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We present a generalization of the coupled spin-charge drift-diffusion formalism capable of accurately
describing the spin and charge transport properties through magnetic tunnel junctions. Correction terms enable
reproducing oscillations of the spin current in ferromagnets typical for quasi-ballistic transport. Our approach
proves necessary to accurately capture an interplay between the interfacial Slonczewski and bulk-like Zhang-Li
contributions to the torque in ultra-scaled MRAM devices.

1. Introduction

The introduction of nonvolatility represents a possible solution to
the increase in power consumption encountered with the scaling of
DRAM and SRAM. Emerging nonvolatile spin-transfer torque (STT)
magnetoresistive random access memory (MRAM) offers high speed
and endurance, being attractive for stand-alone, embedded automotive,
and Internet of Things applications, and for its possible employment in
frame buffer memory and slow SRAM [1-5]. The basic component of
an STT-MRAM cell is a Magnetic Tunnel Junction (MTJ), composed of
two ferromagnetic (FM) layers separated by an insulating tunnel barrier
(TB). The magnetization of the Reference Layer (RL) is fixed, while
the one of the Free Layer (FL) can be switched. Due to the Tunneling
Magnetoresistance (TMR) effect, the resistance of the structure is dif-
ferent, when the magnetization vectors are parallel (P) or anti-parallel
(AP) to each other, providing a way of discerning the bit state. The
writing process in STT-MRAM is achieved by passing an electric current
through the structure. Electrons flowing from the RL to the FL become
spin polarized, and the generated spin current is absorbed by the FL,
providing the torque [6]. In recently demonstrated ultra-scaled MRAM
devices, elongated composite free layers with multiple MgO barriers are
employed to boost both the shape- and interface-induced perpendicular
magnetic anisotropy [7]. Therefore, when simulating ultra-scaled STT-
MRAM, it is paramount to compute all torque contributions, like the
interfacial Slonczewski [6] and bulk Zhang-Li [8] torques, from the
same source, namely the spin accumulation, in order to capture possible
interactions between them.

* The review of this paper was arranged by Francisco Gamiz.

2. Model

The torque acting on the magnetization can be derived by com-
puting the spin accumulation S in the whole structure. This allows to
obtain both contributions, and their interaction, from the same set of
equations. This requirement is achieved by employing the spin drift-
diffusion approach for the computation of S [9,10] with the equations
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where up is the Bohr magneton, e is the electron charge, g, and 8, are
polarization parameters, D, is the electron diffusion coefficient, A, is
the spin-flip length, 4, is the exchange length, 4, is the spin dephasing
length, J¢ is the charge current density, Jg is the spin current density
tensor, Tg is the spin torque, and m is the unit magnetization vector.
As this formalism only accounts for diffusive and scattering effects, it
must be extended to accurately describe the torques acting in an MTJ.

The charge current is modeled by employing a low conductivity
which locally depends on the relative magnetization vector’s orienta-
tion across the tunnel layer [11]. For the spin current, the diffusion
coefficient in the TB is set low, proportionally to the conductivity due to
the Einstein relation, and the following boundary condition is imposed

* Corresponding author at: Institute for Microelectronics, TU Wien, GuShausstrae 27-29/E360, 1040 Vienna, Austria.

E-mail address: fiorentini@iue.tuwien.ac.at (S. Fiorentini).

https://doi.org/10.1016/j.sse.2022.108491

Available online 28 October 2022
0038-1101/© 2022 Elsevier Ltd. All rights reserved.


http://www.elsevier.com/locate/sse
http://www.elsevier.com/locate/sse
mailto:fiorentini@iue.tuwien.ac.at
https://doi.org/10.1016/j.sse.2022.108491
https://doi.org/10.1016/j.sse.2022.108491
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sse.2022.108491&domain=pdf

S. Fiorentini et al.

§ | =
g/ —_— |
(%3]
m—y
—— s ]
¥
782

96 98 100 102 104 106 108 110
X (nm)

()

Solid State Electronics 199 (2023) 108491

1.5F NM RL |TB| FL NM "

10| /

0.0 —

_1_0\ — S| |
[ —38

A5F 7

96 98 100 102 104 106 108 110
X (nm)

(b)

S (A/m)

Fig. 1. Spin accumulation in a symmetric MTJ structure. Nonmagnetic contacts are present to let S decay. The presence of the TB creates a jump in the S components. (a) Results

for A, =2 nm. (b) Results for 4, =0.4 nm.

Table 1
Parameters used in the simulations.
Parameter Value
Charge polarization, g, 0.7
Spin polarization, f, 0.8
NM diffusion coefficient, D, y 1072 m2/s
FM diffusion coefficient, D, j, 2.0x1073 m?/s
TB diffusion coefficient, D, 2.0x107% m?/s
NM conductivity, oy, 5.0x10® S/m
FM conductivity, o, 1.0x10° S/m
TB conductivity, o, 29.76 S/m
Polarization factors, Pg,=Pr, 0.707
on the left and right interfaces of the TB:
T Hp Jc
Js n=—-— ——"F——[Pg; My, + Pp; M ] @

e 14 Pgy Pp; cosé

Here, the subscript RL(FL) indicates the reference (free) layer, P is
the Slonczewski polarization parameter [6], J is the charge current
component orthogonal to the TB, and 6 is the local angle between the
magnetization vectors in the RL and FL. Thereby, we can reproduce
the spin current value [12] when J flows through the TB. The finite
element solver discussed in [11] was augmented with the boundary
condition (2) in order to produce the results presented in this work.
The spin accumulation S can be computed from (1b), and the torque is
then obtained from (1c).

3. Results

While employing (2) gives the opportunity to fix the spin current
density in the TB to the value expected in MTJs, the length parameters
entering (1) determine the scale of absorption of the transverse spin
accumulation components and the behavior of the torque in the bulk
of the FM layers. Fig. 1(a) shows the spin accumulation obtained in a
symmetrical MTJ structure with A; = 1 nm, 4, = 2 nm, and 4,, = 10 nm,
where the FM layers are 2 nm thick, the TB is 1 nm thick, and two
non-magnetic contacts (NM) of 50 nm thickness are included to allow
the spin accumulation to decay to zero. The remaining parameters are
listed in Table 1. The magnetization points towards x in the RL and
towards z in the FL. In this case, the transverse spin accumulation
components are not completely absorbed in the FL, contrary to what
is usually expected in strong ferromagnets [6,13,14]. By taking an
effective dephasing length of 4, = 0.4 nm, it is possible to have a
faster decay of the transverse components close to the TB interface, cf.
Fig. 1(b). The direct proportionality of the STT torque on the sine of
the angle between the magnetization vectors in the FM layers predicted
in MTJs under a constant voltage [6,12] is reproduced exactly. A
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Fig. 2. Dependence of the average torque on the relative angle between the mag-
netization vectors. The inset shows the linear dependence of the torque on the RL
polarization factor.

comparison with the values obtained using the Slonczewski expression
from [6] is shown in Fig. 2.

Recent analytical investigations of the behavior of the torque in
the ballistic regime predict a more complex absorption pattern for the
transverse components, with an oscillating behavior [12]. By introduc-
ing a ballistic correction [15] to the spin drift-diffusion formulation,
the complex oscillating behavior of the torque can be reproduced. The
additional terms can be derived from the continuous random matrix
theory, and stem from the underlying ballistic origin of the transverse
spin precession or absorption [16]. The expression for the spin current
with the ballistic terms, Jg ,, is related to the one in (1a) by

JS,bal = Afl(m) E B 3)

where A(m) is a magnetization dependent tensor, with the components
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Fig. 3. Torque computed with the inclusion of ballistic corrections to the spin current
in a semi-infinite FL. The magnetization configuration is the same one employed for
Fig. 1.
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Fig. 4. Comparison of the thickness dependence of the total damping-like torque acting
on the FL in the presence of fast interface absorption or ballistic and oscillating behavior
of the transverse spin accumulation components.

where 1 is the electron mean free path. Eq. (1b) with the spin current
described by (3) can be analytically solved. The results for the torque
obtained using 4; = 1 nm, 4, = 4.3 nm, and the mean free path 1 =
5.8 nm in a semi-infinite free layer are shown in Fig. 3. The oscillating
behavior of the torque components is in qualitative agreement with the
results reported in [12].

The presence of such a pattern has an effect on the total torque
exerted on the FL, defined as

1 dryp,
TS,tot = E/O Tsdx, (5)

where dg; is the total length of the FL and Tg is defined by (1c).
In Fig. 4, a comparison of the dependence of the total damping-like
torque computed with both (1a) and (3) is depicted. For long FLs, both
approaches show a 1/dp; decay of the total exerted torque. Below
4 nm, however, the transverse components are not completely absorbed
in the ballistic approach, so that the dependence of the torque on the
FL thickness becomes more complex, and its value is reduced. Such a
difference in the thickness dependence of the torque can provide a valid
benchmark to establish which of the two approaches is most suitable
to describe the switching behavior of STT-MRAM devices.

In the presence of elongated FLs, the switching of the whole layer at
the same time is not guaranteed and magnetization textures or domain
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walls can be formed during the magnetization reversal process. In this

case, both Slonczewski and Zhang-Li torque contributions are present,

and the proposed approach is able do deal with them on equal footing.

In order to analyze how the MTJ presence affects the Zhang-Li (ZL)

torque, we generalized the expression reported in [8] to include 4,:
Hp ﬂo

T, =B ___ "o (1 ’ ’
7L . 1+(e+e’)2(( +e€ (e+e))m><

[mx (Jo-V)m| —emx (Jc - V)m) (6)

€ = (A,//lsf)2 and ¢ = (/1,//10,)2. We computed the torque in a
structure with elongated RL and FL of 5 nm and 15 nm thickness,
respectively, separated by a TB 0.9 nm thick. The magnetization of
the RL is uniform along the x direction, while the FL presents a
textured magnetization going from the z to the -x direction. The torque
is computed assuming fast absorption of the transverse components,
and is reported in Fig. 5. Fig. 5(a) shows how both the Slonczewski
contribution near the TB interface, and the ZL contribution in the
bulk of the layer are present. In Fig. 5(b), the ZL contribution is
compared to the one obtained by applying (6) to the magnetization
configuration of the FL, using the same values for 4;, 4,, A7, fq,
and J employed for the spin drift-diffusion solution. The comparison
reveals a substantial difference. The reason for this discrepancy lies in
the fact that the presence of the TB also generates a weakly decaying
spin accumulation component parallel to the magnetization, whose
interaction with the magnetization texture substantially modifies the
Zhang-Li contribution. The extended spin drift-diffusion approach thus
allows to capture interdependent effects in the presence of both MTJs
and domain walls or magnetization textures in the ferromagnetic layers.

4. Conclusion

We presented an extension of the drift-diffusion formalism capable
of reproducing properties of the torque in magnetic tunnel junctions.
We showed how the model can be further augmented to include ballis-
tic corrections to the spin current and generate a more complex thick-
ness dependence of the average torque compared to the one obtained
with interfacial absorption. Our modeling approach clearly demon-
strates that in the presence of an MTJ the Slonczewski and Zhang-Li
contributions are not independent, and that a unified treatment of the
torque is needed in order to accurately describe the switching process in
ultra-scaled MRAM cells with elongated and composite ferromagnetic
layers.
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Fig. 5. (a) Spin torque in an elongated FL with the magnetization going from z to -x. The magnetization in the RL is along x. (b) Comparison of the spin torque to the Zhang Li
expression.
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