𝐴𝑃

G𝐴𝑃
(7)

G𝑃 (G𝐴𝑃 ) is the conductance in the P (AP) state. A high TMR is
important to be able to read the conductance difference between the
two configurations. When the electrons cross the RL, they become spin-
polarized, generating a spin current. They then enter the FL, where
the spin current acts on the magnetization. If the current is sufficiently
strong, the magnetization of the free layer can be switched between the
two stable configurations, parallel or anti-parallel, relative to the RL.
3

2.3. Simulated structures

For our simulations, five different structures were considered. In
Fig. 3 a simplified mesh of a cylindrical composite STT-MRAM struc-
ture is shown. The MTJ stack consists of CoFeB (5)|MgO (0.9)|CoFeB
(5)|MgO (0.9)|CoFeB (5)|MgO (0.9) connected to normal metal contacts
(50), where the numbers in parentheses indicate the length of each layer
in nanometers. To further investigate the effect of the interface values,
we varied the length 𝑙 of both free layer parts (cf. Fig. 3 green framed
sections) with the following values: 2 nm, 3 nm, 4 nm, and 7.5 nm. The
relevant parameters are listed in Table 1.

3. Results

We analyze the effects of the models introduced in Section 2.1
for the uniaxial magnetic anisotropy constant (Fig. 2(a)) and the spin
dephasing length (Fig. 2(b)) on the switching behavior. In order to
integrate the LLG Eq. (1) numerically, a backward-Euler scheme with
a constant time step of 0.1 ps was used. We have checked that a two
times finer stepping does reproduce the same switching behavior for all
models considered. This step is crucial for the simulation of the domain
wall motion, because the transition of the magnetization between the
domains must be resolved. Failure to do so may result in artificial
locking of the domain wall on the computational grid.

In order to simulate the switching, we apply a constant voltage of
two volts to the structure shown in Fig. 3, with a length of the FL’s
of 5 nm. We fix the localization length 𝜏 at 1 nm for concreteness. We
compare the switching behavior for a combination of the cases when
the perpendicular anisotropy is a constant throughput the free layer
(bulk) of if it is localized close to the interfaces within 𝜏 (interface).
Additionally, we consider also the case of constant spin dephasing
length bulk and the interface case when the dephasing is stronger
within 𝜏 close to the interfaces as shown in Fig. 2(a) (blue line).

Fig. 4(a) shows the time evolution of the out-of-plane magnetization
component when switching from the anti-parallel (AP) to parallel (P)
configuration of the free and fixed layers, for different combination
of the bulk and interface cases. The magnetization reversal is similar
regardless of the model used. The AP to P switching with the interface
model for magnetic anisotropy (interface-induced anisotropy) is about
10% slower. Fig. 4(b) shows, however, that switching from P to AP
with the bias of 2V is accelerated, when the perpendicular magnetic
anisotropy is interface-induced. The choice of an interface model for
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Fig. 4. Magnetization trajectories for switching from (a) AP to P and (b) P to AP, for various combinations of bulk and interface anisotropy and spin dephasing length. The
transition region 𝜏 is 1 nm for both 𝐊 and 𝜆𝜑, and the length of the FL’s is 5 nm. The horizontal gray dot-dashed line correspond to 80% switched.
Fig. 5. Magnetization trajectories for switching from (a) AP to P and (b) P to AP, for various localization lengths 𝜏 for the spin dephasing length, and for the FL’s length of 5 nm.
he horizontal gray dot-dashed line correspond to 80% switched.
pin dephasing length over a bulk one has less impact on the switching
ehavior.

To investigate this behavior further, we now consider the length of
he transition region 𝜏 to be 0.5 nm, 1 nm, 1.5 nm, and 2.5 nm, for the
pin dephasing interface model. The value of 𝜏 determines the length
cale over which 𝜆𝜑 rises from its interface value of 0.4 nm to the bulk
alue of 5 nm. The bias is −2V or 2V depending on the configuration,
P to P or P to AP, is applied. In order to determine the influence of the

ransition region length for the spin dephasing length on the switching
rocess, the anisotropy coefficient is taken as average bulk value.

Fig. 5 reports switching results obtained with the different transition
egion lengths for the spin dephasing. Fig. 5(a) shows that an almost
dentical behavior is obtained for AP to P switching, and for the P to
P switching, independent of the length of the transition region. The
egligible role in the choice of the length of the transition region for
he spin dephasing length is due to the fact that even at a constant
ulk value of the spin dephasing, the torque acts already very close to
he interface, as shown in Fig. 6, and an additional torque confinement
ue to a stronger dephasing at the interface does not result in switching
odulations.

Now we consider the role of localization at the interfaces of the
erpendicular magnetic anisotropy. Several values of 𝜏 are considered.
e fix the spin dephasing length at its bulk value of 0.4 nm. A longer
implies a slower decay of the anisotropy coefficient and its less

rominent localization near the interface. Fig. 7 displays the switch-
4

ng behavior for several lengths of the transition region for uniaxial
Fig. 6. Damping-like torques computed in a structure with semi-infinite ferromagnetic
leads with a bias of −2V and magnetization along 𝑥 in the RL and along z in the
FL, for constant dephasing length in blue, and comparison to the position dependent
dephasing length in red.

anisotropy. For AP to P switching, the interface-induced anisotropy
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Fig. 7. Magnetization trajectories for switching from (a) AP to P and (b) P to AP, for various transition regions 𝜏 for localized anisotropy, and for the FL’s length of 5 nm. The
horizontal gray dot-dashed line correspond to 80% switched.
Fig. 8. Switching snapshot of MRAM cell’s in the following order: Initial, intermediate and final state, for the configuration (a) AP to P and (b) P to AP. Arrows indicate the
magnetization directions, and color-coding represents the average magnetization in 𝑥-direction.
moderately slows the switching down. This is due to a sturdier per-
pendicular orientation of the magnetization being enforced near the
interface, where the torque is acting, resulting in a slower switching
of the FL2 compared to the uniformly distributed magnetic anisotropy.
For P to AP switching both ends of the layer start precessing around the
demagnetization field, but with different amplitudes and frequencies.
These oscillations propagate all the way through the FL, until the
middle bulk part is flipped. If the magnetic anisotropic is uniformity
distributed, it becomes more difficult to flip the FL compared to the case
with the anisotropy localized at the interfaces and not in the bulk. The
relative difference in switching times reaches 10 − 15% demonstrating
the importance of accurately modeling the interface-induced anisotropy
effects on switching of elongated magnetic layers.

We note that both Figs. 4 and 5 display a distinct peculiarity at
both AP to P and P to AP switching. Namely, the magnetization of
the FL develops a plateau around 𝑚𝑥 = 0. The plateau is due to the
fact that the magnetization of the two similar parts composing the FL
are anti-parallel to each other. It then follows that the magnetization
reversal is a sequential process in which one part of the FL switches
first followed by the magnetization reversal of the remaining part.
Fig. 8(a) demonstrates the switching sequence for the AP to P process.
We note that the sequential switching of the composite FL is not
universal: Although the two elongated part switch sequentially for the
parameters chosen in Table 1, a more coherent switching of both parts
of the composite FL was predicted by [24] and can be achieved with a
different set of parameters. In the AP configuration, both the RL and
the right part of the FL (FL2 cf. Fig. 3) exert a torque on the first,
left, section of the FL (FL1 cf. Fig. 3) in the same direction, making
it switch first. As the torques from the RL and FL2 are additive and
act in the same direction, the switching of FL is fast, cf. Fig. 4(a).
5

1

At the same time, the torque from FL1 towards FL2 is acting to keep
the two sections parallel to each other, and therefore preserves the
orientation. However, after the magnetization of FL1 is inverted and
becomes parallel to that of the RL, the torque from FL1 acting on
FL2 changes its sign forcing FL2 to switch. As the torque acts only
from FL1, the magnitude of the torque acting on FL2 is smaller than
that previously acting on FL1. The weaker torque results in a slower
switching of FL2, cf. Fig. 4(a).

When going from P to AP, the opposite process happens. Snapshots
of the important stages of the switching process for the P to AP
configuration are shown in Fig. 8(b). The torque acting from FL2 on FL1
is opposite to that from the RL, so that FL2 switches first. As only the
torque from FL1 is acting on FL2, the switching time of FL2 is relatively
slow. After FL2 has switched, the torque contributions from FL2 and
the RL act on FL1 in the same direction, completing the switching fast.
As the parts of the FL are elongated, the exchange interaction is not
sufficient to ensure a uniform macrospin-like switching of the FL1 and
FL2 parts. The torques are the strongest close to the interface, so it
is beneficiary to have the uniaxial anisotropy localized close to the
interface, where it can be easier overcome by the torques, to accelerate
the switching at least for the P to AP switching. The overall switching
behavior agrees well with reported experimental results [11].

To evaluate the performance of the proposed elongated MRAM cells,
we vary the length of the FL. Fig. 9 shows the AP to P and P to AP
switching results for different combinations of a bulk, and an interface
model for magnetic anisotropy and spin dephasing length. Again, a bias
of 2V is applied. A transition region of 0.5 nm for the interface cases
of the magnetic anisotropy and of 1 nm for the interface spin dephasing
model are considered.
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Fig. 9. Magnetization trajectories for switching from (a) AP to P and (b) P to AP, for various structures for localized spin dephasing length. The horizontal gray dot-dashed line
correspond to 80% switched.
We observe that at the beginning of switching the plateau around
𝑚𝑥 = 0 is hardly present at a length of the FL of 2 nm. Furthermore,
he difference between the bulk and interface models of 𝐊 and 𝜆𝜑 is
ot visible for short FLs, when the FL length is about the length of a
ransition region. As the length of the FL increases, the time duration
f the plateau also increases. The difference between the bulk and
nterface models of 𝐊 and 𝜆𝜑 increases. We note that all structures
witched successfully in Fig. 9(a). However, Fig. 9(b) demonstrates that
he applied voltage of 2V is not sufficient to achieve switching of the
tructure with 7.5 nm long FL’s. It is due to the fact the stray fields
hich become strong for 7.5 nm FL’s parts prevent the FL1 and FL2 to

witch in an AP configuration, and a larger voltage must be applied.
Moreover, the structure with 2 nm short FLs gets close to complete

witching, before getting locked at the middle 𝑚𝑥 = 0 value of the
agnetization. This is because, after the FL reaches the parallel con-

iguration shown in Fig. 8(b), the torque from FL1 to acting on FL2
s strong enough to overcome the stray fields and to bring FL1 and
L2 into an AP configuration. These results imply that, for ultra-scaled
RAM cells, the length of the layers must to be sufficiently large

o avoid the writing error from P to AP due to the back-hopping of
L2.

. Conclusion

We demonstrated a successful design approach to ultra-scaled STT-
RAM consisting of several elongated pieces of ferromagnets separated

y multiple tunnel barriers. The interface-induced anisotropy and the
osition-dependence of the transverse spin dephasing length are taken
nto account and the influence of these effects on the magnetization
ynamics as well as their role in the proper modeling of the switching
ehavior in ultra-scaled MRAM cells is investigated. Furthermore, we
nalyzed how the switching behavior depends on the length of the
omposite free layer sections, and failure mechanism due to the back-
opping of a FL section is revealed. The predictions from our simulation
esults agree well with recent experimental demonstrations of switching
f ultra-scaled MRAM cells.
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