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Abstract—Simulations of free-layer switching in spin -
transfer torque MRAM are usually performed with the torque
computed approximately by assuming a position-independent
electric current density through the structure. For high values
of the tunneling magnetoresistance, this description is not
accurate anymore, and one needs to solve the spin and charge
drift-diffusion equations in the whole structure self-consistently.
We compute the switching time distribution obtained by the self-
consistent model and compare it to the switching times from the
fixed current density approach. We show that, provided the
current is appropriately adjusted, the simplified model can
mimic the correct switching time distribution even in the case of
high TMR.
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I. INTRODUCTION

In recent years, the development of computer memory has
been focused on miniaturization and scaling of
semiconductor devices. This, however, has increased the
stand-by power and leakages in modern integrated circuits,
due to the volatile nature of SRAM and DRAM. An attractive
path to dramatically reduce the power consumption is to
introduce non-volatility.

One possible path to achieve this goal is to consider the spin
degree of freedom of electric charges. For this, non-volatile
spin-transfer torque (STT) magnetoresistive random access
memory (MRAM) is a viable candidate. STT-MRAM
combines higher speed, superior endurance and lower costs
as compared to flash memories. In addition, STT-MRAM is
compatible with CMOS technology and can be
straightforwardly embedded in circuits. The potential market
for STT-MRAM is ranging from IoT and automotive
applications to embedded DRAM and L3 caches [1][2].

In this work we present a way of computing the
magnetization dynamics in a STT-MRAM by solving the
spin drift-diffusion equations with non-uniform current
density, and compare it to the standard approach which
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prescribes the current density to be fixed and position-
independent.

II. STT-MRAM

The key element of modern MRAM cells consists of a
magnetic tunnel junction (MTJ), formed by two
ferromagnetic layers separated by a thin oxide layer, where
the latter provides the tunnel barrier (see Fig. 1 for reference).
The magnetization of the layers has two possible
configurations: parallel (P) and anti-parallel (AP). The
magnetization in one of the layers is free to switch (free
layer), while the magnetization in the second is fixed
(reference layer). This can be achieved by tuning the
geometry of the layers or by antiferromagnetically coupling
it to a pinned layer [3].

Due to the tunneling magnetoresistance effect, tunneling
electrons polarized by the reference layer are easily
accommodated by the free layer when the magnetization
vectors of the layers are parallel, so the resistance Rp is lower
than the resistance R,p. This resistance difference is usually
characterized by the tunneling magnetoresistance ratio
(TMR), defined as

_ Rip-Rp

TMR
Ry

(1

Achieving a high TMR ratio is important in order to
reliably discern between the P and AP configurations. The
use of a CoFeB/MgO/CoFeB MTJ can grant a TMR ratio of
up to 600% [4].

The commercial application of MRAM in embedded
circuits requires a reliable switching process between the two
magnetization configurations of the MTJ. Such a switch can
be efficiently realized by letting an electric current flow
through the structure: the spins of the electrons get polarized
by the reference layer, and the exchange coupling with the
magnetization provides the torque (STT) necessary to rotate
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the magnetization in the free layer and achieve switching
[31[6].

In order to design more efficient memories, it is necessary
to introduce methods of simulating the switching process in
realistic structures.

III. MODELS

The equation that describes magnetization dynamics is the
Landau-Lifshitz-Gilbert (LLG) equation. When introducing
a term describing STT (Ts), the final magnetization equation
is [7]
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where m=M/Ms is the position-dependent normalized
magnetization in the free layer, Ms is the saturation
magnetization, a is the Gilbert damping constant, y is the
gyromagnetic ratio, / is the reduced Plank constant, e is the
electron charge, Jc is the current density, P is the spin
current polarizing factor [8] assumed to be equal in both
ferromagnetic layers, d is the thickness of the free
ferromagnetic layer, 6 is the angle between local
magnetization vectors in the free and fixed layer, and x is the
unit vector along the fixed layer magnetization (Fig. 1). The
effective magnetic field Heq includes the external field, the
magnetic anisotropy field, the demagnetizing field and the
stray field from the reference layer/magnetic stack. It also
includes the thermal field, a randomly fluctuating magnetic
field used to simulate the effects of finite temperature on the
magnetization dynamics.

The usual approach in micromagnetic simulations of STT
switching is to assume that the current density J¢ is position-
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Fig. 1. Schema of the magnetization configuration in a mid-switch
scenario.
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independent [9]. For low TMR and in-plane MTJs, where the
resistance difference between the low and high resistance
configuration is small, this assumption can be justified [10].
However, modern MTJs are perpendicularly magnetized (p-
MT1Is) and possess a large TMR above 200%. In this case the
simplified description offered by (2) may not be accurate
anymore. Indeed, if the current is running, the local
magnetization vectors at every point are not collinear. This
results in position-dependent current density, which in turn
results in position-dependent spin currents and spin torques
at every time step. The validity of (2) must be justified by a
complete computation of spin accumulation and spin torques
in p-MTJs due to the position dependent current density
coupled to the magnetization dynamics.

In order to achieve this, we need to take into consideration
the spin and charge drift-diffusion equations [11][12]:
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where Js is the spin current density, x5 is the Bohr magneton,
ps and fp are polarization parameters, o is the electron
conductivity, D, is the electron diffusivity constant, Ay A; 4,
are scattering lengths, and & stands for the tensor product.

We compute the electric current density Jc by taking into
consideration the dependence of the tunnel barrier resistance
on the relative angle of magnetization vectors in the reference
and free layer. In order to do this, we solve the Laplace
equation -V2F' = 0, where V is the electric potential, in the
ferromagnetic contacts. The non-uniform resistance of the
barrier, described as [10]

TMR
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x10"!
28

Fig. 2. Current density distribution through a square MTJ in a mid-switch
scenario. The current flow is higher where the magnetization is
aligned, due to lower resistance.



is imposed by Neumann boundary conditions at the interface
between the ferromagnetic and the oxide layers. Dirichlet
boundary conditions are imposed on the electrodes, thus
fixing the potential. The current density Jc across the
structure is then given by

Jc=-VV. (6)
In Fig. 2 we report the computed current density for the
magnetization configuration schematized in Fig. 1. The
current density is highly nonhomogeneous and redistributed
in order to accommodate the varying resistance across the
barrier.

With Jc known, (3) and (4) can be solved to compute the
spin accumulation S. The torque term to be inserted in the
LLG equation is thus:

e
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IV. RESULTS

We compare the model described by (3-7) (Model 1) with
a fixed voltage across the MT1J, to the model with the constant
current density described by (2) (Model 2) and to a reference
model [10] generalized to p-MTJs, in which the total current
is fixed but redistributed at every time step according to the
local resistance value (Model 3). In order to account for the
differences between the models, we set the total currents for
Model 2 and Model 3 to the value of the current in Model 1
at the beginning of the switching process. The simulations are
performed for a p-MTJ. The system’s main parameters,
which were set to typical experimental values [13], are
summarized in Table 1. The stack is of a circular pillar shape
of 40 nm in diameter. The thicknesses of the free and the
reference CoFeB layers are 1.7 nm and 1 nm, respectively.
The thickness of the MgO layer is 1 nm.

TABLE L. SYSTEM PARAMETERS

Parameter Value

Gilbert damping, o 0.02

Gyromagnetic ratio, y 2.3-10° m/(As)

Saturation magnetization, Ms 1.2-10°% A/m
Free layer thickness, d 1.7 nm
Perpendicular anisotropy energy, K 9.0-10° A/m
Resistance for P state, Rp 14 kQ
Resistance for AP state, R4p 42 kQ
Voltage, V' +2 Volts

Switching current for AP—P, Jyp.>p 3.8-10%° A/m?

Switching current for P>AP, Jp.>4p —1.1- 10t A/m?

With this choice of parameters, the TMR of the structure
is 200%, and the thermal stability factor, given by

_ MgHgV
 2kgT’

)

is equal to 68 at room temperature, in agreement with the
minimum factor of 60 required for standalone memories. In
(8), Hk is the anisotropy field, ¥ is the volume of the free
layer, kp is the Boltzmann constant and 7 is the temperature.

Examples of switching realizations in the structure
described above are shown in Fig. 3, for both AP—P and
P—AP processes. The fluctuating thermal field guarantees a
unique switching path every time the simulation is run. Thus,
the switching time can vary slightly between different
switching realizations. We note that the switching time
required to switch from P to AP is higher than from AP to P.
This is due to the uncompensated stray field of the reference
layer, which tends to keep the magnetization of the two
ferromagnets aligned, helping the switching to the parallel
configuration and opposing the switching to the antiparallel
one. By using a pinned layer antiferromagnetically coupled
to the reference layer, we can compensate the total stray field
acting on the free layer. This allows to have more symmetric
switching times from P to AP and from AP to P,
correspondingly.

Fig. 4 reports the switching times (ST) as a function of
uncompensated stray field, where the stray field is modeled
by the total saturation magnetization of the
antiferromagnetically coupled layers. The results are
averaged over 30 realizations, in order to take into account
the effects of the thermal field. As expected, compensating
the stray field results in a higher ST for the AP—P
configuration and a lower ST for P—>AP. However, results
for STs are ~15% higher for AP—P and ~10% lower for
P—AP for Model 2 and 3 as compared to Model 1. This
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Fig.3. AP—P and P—AP switching for the 3 different models. In the
P—AP switching attempts, the stray field from the fixed layer is
opposing the switch, creating the observable oscillations.
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Fig. 4. Comparison between AP —P and P— AP switching for various
levels of the uncompensated stray field. Filled symbols represent P—~
AP switching, empty ones AP—P. The bars show ST variations due to
thermal fluctuations for 30 realizations.

discrepancy is attributed to the fact that in Model 1 the
voltage is fixed, and the total current is allowed to vary
according to the MT]J resistance, while Model 2 and 3 are at
a fixed total current during the whole process.

In order to compensate the effect of the varying resistance
on the switching time, we adjust the currents in Model 2 and
3 to make them ~10% higher for AP—P and ~5% lower for
P— AP switching. The resulting STs are shown in Fig. 5: with
this tuned choice of currents, all the models produce
compatible results within the thermal spread. The proposed
current adjustment, albeit providing a feasible way of
reproducing Model 1 STs distribution using the simplified
description offered by (2), depends on the system parameters,
especially on the TMR ratio, the dimensions of the stack, and
the voltage. Further analysis and simulations are required in
order to quantitatively determine the current correction
needed to employ the simplified and therefore more
computationally efficient model (2) with constant current
density.

V. CONCLUSION

We presented a numerical implementation of the coupled
spin and charge drift-diffusion equations for the simulation of
magnetization dynamics in a p-MT]J based, high TMR STT-
MRAM structure. We compared the results for switching
time distribution obtained within the application relevant
condition of fixed voltage across the structure to two
simplified models of switching under fixed current and fixed
current density constraints. The switching times obtained by
the three models were compared in the presence of different
values of the uncompensated stray magnetic field acting on
the free layer. We showed that a TMR and voltage-dependent
adjustment of the fixed current values is required for the
approximated models to correctly reproduce the switching
time distribution in the case of high TMR.

60

0,0 0,2 0,4 0,6 0,8 1,0 1,2
1 B 1 L 1 bl I & I Ll 1 L] 1
Model 1 AP to P
Model 1 P to AP
Model 2 AP to P
Model 2 P to AP
Model 3 AP to P < 20
Model 3 P to AP

22 -

20 |-

3y JoX Juj |

2 .

14 ! -1 14
12 - é

1 " 1 L 1 " 1 L 1 " 1 " 1

0,0 0,2 0,4 0,6 0,8 1,0 1,2
Iv's,pin (A/m)

Fig. 5. Comparison of switching times for the tuned values of input currents
for models 2 and 3. The switching times of all 3 models are compatible
within the thermal spread.
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