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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. 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. 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 candidates 
for future memory due to excellent performance and CMOS compati-
bility for embedded applications [1]. STT-MRAM has been increasingly 
adopted as a reliable, persistent nonvolatile memory capable of sup-
porting the growing computing memory demands from data centers to 
wearables, artificial intelligence [2], and IoT [3]. To replace the ubiq-
uitous DRAM, scaling STT-MRAM down to achieve higher densities is a 
key task, as well as improving the endurance and write speed. STT- 
MRAM shows promise as universal memory, with the attributes of 
SRAM, DRAM, and small to medium capacity storage memory [4]. 

The design of advanced single-digit nanometer footprint MRAM cells 
requires precise knowledge of spin currents and 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 
successfully modeled the interface effects through the use of position- 
dependent parameters and applied them to a device with several tun-
nel barrier interfaces with a few nanometers diameter. The predicted 
switching behavior of ultra-scaled MRAM cells with several MgO in-
terfaces agrees well with recent experiments [5]. 

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), c.f. 
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, c.f. 
Fig. 1 (a) [6]. 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 [5]. 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 
of several pieces separated by MgO barriers as it will be demonstrated 
below. 

2. Method 

To demonstrate this behavior, we model the interface-induced 
anisotropy as (i) an average constant contribution to the uniaxial bulk 
anisotropy (shown in Fig. 2 (a) with the red-dashed line) and as (ii) 
localized near the interface (blue solid line in Fig. 2 (a)). We also 
consider two different behaviors for the transverse spin dephasing 
length shown in Fig. 2 (b). The value of the spin dephasing length de-
termines 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 value of the dephasing 
length of λφ = 0.4 nm, near the interface (dot-dashed line Fig. 2 (b)) is in 
agreement with values in MTJs [7] and ensures rapid absorption of the 
transverse spin components and localizes the torques at the interfaces. 
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In reality, the spin dephasing length increases away from the in-
terfaces (blue line in Fig. 2 (b)), which allows the torques to act on larger 
portions of the FL. To model the dynamic properties of an ultra-scaled 
MRAM cell, we employ a fully three-dimensional finite element 
method 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 by using a hybrid approach 
combining the boundary element method and the finite element method 
[8]. To appropriately model the switching of ultra-scaled MRAM cells 
the following equation is used for the torque TS: 

TS = −
De

λ2
J

m × S −
De

λ2
φ

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 ex-
change length, λφ is the spin dephasing length, De is the electron diffu-
sion coefficient in the ferromagnetic layers. The coupled spin and charge 
drift–diffusion model, as defined by Eqs. (3)–(5) supplemented by the 
appropriate boundary conditions of the spin accumulation and electric 
and spin current densities continuous over the interfaces, accurately 
describes the charge and the spin transport through a nanometer sized 
magnetic valve [9]. 

De

(
S
λ2

sf
+

S × m
λ2

J
+

m × (S × m)

λ2
φ

)

= − ∇⋅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, βσ and βD are po-
larization 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 [10]. 

σ(θ) = σP + σAP

2

(

1 +

(
TMR

2 + TMR

)

cosθ
)

(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. TMR is the 
tunneling magnetoresistance ratio, defined as 

TMR =
GP − GAP

GAP
(7)  

where 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 

Fig. 1. Schematics: (a) Ultra-scaled MRAM cell with a diameter of 2.3 nm, 
made of 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, made of a 1 nm RL, a 1.7 nm FL, and a 1 nm TB or (c) a NMS 
which consists of a 2 nm metal film. 

Fig. 2. Interface-induced perpendicular anisotropy and the transverse spin 
dephasing length. 
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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. Results 

The behavior of the FL magnetization projection orthogonal to the 
TBs, when the voltage pulse is applied, is shown in Fig. 3. Fig. 3 (a) 
demonstrates, under a bias of − 2 V, the switching from AP to P 
configuration. In order to integrate the LLG Eq. (1) numerically, a 
backward-Euler scheme with a time step of 0.1ps 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 since 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. 

When switching from AP to P configuration, the magnetization 
reversal is very similar regardless of the model used. This indicates that 
the role of the interface-induced anisotropy as well as the dimension of 
the layer close to the interface, where the torque is acting, are not 

critical, and the switching, defined as the point where the magnetization 
crosses the 0.8 level, happens at about 1.9 nanoseconds. Fig. 3 (b) shows, 
however, that switching from P to AP with the bias of 2 V is accelerated, 
when the perpendicular magnetic anisotropy is interface-induced. The 

Fig. 3. Magnetization trajectories for switching from AP to P (a) and for P to AP 
(b), for various combinations of bulk and localized anisotropy and spin 
dephasing length. The horizontal gray dot-dashed line correspond to 
80% switched. 

Fig. 4. Damping-like torques computed in a structure with semi-infinite 
ferromagnetic leads with a bias of − 2 V 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. 

Fig. 5. Switching snapshot of MRAM cell’s in the following order: Initial, in-
termediate 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. 
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role of the dephasing length on the switching within the models 
considered is negligible. It is due to the fact that in both models the 
torque acts very close to the interface as shown in Fig. 4. 

There is a distinct peculiarity on the switching curves for 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 magne-
tization 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. 5 (a) demonstrates the 
switching sequence for the AP to P process. In the AP configuration, both 
the RL and the second part of the FL (FL2) exert a torque on the first 
section of the FL (FL1) in the same sense, making it switch first. As the 
torques from the RL and the FL2 are additive, the switching of the FL1 is 
fast (Fig. 3 (a)). At the same time, the torque acting from the FL1 towards 
the FL2 is of the opposite sense and therefore preserves the FL2 orien-
tation. However, after the magnetization of the FL1 is inverted and be-
comes parallel to that of the RL, the torque acting on the FL2 from the 
FL1 changes its sign forcing the FL2 to switch. As the torque acts only 
from the FL1, the magnitude of the torque acting on the FL2 is smaller 
than that previously acting on the FL1. The weaker torque results in a 
slower switching of the FL2 (c.f. Fig. 3 (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 configu-
ration are shown in Fig. 5 (b). The torque acting from the FL2 on the FL1 
is opposite to that from the RL, so that the FL2 switches first. As only the 
torque from FL1 is acting on the FL2, the switching time of the FL2 is 
relatively slow. After the FL2 has switched, the torque contributions 
from the FL2 and the RL act on the FL1 in the same sense, 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 results reported in experiments [5]. 

4. Conclusion 

We demonstrated a successful design approach to ultra-scaled STT- 
MRAM consisting of several elongated pieces of ferromagnets separated 
by multiple tunnel barriers. The interface-induced anisotropy and the 
position-dependence of the transverse spin dephasing length are taken 
into account. We showed the influence of these effects on the magneti-
zation dynamics as well as their role in improving the switching 
behavior in ultra-scaled MRAM cells. The predictions from our simula-
tion results agree well with recent experimental demonstrations of 
switching of ultra-scaled MRAM cells. 
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