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A B S T R A C T

Emerging nonvolatile magnetoresistive random access memory exhibits high endurance and long data retention
compared to flash memory. Additionally, devices with double spin torque magnetic tunnel junctions (dsMTJ)
featuring two magnetic reference layers demonstrate enhanced torques, fast switching, and reduced switching
currents. To accurately model these devices, we adopt a coupled spin and charge transport approach allowing
to describe spin-transfer torques in metallic spin valves and magnetic tunnel junctions on equal footing. Our
findings indicate the critical influence of metallic non-magnetic spacers (NMS) properties separating the free
layer from the second reference layer on the switching speed improvement in dsMTJ devices.
1. Introduction

Spin-transfer torque magnetoresistive random access memory (STT-
MRAM) has emerged as a promising nonvolatile memory technology
which offers scalability, high endurance, and faster operation compared
to flash memory [1,2]. Its ability to compete with SRAM has the
potential to revolutionize future information storage. The core of an
MRAM cell is a magnetic tunnel junction (MTJ) consisting of a CoFeB
magnetic reference layer (RL), an MgO tunnel barrier (TB), and a CoFeB
free magnetic layer (FL). A device with perpendicularly magnetized
FL and RL (pMTJ) enables considerable footprint reduction and opens
a path to high density MRAM solutions. There have been continuous
efforts to enhance the switching performance of STT-MRAM devices,
with the aim of achieving sub-nanosecond (sub-ns) switching times.
While spin–orbit torque (SOT) devices have shown sub-ns switching
performance, their three-terminal device structure is not ideal from a
technological standpoint compared to the two-terminal structure of STT
devices [3]. The incorporation of molybdenum (Mo) in pMTJ devices
has shown to outperform regular Ta-based pMTJ, whereas Ta acts as the
buffer/cap of the CoFeB electrodes, in terms of perpendicular magnetic
anisotropy (PMA), thermal tolerance, and switching performance [4].

Double magnetic tunnel junctions (DMTJ), a MTJ with an additional
RL and a second TB, have been investigated as efficient alternative
to regular MTJ devices, with up to two-times increased switching
efficiency [5,6]. However, the structure leads to lower TMR values, due
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to the second TB diluting the main barrier’s TMR signal, which com-
plicates efficient reading of magnetic states of the DMTJ [7]. A novel
device structure with an additional reference layer (RL2) positioned on
top of the traditional pMTJ has recently been proposed, resulting in
a double spin-torque magnetic tunnel junction (dsMTJ) [8], offering a
significant increase in switching performance compared to pMTJs with
a single RL.

Accurate modeling of advanced MRAM cells requires evaluating
spin currents and torques in MTJs with multiple RLs separated from
the FL by a TB or a normal metal non-magnetic spacer (NMS). In this
work, we use the spin-charge drift–diffusion approach proposed in [9]
to evaluate spin torques in multilayered structures, enabling the inves-
tigation of dsMTJ devices and the role of nonmagnetic metal spacers to
optimize switching currents and speeds. This self-consistent approach
goes beyond standard phenomenological approaches, by unifying spin
torque contributions from the tunnel barrier interface, proposed by
Slonczewski [10], and contributions acting in the bulk, proposed by
Zhang-Li [11]. Contributions to the torque from the TB and from the
bulk of the structure are not independent [12]. The TB influences the
spin currents impinging at the magnetization texture, in turn modifying
the traditional bulk Zhang-Li torque contribution. Therefore a unified
treatment of the effects due to TB polarization and FL magnetization
texture on the spin accumulation is required.
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2. Method

We employ a fully three-dimensional finite element method (FEM)
based modeling and simulation approach [9], which includes all physi-
cal phenomena responsible for proper dsMTJ operation. We employ the
Landau–Lifshitz–Gilbert (LLG) equation to describe the dynamics of the
magnetization.
𝜕𝐦
𝜕𝑡

= −𝛾𝐦 ×𝐇eff + 𝛼𝐦 × 𝜕𝑚
𝜕𝑡

+ 1
𝑀S

𝐓S (1)

Here 𝐦 = 𝐌∕𝑀𝑆 is the local normalized magnetization, where
𝑀𝑆 is the saturation magnetization. 𝛼 is the Gilbert damping factor
and 𝛾 the gyromagnetic ratio. The effective field 𝐇eff encompasses the
magnetic anisotropy field, the exchange field, and the demagnetization
field. To evaluate the demagnetization field contribution only in the
disconnected magnetic domains, we utilize a hybrid approach which
combines the boundary element method and the finite element method
(FEM-BEM) [13]. While the applied micromagnetic model allows do-
main wall formation in the FL during magnetization reversal, in the
structures investigated in this work, with a FL thickness of 1.35 nm
and a diameter of 20 nm, near-uniform rotation of the magnetization is
present. To correctly describe the switching behavior of dsMTJ devices
a complete description of the torque 𝐓S is obtained from the non-
equilibrium spin accumulation 𝐒 acting on the magnetization via the
exchange interaction.

𝐓S = −
𝐷e

𝜆2J
𝐦 × 𝐒 −

𝐷e

𝜆2𝜑
𝐦 × (𝐦 × 𝐒) (2)

𝜆J is the exchange length, 𝜆𝜑 is the spin dephasing length, and 𝐷𝑒
is the electron diffusion coefficient inside the ferromagnetic layers. A
coupled spin and charge drift–diffusion (DD) formalism is used to accu-
rately describe the behavior of the non-equilibrium spin accumulation
𝐒.

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)

𝐉C is the charge current density in multi-layered structures with
ferromagnetic and non-magnetic layers, and TBs. The first term in (5) is
Ohm’s law and the second term is the magnetoresistance contribution
in ferromagnetic layers. 𝜎 is the conductivity, 𝛽D is the diffusion polar-
ization, 𝐷e is the diffusion constant, and 𝐄 is the electric field. (𝛁𝐒) is
the vector gradient of the spin accumulation 𝐒. 𝐉S is the spin current
tensor for multilayer structures with ferromagnetic and non-magnetic
layers. 𝜆sf is the spin–flip length, 𝜇B is the Bohr magneton, and 𝛽𝜎 is
the conductivity polarization. The first and second term in (4) describe
the contribution from polarized currents in ferromagnetic layers and
the third term describes the diffusion of spins. The magnetization
dynamics typically happen at a timescale three orders of magnitude
slower than spin dynamics [14], the spin accumulation is assumed to
immediately relax to the current magnetization state. By employing
continuous boundary conditions [15] for the spin accumulation and
spin current densities at the interfaces between the ferromagnet and
non-magnetic spacer (NMS), the DD formalism allows for the correct
description of spin and charge transport in spin valve structures, with
a NMS between two ferromagnetic layers. To extend this method to
MTJs, the tunnel barrier is modeled as a poor conductor with a local
conductance 𝜎(𝜃) which depends on the angle 𝜃 between the local
magnetization directions of the adjacent ferromagnetic layers [9].

𝜎(𝜃) =
𝜎P + 𝜎AP

2

(

1 +
( TMR
2 + TMR

)

𝑐𝑜𝑠𝜃
)

(6)

𝜎P (𝜎AP) is the conductance in the parallel (anti-parallel) state
and TMR is the tunneling magnetoresistance ratio. The charge and
2

Fig. 1. Schematic of an (a) MTJ with the ferromagnetic RL and FL separated by a TB
and contact layers (CT) at top and bottom and (b) dsMTJ with an additional RL and a
NMS on top of the MTJ. The STT current is applied in the direction of the stack. The
magnetization of the layers is depicted as black arrows.

Table 1
Material and simulation parameters of the pMTJ and dsMTJ devices.

TB thickness 0.9 nm
FL thickness 1.35 nm
RL1 thickness 1.0 nm
RL2 thickness 1.0 nm
NMS thickness 1.0 nm
Stack diameter 20 nm

TMR 0.65
Saturation magnetization, 𝑀S 8.1 ⋅ 105 A/m
Anisotropy constant, K 7.34 ⋅ 105 J/m3

Damping constant, 𝛼 0.02
Conductivity polarization, 𝛽𝜎 0.52
Diffusivity polarization, 𝛽D 0.7
Diffusion coefficient ferromagnet 𝐶𝑜𝐹𝑒𝐵, 𝐷e,FM 2 ⋅ 10−3 m2/s
Conductivity ferromagnet 𝐶𝑜𝐹𝑒𝐵, 𝜎FM 4 ⋅ 106 S/m
Conductivity 𝑇 𝑎, 𝜎Ta 5 ⋅ 105 S/m
Conductivity 𝑅𝑢, 𝜎Ru 1.5 ⋅ 106 S/m
Spin dephasing length, 𝜆𝜑 0.4 nm
Spin exchange length, 𝜆J 1 nm
Spin–flip length ferromagnet 𝐶𝑜𝐹𝑒𝐵, 𝜆SF,FM 10 nm
Spin–flip length 𝑇 𝑎, 𝜆SF,Ta 1.9 nm
Spin–flip length 𝑅𝑢, 𝜆SF,Ru 4.0 nm

spin current flow through a TB can be expressed by using the non-
equilibrium Green’s function formalism [16]. This can be simplified to
following boundary condition at the TB interfaces, which can describe
the spin transport through a TB correctly [9]. The boundary condition
defines the spin current at either interface of the TB. This way the flow
of spin current through the TB can be described.

𝐉S,TB = −
𝜇B
𝑒

𝐉C ⋅ 𝐧
1 + 𝑃RL𝑃FL𝐦RL ⋅𝐦FL

[

𝑃RL𝐦RL + 𝑃FL𝐦FL

+ 1∕2(𝑃RL𝑃
𝜂
RL − 𝑃FL𝑃

𝜂
FL)𝐦RL ×𝐦FL

]

(7)

𝑃RL, 𝑃FL are the in-plane Slonczewski interface polarization param-
eters, and 𝑃 𝜂

RL, 𝑃
𝜂
FL are the out-of-plane interface polarization param-

eters. 𝐉C ⋅ 𝐧 is the interface-normal component of the charge current.
𝐦RL and 𝐦FL are the normalized magnetization vectors of the RL and
FL, respectively.

We expand the promising Mo-based pMTJ device structure [4] by
adding a second RL2 and a NMS as shown in Fig. 1, and apply our
micromagnetic model to the resulting dsMTJ structure to investigate
the spin torques acting in the magnetic layers as well as the switching
performance of both pMTJ and dsMTJ. Material parameters are shown
in Table 1.

3. Enhancing the performance of STT-MRAM

The dsMTJ architecture harnesses additional spin torque coming
from the second RL2, while the TMR remains unchanged compared
to regular MTJ devices, thus enabling increased speed and improved
efficiency in the switching process [8,17]. For the spin torques coming
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Fig. 2. The normalized magnetization during the switching process for (a) a pMTJ and
(b) a dsMTJ with a ruthenium non-magnetic spacer. A current density of 8 MA/cm2 is
applied.

Fig. 3. Switching times for a pMTJ and dsMTJ with a Ru-NMS for different applied
voltages. The switching ratio gives the acceleration of the switching process in a dsMTJ
device compared to a pMTJ.

from both RLs to add up, the magnetizations of RL1 and RL2 have to
be antiparallel to each other. The additional spin current from RL2
impinging the FL leads to a higher total spin torque acting on the
magnetization. Fig. 2 shows the normalized magnetization 𝐦∕𝑀S, with
the saturation magnetization 𝑀S, of the FL in both, a pMTJ and a
dsMTJ with a ruthenium (Ru) NMS. A perpendicular-to-plane STT-
current of 𝐼STT = 8 MA/cm2 was applied in both cases. Under equal
conditions, the dsMTJ structure shows a two-times faster switching
behavior than an pMTJ.

Fig. 3 shows the switching time of a pMTJ and a dsMTJ with Ru as
NMS material for different voltages, as well as the switching time ratio.
An enhancement of the switching performance of around two times in
the dsMTJ device compared to the one in the regular pMTJ device was
achieved. We show a clearly faster switching of the dsMTJ device for all
applied voltages, as well as reaching the sub-ns domain for switching,
in agreement with the experiment [8].

Fig. 4 shows the switching current of a pMTJ and a dsMTJ with Ru-
NMS and a dsMTJ with a Ta-NMS, in dependence of the applied voltage
pulse length. We observe a slight reduction of the switching current
in the Ta-dsMTJ and a significant reduction in the Ru-dsMTJ device
compared to the pMTJ. For a 10 ns voltage pulse the results show
a two-times reduction in critical switching current in the Ru-dsMTJ
compared to the regular pMTJ, in agreement with [8], highlighting not
only the performance of the dsMTJ structure but also the importance of
the material of the NMS layer, which will be further elaborated below.

Heating has been shown to play an important role in STT-MTJ
switching, leading to smaller switching times but also less reliable
3

Fig. 4. Switching currents for various pulse lengths for a pMTJ and dsMTJs with a
Ta-NMS and a Ru-NMS, from an anti-parallel to a parallel magnetic state.

switching [18,19]. The reliability under thermal fluctuations is de-
scribed by the thermal stability factor 𝛥 [20]

𝛥 =
𝑀S𝐻k,eff𝑉

2𝑘B𝑇 .
(8)

The thermal stability factor for the FL of the structures investigated
in this work is estimated to be 𝛥 ≈ 75. Due to the significant lower
switching currents, dsMTJ devices experience much less heating than
regular MTJ devices and therefore exhibit less thermal instability at
comparable switching times.

Results of the switching time enhancement from P to AP and from
AP to P states in a pMTJ and dsMTJ with Ta and Ru as NMS material
are shown in Fig. 5. The results for Ru display a significant switching
time acceleration compared to a pMTJ without the second reference
layer RL2, in agreement with earlier simulations [21] and experimental
results [17]. For a Ta spacer, however, the advantage in switching
acceleration due to the second RL is only several percent and disappears
at higher bias voltages. In order to explain this behavior, the torques
acting on the FL are plotted in Fig. 6. The magnetization direction
in the ferromagnetic layers is depicted by black arrows and the FL is
orthogonal to the RLs. The damping-like component of the spin torque
inside the FL shows a large peak at the TB interface and a smaller
additional peak at the NMS interface coming from RL2. It is clearly
visible that the torque contribution due to the second RL2 is large in
the case of a Ru NMS.

In Fig. 5 a change in switching behavior of parallel to antiparallel
(P→AP) and antiparallel to parallel (AP→P) switching can be observed.
While for the pMTJ AP→P switching shows faster switching times than
P→AP switching, this is reversed in both the Ta-dsMTJ and the Ru-
dsMTJ. This change in switching behavior is influenced by the stray
field of the second RL, which acts against magnetization switching in
an antiparallel configuration and supports magnetization switching in
a parallel configuration.

The spin–flip length 𝜆SF, which governs the decay of the longitu-
dinal components of the spin accumulation, in Ru is 4.0 nm and is
more than two times larger than in Ta (1.9 nm). Therefore, the spin
accumulation impinging from RL2 to the FL decays significantly in Ta
compared to Ru, which results in a much weaker contribution of the
second RL2 to the torque (Fig. 6) and the switching time acceleration,
in agreement with Fig. 5. To further investigate the dependence of
the switching efficiency on the NMS material, we investigated the spin
torque acting in the FL while varying 𝜆SF of the NMS. In Fig. 7 the
total spin torque in the FL is plotted for different 𝜆SF of a 1 nm thick
NMS. Clearly visible is a rapid increase in total spin torque for 𝜆SF
in the range from 0 to 5 nm. This behavior explains the much better
switching performance of the investigated dsMTJ structures with a Ru
spacer compared to a Ta spacer.
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Fig. 5. Switching times of a pMTJ and dsMTJ with different NMS materials, for parallel
to antiparallel (P→AP) and antiparallel to parallel (AP→P) configuration.

Fig. 6. Spin torque components acting in the layers of a dsMTJ device. The magneti-
zation direction is -x in RL1 on the left, +x in RL2 on the right and +z in the FL. The
torques are shown for Ta and Ru as materials of the NMS layer.

Fig. 7. The total spin torque acting in the free layer of the dsMTJ for different spin–flip
lengths 𝜆SF of the NMS layer.

4. Conclusion

We use a fully three-dimensional FEM based micromagnetic model
based on a coupled spin-and-charge drift–diffusion approach to cal-
culate the spin torque acting in multilayer structures and to simulate
4

the switching behavior of MTJ devices. We extend the perpendicularly
magnetized MTJ structure by adding a second ferromagnetic reference
layer and a non-magnetic spacer on top to achieve a double-spin torque
MTJ structure. We show that the experimentally reported two-times
enhancement of switching performance is indeed attributed to the addi-
tional spin torque coming from the second reference layer acting in the
free layer, in case the two reference layers are magnetized antiparallel
to each other. We demonstrate that the efficiency of switching of a
dsMTJ heavily depends on the material of the non-magnetic spacer.
This is due to the amount of additional spin torque acting in the free
layer being determined by the spin–flip length 𝜆SF of the non-magnetic
spacer. Higher 𝜆SF leads to higher values of spin torque in the free layer
and thus to an increased switching performance. Materials with large
spin–flip lengths like Ru (𝜆SF = 4.0 nm) are promising candidates for
non-magnetic spacer layers, as opposed to Ta with a shorter spin–flip
length and inferior switching performance.
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