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Abstract—We investigate the switching of a symmetric square
and an elongated rectangular perpendicular free layer by spin-
orbit torque with a magnetic field-free two-pulse scheme. The
switching of the layer is achieved by utilizing the in-plane
shape anisotropic magnetic field. For making the switching of
a symmetric square layer deterministic, an in-plane stray field
created in a part of the layer is used. The combination of the
shape and stray fields accelerates the switching of the free layer
significantly. A switching speedup factor of 3 to 5 has been
obtained. The strategy also improves the robustness of the scheme
allowing fast, sub-0.5 ns switching, less sensitive to the pulses’
properties.

Index Terms—Spin-Orbit MRAM, perpendicular magnetiza-
tion, magnetic field-free switching, two-pulse switching scheme

I. INTRODUCTION

Spin-transfer torque magnetic RAM (STT-MRAM) is fast,

possesses high endurance (1012), and has a simple struc-

ture. It is compatible with CMOS technology and can be

straightforwardly embedded in circuits [1]. It is particularly

promising for use in IoT and automotive applications, as a

replacement of conventional flash memory, as well as for

embedded applications [2].

Although the use of STT-MRAM in last-level caches is

possible [3], the switching current for operating at a speed

faster than 10 ns is fairly high. The large current densities

flowing through magnetic tunnel junctions lead to oxide re-

liability issues which in turn reduce the MRAM endurance.

Thus, devices based on a new principle are required.

Spin-orbit torque (SOT) assisted switching of a free layer

(FL) is promising, because it combines non-volatility, high-

speed, and high-endurance [4]. In this memory cell the mag-

netic tunnel junction’s (MTJ) free layer is grown on a material

with a large spin Hall angle. The relatively large switching

current is passing through a heavy normal metal (NM) wire

on which the FL is grown [5]. The write current does not flow

through the MTJ, while a much smaller read current is applied

through the MTJ. This results in a three-terminal configuration

where the read and write current paths are decoupled. Since

the large write current does not flow through the oxide in

the MTJ, this prevents the tunnel barrier from damage and

improves device reliability. However, a static magnetic field is

still required for deterministic switching [6] of the FL. Even

though several paths to achieve a field-free switching were

reported [7], [8], [9], these require a local intrusion into the cell

fabrication, which makes large scale integration problematic.

In this work we demonstrate that the switching of a sym-

metric square layer can be made deterministic by creating an

in-plane stray field in a part of the FL. The switching of the

rectangular perpendicular magnetized FL is accomplished by

the in-plane shape anisotropic magnetic field. The combination

of the shape and stray fields accelerates the switching of the FL

significantly. Our results indicate a switching speedup factor

of 3 to 5. Moreover, it improves the robustness of scheme

allowing fast, sub-0.5 ns switching.

II. DEVICE STRUCTURES AND MODELING

The structure of the symmetric square and the rectangular

device are shown in Fig. 1. Both structures consist of a

perpendicularly magnetized FL grown on top of a heavy metal

(a)

(b)

Fig. 1: Two-pulse switching scheme applied to the perpendicu-

larly polarized square magnetic FL. (a) Symmetric square FL.

(b) Rectangular FL.
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TABLE I: Parameters used in the simulations [10].

Saturation magnetization, MS 1×106 A/m

Exchange constant, A 1×10-11 J/m

Effective Perpendicular anisotropy, K 4.2×105 J/m3

Gilbert damping, α 0.02
Spin Hall angle, θSH 0.3

Free layer dimensions (square) 15×15×2 nm3

Free layer dimensions (rectangular) 25×10×2 nm3

wire (NM1) of l = 3 nm thickness. Another heavy metal wire

(NM2) also of l = 3 nm thickness lies on top of the FL. The

parameters of the FL are listed in Table I.

The dimensions of the the square structure are a× a× d =
15× 15× 2 nm3, while the rectangular device has a× b×d =
25 × 10 × 2 nm3, where a represents the length, b represents

the width, and d is the thickness of the FL. These dimensions

guarantee a thermal stability factor of about 50. As Fig. 1

shows, the FL fully overlaps with the NM1. Thus, the NM1

width is w1 = 15 nm for the symmetric and w1 = 10 nm for

the non-symmetric device. In order to investigate the effect of

the stray field acting on part of the FL, NM2 wires of different

widths, w2, have been considered. For the symmetric square

w2 = a = 15 nm and w2 = 10 nm are used. For the non-

symmetric rectangular device w2 = b = 25 nm and w2 =
10 nm are simulated.

The magnetic field-free switching of the devices is based on

a two-current pulse scheme previously proposed in [11]. This

scheme works as following: First, a pulse of a fixed duration

T1 = 100 ps and fixed current density j1 = 12 × 1012 A/m2,

“Pulse 1”, is applied through the NM1. The critical current

density for switching the device is about 1013 A/m2. Then, a

second consecutive perpendicular pulse, “Pulse 2”, is applied

through the NM2. This pulse provides the same current

density as the first pulse. However, “Pulse 2” has a variable

duration T2 in order to investigate the effect of different pulse

configurations on the switching dynamics of the device.

The magnetization dynamics of the magnetic system is de-

scribed by the Landau-Lifshitz-Gilbert equation supplemented

with the SOT generated by the current pulses acting on the

FL, which can be written as

∂m

∂t
= −γm×Heff + αm×

∂m

∂t

+ γ
~

2e

θSHj1

MSd
[m× (m× y)] Θ(t)Θ(T1 − t) (1)

− γ
~

2e

θSHj2

MSd
[m× (m× x)] Θ(t− T1)Θ(T2 + T1 − t),

where m is the position-dependent magnetization M nor-

malized by the saturation magnetization MS , γ is the gy-

romagnetic ratio, α is the Gilbert damping, and Heff is

an effective magnetic field, e is the elementary charge, ~

is the Plank constant, and θSH is an effective Hall angle.

The effective field Heff includes the exchange, uniaxial per-

pendicular anisotropy, demagnetization, and random thermal

field at 300 K. To describe the magnetization dynamics, we

employ our in-house open-source tool [12] based on the finite
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Fig. 2: Average magnetization (z component) for several

pulses durations T2 for the rectangular device.
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Fig. 3: Components of the magnetization vector for the rect-

angular device and T2 = 100 ps. The first pulse puts the

magnetization in y direction on the FL plane and the second

pulse pushes the magnetization to −x direction.

difference discretization method. The parameters used in the

simulations are given in Table I.

III. RESULTS

Considering, initially, the rectangular structure with w2 =
25 nm, the FL is fully covered by the layer NM2, Fig. 2

shows the z component of the magnetization vector as a

function of time for different durations of “Pulse 2” (T2).

The magnetization is taken as the average out of 20 different

realizations (due to the random thermal field) for the same

current pulse configurations. Deterministic switching (i.e. all

realizations lead to switching) of the free layer is observed for

T2 ≥ 80 ps.
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The dynamics of the magnetization components is shown

in Fig. 3 for T2 = 80 ps. When “Pulse 1” is turned on, the

magnetization is placed on the plane of the FL along the y

direction (mz = 0, my = +1) as the first torque term in (1)

suggests. This condition is explicitly depicted as “Pulse 1”

in Fig. 3. Then, the magnetization under the layer NM2 gets

rotated towards −x direction (mx = −1, “Pulse 2” in Fig. 3)

due to the SOT of the second pulse, corresponding to the

second torque term in (1). At this point, the shape anisotropy

plays an important role as an effective magnetic field which

pushes the magnetization towards switching. The switching

process is further supported by the uniaxial perpendicular

anisotropy of the FL.

Considering now the symmetric square structure with w2 =
a = 15 nm, Fig. 4 shows the magnetization of several

realizations. Here, the switching is not deterministic, i. e.,

part of the realizations switch, part of the realizations do not.

No “Pulse 2” parameters were detected which would support

deterministic switching of the FL.

This is in contrast to the SOT-MRAM cell with the rect-

angular FL layer, where the shape anisotropy plays the role

of the effective magnetic field, while the switching direction

is determined by the polarity of “Pulse 2” which pushes

the magnetization to one or another side from the in-plane

direction along the short side of the rectangle [11]. As there

is no shape anisotropy for a square, i.e a symmetric FL, the

switching is unreliable, as observed in Fig. 4.

In order to break the symmetry of the square structure, the

width of the layer NM2 is reduced, so that the square FL is

only partially covered. The resulting magnetization dynamics

for w2 = 10 nm is shown in Fig. 5. Reliable switching is

observed for all values of T2. Moreover, the switching time

is significantly reduced. For instance, for T2 = 100 ps, the

switching time of the rectangular structure is 0.9 ns, while for

the square FL with non-symmetric NM2 it is 0.5 ns.
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Fig. 4: Magnetization for several realizations for the square

device. Deterministic switching is not observed. The switching

probability is about 50%.

Fig. 6 demonstrates the typical position dependent magne-

tization just after the write pulses are applied. As previously

explained, after “Pulse 1” is turned on, the magnetization is

placed on the plane of the FL along the y direction. Then,

due to the SOT of the second pulse the magnetization under

the layer NM2 gets rotated towards −x direction, which is

shown in Fig. 6. This creates a stray field of the magnetization

under the layer NM2, which acts as an effective in-plane

magnetic field for the rest of the FL. This field causes the

magnetization to precess away from its in-plane orientation

towards the switching. Thus, the stray field plays the role of

the shape anisotropy field of the rectangular structure.

If we now reduce the width of NM2 for the rectangular

device, the switching behavior is that shown in Fig. 7. In this

case, besides the existing shape anisotropy field, due to the
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Fig. 5: Average of 20 switching realizations for the square

device with w2 = 10 nm. Reliable switching is observed for

all T2.

Fig. 6: Snapshot of magnetization for w2 = 10 nm just after

“Pulse 2” is on.
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Fig. 7: Average of 20 switching realizations for the rectangular

device with w2 = 10 nm. Fast and reliable switching is

observed for all T2.

reduction of w2 the effective field has also the contribution of

the stray field in part of the structure. The switching time is

not only shorter, but also its variation with the second pulse

duration T2 is reduced. Note that the curves nearly coincide.

Here, the switching time is about 0.3 ns, remaining practically

the same for all cases. A summary of the switching times

for the different structures is shown in Fig. 8, where the

improvement of the times of the rectangular structure is clearly

visible, when the additional stray field is present. It should be

noted that this result is accomplished using a smaller current

for the second pulse, since the reduction of w2 implies a

decrease of the current magnitude, provided that the current

density remains constant.

IV. CONCLUSION

By using the combination of the shape anisotropy with the

stray field the switching of the non-symmetric rectangular

structure was accelerated by a factor up to 5 for a smaller

current pulse magnitude. A very fast switching time, down to

0.3 ns, was demonstrated. The in-plane stray field created in

a part of the free layer remarkably improved the switching

of the symmetric square device, turning it into a reliable and

fast switching structure. Furthermore, a beneficial influence

on the variation of the switching time has been observed. The

switching time remains essentially the same for a wide range

of pulse durations, thus, it is less sensitive to the input pulse

parameters.
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Fig. 8: Switching time as function of T2 for the different struc-

tures. The symbols represent the average of 20 realizations.

The error is about the size of the symbol.
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