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Magnetisation switching dynamics
induced by combination of spin
transfer torque and spin orbit
torque

Andrea Meo'", Jessada Chureemart?, Roy W. Chantrell?> & Phanwadee Chureemart*™*

We present a theoretical investigation of the magnetisation reversal process in CoFeB-based magnetic
tunnel junctions (MTJs). We perform atomistic spin simulations of magnetisation dynamics induced
by combination of spin orbit torque (SOT) and spin transfer torque (STT). Within the model the effect
of SOT is introduced as a Slonczewski formalism, whereas the effect of STT is included via a spin
accumulation model. We investigate a system of CoFeB/MgO/CoFeB coupled with a heavy metal
layer where the charge current is injected into the plane of the heavy metal meanwhile the other
charge current flows perpendicular into the MTJ structure. Our results reveal that SOT can assist the
precessional switching induced by spin polarised current within a certain range of injected current
densities yielding an efficient and fast reversal on the sub-nanosecond timescale. The combination of
STT and SOT gives a promising pathway to improve high performance CoFeB-based devices with high
speed and low power consumption.

In today’s information based society enormous amounts of data are stored and processed daily. Current spin-
tronic devices such as spin transfer torque magnetic random access memories (STT-MRAMs) are among the
most promising emerging memory technologies. STT-MRAM:s have been considered as candidates for universal
memories thanks to their potential for fast read/write operations, low power consumption, non-volatility and
durability!-¢. STT-MRAMs are based on magnetic tunnel junctions (MTJs), that is a trilayer structure consisting
of two conductive ferromagnets and a thin insulator in the middle, usually CoFeB-based and MgO respectively”’.
One ferromagnet, termed the reference layer (RL), has pinned magnetisation and polarises the spin current flow-
ing into the layer. The other ferromagnet, whose magnetisation can be freely rotated, is known as the free layer
(FL). It can be reversed by a large enough excitation of the spin polarised current. In the case of STT-MRAM
this is achieved by injecting a perpendicular current into the MT] and exploiting the torque arising from the s-d
exchange interaction between the conduction electrons and the local magnetisation. The information is retrieved
by sensing the magnetisation state of the latter via the tunnel magnetoresistance (TMR) effect. These devices can
yield fast switching, hence fast writing operations, on the order of a few nanoseconds. However, to achieve faster
switching large current densities are required>*>®. This undermines the potential for low power applications.
Moreover, since the injected current and the magnetisation of the free layer share the same direction at rest, it
is necessary to induce misalignment of the magnetisation in order to have a non-zero torque. This might cause
long incubation times thereby reducing the speed. STT-MRAM is a two terminal device, i.e. the same electrical
path is used to write and read. This offers the opportunity of reducing the cell dimension of the memory, thus
going beyond the current silicon-based technology. On the other hand, the thin oxide that serves as tunnelling
barrier in the MT] may suffer damage when large current densities or voltages are applied. This can cause the
breakdown of the device and result in durability issues>®.

Apart from the conventional STT switching by injecting a current perpendicular to the MT], the current-
induced magnetisation switching can be achieved by spin-orbit torque (SOT), in SOT-MRAM devices® 1. SOT
can be generated by various mechanisms'! such as spin Hall effect (SHE), Rashba effect, inverse spin Galvanic
effect, anomalous Hall effect and interfacial spin-precessional scattering. SOT has recently sparked interest in
both theoretical and experimental research due to its application diversity. For example, SOT switching driven
by mechanism of spin-processional scattering and anomalous Hall effect have been experimentally demonstrated
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by Baek et al.'? and Ma et al."? respectively. Interestingly, generation of unconventional spin current in symme-
try-reduced system such as CuPt'* and spin-orbit torque generated by the broken magnetic symmetry in the
antiferromagnetic IrMn3'® have been reported. One of the most known and studied mechanisms is SHE, which
arises when a current is injected into a non-magnetic metal and spin up and spin down electrons are scattered
to opposite directions. This creates an accumulation of spin density in the directions orthogonal to the current
flow. This effect is caused by spin-orbit coupling and thus is larger in heavy metals!!. SOT-MRAMs are devices
based on MTJs that utilise SOT for the writing process, while using the TMR effect to retrieve the information
as in STT-MRAM. SOT can be achieved by placing a non-magnetic heavy metal (HM), Pt, Ta or W generally,
in contact with the ferromagnetic layer and injecting an in-plane electrical current into the HM. Spin-orbit
coupling is responsible for the generation of a pure spin current orthogonal to the current direction. This is
absorbed in the ferromagnet and exerts a torque on the magnetisation of the ferromagnet that can reverse its
polarisation!!. Due to the nature of the process, reversal occurs in a few hundreds of picoseconds. SOT does
not suffer the incubation time issue, however it requires a way to break the symmetry so that the magnetisation
ends in the desired final state. The traditional approach is to apply an in-plane magnetic field in the direction of
the injected current density. The application of a field has the downside of increasing the power consumption
of the device and it might affect the magnetisation of the MTT itself or nearby cells. Nonetheless, SOT-MRAMs
are characterised by a slightly lower power consumption than STT-MRAM'®'7. SOT-MRAM is a three terminal
device in which the writing and reading paths are separated: the writing current is injected into the metallic
contact and does not flow across the MT], whereas a weak current injected into the MTT is used to read. This
ensures that only weak currents cross the MT] avoiding the risk of damaging the barrier, hence improving the
endurance. Moreover, it increases the reliability by avoiding undesired writing while reading since the read and
write path are separated®>!'"!6. This comes at the cost of larger memory cells than STT-MRAM. Nonetheless, their
fast operation, on the sub-nanosecond timescale, make these devices suitable for CPU cache memories!*'¢'.

Various alterations to the standard STT-MTJ stack>, such as dual MgO MT]Js'®'°, have been proposed.
However, the major limitation affecting these solutions is the minimum MT] size achievable. Voltage control of
magnetic anisotropy (VCMA) MTJs**?! offer the potential of low power magnetisation operations. In practice
however, VCMA requires the assist from a charged current or a very precise control of the voltage pulses to yield
a reliable deterministic switching®. Shape anisotropy MTJs**-%, whose free layer is patterned into a tall cylin-
drical ferromagnet, have been identified as pathway to scale the MTJ size down to or below 10 nm. However,
efficient magnetisation dynamics and transport properties in such structures are yet to be fully demonstrated.
To overcome the limitation of an external magnetic field in SOT-MRAMs, field-free switching has been pro-
posed by controlling the geometry of the device?, introducing a tilted magnetic anisotropy?’, using in-plane
MTJs? and T-type structures?, exploiting the exchange bias via coupling of the ferromagnetic layer with an
antiferromagnet®, combining VCMA with SHE-induced SOT in in-plane MTJs*!, using a magnetic hard mask
to shape the SOT track®. However, downsides of these solutions are the scaling of the cell size and the limited
efficiency?®*® and in some cases difficulties of integration in the current CMOS technology. Recently, Wu et al.*®
proposed a voltage-gate-assisted SOT-MRAM that combining VCMA and SOT offers low energy consumption,
fast operations and a high storage density. However, the design requires MT] in-plane dimensions to be reduced
and the writing still requires the application of an-plane magnetic field.

Another possible solution to overcome the intrinsic limitations affecting STT- and SOT-MRAMs is to com-
bine these two effects in a single device!"***. This opens two scenarios: STT assisted by SOT and SOT assisted
by STT. In the first case SOT acts by inducing an initial misalignment of the magnetisation of the ferromagnet.
This would eliminate the incubation time seen in STT-MRAMs leading to significant reduction of the switch-
ing time. When STT assists SOT-driven dynamics, STT can provide the necessary bias to break the symmetry
and provide deterministic switching of the magnetisation. This removes the necessity of an external field or to
resort to engineered magnetic structures®!?$4-% reducing the required current density. Most of the studies on
SOT-MRAM assisted by STT focused on three-terminal devices'**>%, even though there are reports of two-
terminal devices®®**. SOT-assisted STT-MRAM:s are investigated in Ref.*-*¢*%4! showing improvements in the
switching time and power consumption, however in these works long switching times are considered. Wang and
collaborators* propose a toggle spin torque MTJ where SOT and STT current pulses are sequentially applied,
whilst Xu et al.*? propose a triple level cell combining STT and SOT-based MTJs where the writing mechanism
is achieved in two steps.

To develop the performance of MT], it is important to understand the magnetisation dynamics of the mag-
netic material used in devices, since the critical current density for the reversal process, operating speed and
power consumption are closely related to the dynamic behaviour. This work aims to develop a computational
model which combines the atomistic spin model and a spin transport model for MTJ design. The majority of
MTJ models employed to study magnetic systems are generally based on the macrospin and micromagnetic
formalism?3+3>3841:47-53 Thege face limitations when dealing with the miniaturisation and down-scaling of the the
device dimensions to few nanometre due to the continuum assumption that the magnetisation varies smoothly
with position. In particular the macrospin approach assumes uniform magnetic properties over the whole fer-
romagnetic layer and therefore it is constrained to uniform magnetic configurations. On the other hand, the
discrete nature of the atomistic model allows to have spatially varying magnetic properties over different lattice
sites, something hard for micromagnetic simulations even with the finest discretisation, enabling the description
of interfaces, surface and finite size effects. These features make possible to describe the anisotropy in CoFeB/
MgO MTJs more accurately, one of the most important parameter for technological applications, that arises from
and is localised at the CoFeB|MgO interface or the increase of the magnetic damping at the same interface®.
For these reasons, in this work we investigate the influence of the combined STT and SOT phenomena on the
magnetisation switching dynamics of CoFeB/MgO-based MTJs at the atomistic level, whose details can be found
in the “Methods” section. The results offer a new pathway to control the magnetisation in MTJs by injecting both
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CoFeB-bulk | CoFeB-int Unit Parameter name
Ji 7.735 x 10721 | 1.547 x 1072 | Jlink™! | Exchange energy constant
kq 0 1.35 x 102 Jatom™! | Uniaxial anisotropy energy constant
s 1.6 1.6 B Atomic spin moment
A 0.003 0.11 Gilbert damping
PsH 0.11 0.11 Spin Hall angle
B 0.56 0.56 Conductivity spin polarisation
B 0.72 0.72 Diffusion spin polarisation
Asdl 12 12 nm Spin diffusion length
Dy 0.001 0.001 m?s~! Diffusion constant
Jsd 1.6 x 102 1.6 x 10720 J s-d exchange energy constant
Mo | 2.62 x 108 2.62 x 108 Cm™? Equilibrium spin accumulation

Table 1. List of parameters used in the simulations.
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Figure 1. (a) Sketch illustrating the investigated system. Brass colour depicts the heavy metal (HM), red and
light blue represent the free layer (FL) and reference layer (RL) of the MTJ respectively, light grey refers to the
MT] barrier. j5°T and jSTT (yellow arrows) are the current densities injected in the HM and MTY, respectively.
73T is injected along the y-direction, j5T7 is perpendicular to the structure along the z-direction. (b) Simulation
protocol: initially both jSOT (dashed light blue line) and j5'T (solid black line) are injected for 0.5 ns. After 0.5 ns

39T is switched off and only jSTT is injected into the system in the next 3.5 ns.

an in-plane current into the HM adjacent to the ferromagnetic layer and a current perpendicular to the MTJ.
This is shown to give rise to higher efficiency of spin torque switching.

Results

In this work we simulate the magnetisation dynamics induced by a combination of STT and SOT in CoFeB/
MgO/CoFeB MT]Js by means of an atomistic spin model. Figure 1a presents a sketch of the investigated system.
We parametrise CoFeB (1.0 nm, RL)/MgO (0.85 nm, Barrier)/CoFeB (1.3 nm, FL) as done in Ref.**, where the
number in brackets is the thickness, and FL and RL refer to free and reference layer, respectively. A list of the
parameters used in the simulations is presented in Table 1 and details of the model and parameters are given
in the “Methods” section. To simulate the magnetisation dynamics induced by the combination of SOT and
STT, we consider a MTJ of diameter ranging from 5 to 30 nm and perform simulations at a temperature of 0 K.
However, the discussion presented here focuses on the properties of MT]s with diameter of 20 nm, since this is
the dimension most likely to be used in real applications. The protocol, sketched in Fig. 1b, is such that in the
initial 0.5 ns both jSOT and jSTT are injected. After 0.5 ns, jSOT is switched off while jSTT continues to be injected
into the system for the next 3.5 ns. As shown in Fig. 1a, the current density jS°T is injected into the HM along
the positive y-direction. As a consequence the spin polarisation ¢ is directed along —x. The transverse current
density jSTT used to induce STT is injected perpendicularly into the RL along the z-axis. The system is initialised
in an antiparallel state with the RL magnetisation aligned along the positive z-axis and the FL polarised along
the opposite direction. We would like to point out that the realisation of SOT and ST T-induced magnetisation
reversal in MTJs with current perpendicular to the stack where, in absence of the HM, SOT is solely provided
by Rashba effect, is not a viable solution. In fact, to have a non-zero Rashba effect the current should be applied
in an in-plane configuration, as it has been reported in literature®®*, due to symmetry requirements. Thus this
solution cannot be applied to the MT] stack considered in the present study. To evaluate the dynamical response
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Figure 2. Time evolution of the magnetisation components of a 20 nm diameter MT] for jSTT
1x10'2,2 x 10" and 3 x 10'* Am™2

of the combined SOT+STT protocol we perform three investigations triggered by: (A) pure spin transfer torque,
(B) pure spin orbit torque and (C) the combination of both STT and SOT as detailed in the following sections.

Pure spin transfer torque.  We initially investigate the effect of the transverse injected current density ;ST

in the absence of the in-plane current j5°7 injected into HM. To ensure a minimum torque acting on the system
the FL magnetisation is tilted 1° from the z-axis. Charge currents with different densities are perpendicularly
injected into the MTJ structure. As demonstrated in Fig. 2, we observe the precessional motion of magnetisa-
tion in the xy plane before reaching the steady state in the z direction. Increasing charge current density results
in higher spin transfer torque acting on the magnetisation and subsequently reduces the switching time. In the
case of pure STT the system exhibits the expected dynamics with a slow rise of the precession until M, changes
sign, followed by a more strongly damped motion due to the STT symmetry. As discussed in Ref.*8, STT-induced
magnetisation dynamics is characterised by a rotation of the in-plane component and by either coherent reversal
or non-collinear reversal of the out-of-plane component. The former is always observed and is caused by the
STT symmetry, the latter depends on the size and magnitude of j5'". The excitation modes, introduced in the
Method section, show an overall dominant coherent character of the dynamics in these cases, with excitation
of the vortex and antivortex modes® for strong ;3T and large diameters. It is worth mentioning that when STT
is modelled via the spin accumulation, the reversal mechanism is coherent up to diameters of 20 nm. Only for

large 75T non-collinear modes are weakly excited, with the usual transition from a vortex to an antivortex mode.

This differs slightly from the case of a macrospin-derived approach, as in Ref.%, where for large ;3" the reversal
can exhibit strong excitations of the non-collinear modes at such dimensions. This can likely be ascribed to the
missing in-plane spacial dependence and angular dependence in the latter approach, which can lead to an over-
estimation of the torque acting on the system.

We can extract the critical current density for STT switching j3TT as the minimum j$'7 that yields the reversal

of the magnetisation within a fixed time. Since it is expected that j3TT varies with the pulse length, we extract

73T for 0.5, 1.0, 2.0 and 3.0 ns and we plot it as a function of MTJ diameter in Fig. 3a. To obtain reversal in less
than a nanosecond large current densities need to be injected into the MTJ, on the order of 2.5 x 10’2 Am~2.
Such a requirement can be halved or more if the pulse is applied for 2 ns. Small diameters are characterised by
longer incubation time, as observed in Ref.*, resulting in larger critical current densities. Thus, STT-induced

precessional switching sets a limitation to size scaling in a low temperature regime.

Pure spin orbit torque. We next investigate the effect of the in-plane current density jS°T in the absence

of transverse jS'! to evaluate the contribution of SOT to the magnetisation dynamics. We vary j3°T and we
study the switching dynamics for different strengths of the field-like component of SOT (Ar) with respect to
the damf;ing—like term (Ap). The magnetisation response induced by SOT is shown in Fig. 3¢c,d for a low and
high 50T, respectively. For jSOT less than1 x 10'2 Am™ there is no precession of the magnetisation in the FL.
For increasing magnitudes of j50T weak precession of the masgnetisation can be observed, however no reversal
occurs, as shown in Fig 3¢ for 50T =1 x 10'2 Am~2. As jOT increases further, the magnetisation tends to
align along the direction of &, —x in our case, within less than 0.1 ns. Afterwards the magnetisation is in equi-
librium and only slow changes in the magnetisation occur. In this case we do not observe the precession of the
magnetisation as the system reaches equilibrium before one precessional cycle is completed. A comparison of
the different curves in Fig. 3c,d shows that a non-zero Ay hinders the precession of the magnetisation and for
large j3OT results in a tilt of the magnetisation towards the z-axis. However, this misalignment from the in-plane
direction alone cannot yield the complete reversal of the magnetisation. Pure SOT dynamics is characterised by
coherent rotation of the magnetisation, even for the largest size investigated. We attribute the coherent behaviour
to the symmetry of SOT that tends to favour in-plane configurations and to suppress higher excitation modes.
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Figure 3. (a) Plot of the critical current density for STT switching j$'™ as a function of MT]J diameter for
different pulse widths. (b) Plot of the critical current density for SOT switching 75T as a function of different
strengths of the SOT field-like component (Ar) with respect to the damping-like term (Ap). For Ap = 0% and
10% jOT could not be determined. Time evolution of the magnetisation components of a 20 nm diameter MT]

as a function of Ag for j?OTl x 102 Am™2 (¢) and 5 x 10'2 Am~2 (d) in absence oijTT.

In the case of pure SOT, since we cannot use the switching time to define the critical current density j$OT,

we consider the minimal 757 that yields a reduced magnetisation m, = M, /Mjlarger than 0.7, as proposed in
Ref*!. The plot of the size dependence of j3°T as a function of different A strengths is presented in Fig. 3b. jSOT
decreases for increasing diameters, in a similar trend to jfTT, due to the magnetostatic contribution. However,
we cannot extract j50T for Ap = 0% and 10%Ap since the magnetisation lies in-plane at the end of the pulse, as

clear from Fig. 3d.

Effect of combined spin transfer torque and spin orbit torque. Having fully characterised the
dynamical response to STT and SOT individually, we now study the combination of both the effects using the
protocol shown in Fig 1b. Our results show that STT can yield reversal, but this occurs in a few nanoseconds.
On the other hand, a rapid magnetisation response of a few hundreds of picoseconds can be achieved through
the SOT, with the caveat that an additional contribution is required to obtain a full and deterministic reversal
of the magnetisation. Hence, using the SOT rapidly to develop a transverse magnetisation to assist the STT
might be expected to yield a more efficient switching dynamics than for the two cases separately. Figure 4a
shows the time evolution of the reduced z-component of the magnetisation as a function of j3°T for ;1T =

1 x 10,1 x 102 and 5 x 102 Am—2with Ap = Ap. Similarly to the results in presented in Ref.*!, we can dis-

tinguish different scenarios depending on the combination of j3'T and jSOT:

(1)  Small j$TT and large jS°T: in this case STT aids SOT acting as external field to bias the final magnetisation
direction;

(2) Intermediate j5TT and large j5OT: the system behaves as described in the previous point

(3) Intermediate /3" and small 59T in this case SOT alone cannot complete the reversal. Here SOT provides

the initial tilt of the magnetisation to initiate the precessional dynamics during the 1 ns it is on. Once j3°T

is switched off, the magnetisation follows the spin polarised induced magnetisation dynamics.
Large j5'7: here the reversal occurs in less than a nanosecond with SOT due to reduction of the incubation
time through the SOT-induced initial torque assistance to the STT.

4

The following analysis of the magnitudes of the current densities shows that both conditions 1 and 4 are not
efficient in terms of energy requirements. Those could be employed in high speed devices where the power
consumption is not an issue. On the other hand, the scenario depicted in 3 would reduce the total switching
time without increasing the energy requirements. Spin transfer torque switching assisted by spin orbit torque
could prove useful for applications, in particular those where the balance between the efficiency and the power
consumption is essential, such as in portable and smart devices.
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Figure 4. (a) Time evolution of the reduced z-component of the magnetisation as a function of jS°T for

ST =1 % 10,1 x 102 and 5 x 10> Am™2. In this case Ar = Ap and the diameter is 20 nm. (b) Write
energy and c) write energy x total switching time as a function of j5'T and j3°T for Ar = Ap and diameter of 20
nm. The palette represents the energy in (b) and energy x switching time in (c), and ranges from blue (low) to

yellow (high). White regions correspond to combinations of j3'T and jSOT that yield no switching,

We compute the write energy consumption E,,, i.e. the energy required to reverse the magnetisation of the
MT]J. E, is obtained by summing the contributions from the MT] and the HM:

¥ 2 2
Ey =/ dt [Ivery () Ry (1) + T (1) Rum (D] » (1)

L

where the integration is carried over the whole pulse duration ¢y — ;. Iy (f) and Inm are the electrical currents
in the MTJ and in the HM at time f, respectively; similarly Ryry(¢), Rum(t) are the resistances of the MT] and
the HM. Ryiry(t) is related to the gradient of the spin accumulation and spin current, and can be obtained from
the resistance-area product RApy™:

. |Am|adtkg T
Ry = 3 RumA' = i @
i

itot 2
—~ jite

RA{VITI is the resistance-area product at position i, Am is the difference of spin accumulation across the layers,
jiotis the total spin current within the system, gy is the lattice constant of the material, ¢ is the thickness of the
regions the system is discretised into, e is the electron charge and kg T = 10 meV is the electronic temperature.
This temperature is the electronic temperature at which ab initio calculations of the density of states of minority
and majority spin populations, used to determine the equilibrium spin accumulation m«, are performed®®¢!.

j®taccounts for both STT and SOT, hence during the initial 0.5 ns where both currents are applied j'9* includes

the contribution ;50T = 9g;SOT.

The resistance of the HM contact Rym(f) can be obtained from the resistivity ppy of the HM as
Rum = pumLy/(LxL;), where Ly is the length of the contact for jEOT injected along y and L,L, is the cross-
sectional surface crossed by the electrons®. For Ta if we assume pppm ~ 200 p2cm® and take a HM contact
of dimensions 50 x 50 x 4 nm, we obtain Rgypm ~ 500 2. In Fig. 4b we present the write energy for a 20 nm
MT] with Ar = Ap, corre%)onding to the dynamics shown in Fig. 4a. With the assistance of the SOT generated
by the in-plane current jSOT, the magnetisation of the free layer can be reversed faster, but the average power
dissipation of MTJ is greatly increased. However, when we consider the energy consumption of the MT] related
to the magnetisation reversal, i.e. neglecting other effects such as Joule heating, it can be clearly seen that low
write energy can be achieved by optimising j5T T and jSOT. The obtained write energy is of the order of hundreds
of f], in agreement with the results reported in literature for this kind of devices and also with technological
requirements*!0-3434245466364 Tncreasing jSOT results in high energy consumption, whereas the combination of
SOT and STT currents assists in the reduction of write energy. Interestingly, for magnetisation switching solely
driven by STT current, low energy consumption can be observed at high current density. This can be explained
by considering that high current density significantly reduces the switching time yielding low writing energy.
However, in practice it is difficult to generate high current density in a dot of few nanometre diameter without
causing large Joule heating. The results suggest that the combination of low current density of SOT and STT
can be used for a sub-nanosecond switching with low writing energy. This can be seen in panel c) of Fig. 4,
where the product of write energy with switching time is plotted versus j3'T and jSOT. The diagram clearly
shows how 31T ~ ~ 1.2 x 10”2 Am~2 and jSOT < 1 x 10?2 Am~? yield a switching that consumes 100f] or
less and it occurs in less than a nanosecond. More generally, such a diagram can prove useful to choose the
most suitable switching schemes.Further, we consider the effect of different strengths of Ar. To analyse this, we
consider jSOT = j8TT = 1 x 10'> Am~2, presented in Fig. 5a. As discussed for the case of pure SOT and taking

into consideration Eq. (11), Ar acts on both precession and relaxation. Accordingly, we see a reduction in the
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Figure 5. (a) Time evolution of the magnetisation components as a function of Ar for

SOT = j8TT — 1 % 102 Am™2 for a 20 nm MTJ. Plot of total switching time (colour) as a function of j$'* and
for Ap=0,0.1,0.5and 1 Ap for a 20 nm MTJ in panel (b-e) respectively. The colour scheme shows the
switching time from immediate switching (blue) to no switching (yellow) within 4 ns. Dark grey lines represent
mark points with switching time 0.5, 1, 2 and 3 ns.

jor

switching time for weaker contributions of Ar, with the fastest dynamics occurring for zero Ag. The amplitude of
the in-plane components of the magnetisation decreases as Ar increases and when SOT is turned off the reversal
is delayed. Thus, weak SOT contribution to the precessional motion can yield better performance, with the limit
case of zero Ar. However, this condition does not represent the most physical case for a structure such as the MT]
investigated here, where interfaces are not equivalent and the stack is not symmetric. Instead, it is reasonable to
expect a non-zero field-like contribution. In Fig. 5b—e we present the total switching time as a function of both
31T and jSOT for different Ag strength. From the phase plot we can see a large spectrum of combination of jSTT
and j3°T to yield the desired switching time. By comparing the contour plots for different Ap we can see how, as
Ar increases, faster switching is achieved in the region 2 to 4 x 10'> Am~2. In particular we see that the fastest
switching time achievable by applying both j5°T and /5" below 1 x 10'> Am~?%is 1 ns, independently of Af.
Finally we investigate the reversal mechanism resulting from the combined application of STT and SOT to
the system to evaluate the differences from the individual cases. The analysis involves calculation of the lowest-
frequency modes (w = 0,1, —1) defined in Eq. (12). When we combine the two effects, we observe different
dynamics depending on the relative strengths of ST and jSOT. As expected, for diameters up to 20 nm the
reversal is coherent with rotation of the in-plane components of the FL magnetisation. This is confirmed by
the coherent mode m being the only non-zero excitation mode. This is shown in Fig. 6a where the time evolu-
tion of the g amplitude is plotted for Ar = 0.5Ap as a function of different /51T and j5OT. For large j5OT |mq|?
reaches the maximum in about 100ps, subsequently it retains a finite value. The height of these plateaus increases
with jSOT followed by a decrease to zero after 0.5 ns, when 507 is turned off. The excitation modes we consider
are deviations from the uniform state, i.e. magnetisation aligned along the easy axis (). Thus, a finite value is
indicative of the incomplete switching, with the magnetisation uniformly aligned in a direction with an angle
from the z-axis. Conversely, increasing the magnitude of ;3 for a fixed jS°1 corresponds to a decrease in the
height of these constant regions. Thus, a stronger jS' T aids the reversal of the magnetisation, as also visible from
Fig. 4a. The persistence of m( during the whole STT + SOT pulse shows how SOT is able to keep the system in

an out-of-equilibrium excited state when jSOT is large. Hence, to increase the energy efficiency, the pulse should

be kept as short as possible for large j5OT. For a diameter of 30 nm, in the absence of j3°T the reversal becomes
non-collinear. However, the curves in Fig. 6a remain substantially unchanged for a diameter of 30 nm and hence

this is not shown. Interestingly j5°7 tends to counteract the formation of non-collinear configurations. This effect

is proportional to the magnitude of j$0T and can be understood considering that SOT tends to favour in-plane
magnetic configurations. Let us consider jS'* = 5 x 10! Am™2. For jS°T = 0 Am~2 the reversal is non-collinear
SOT

despite 1 being the largest excited mode, as can be seen in Fig. 6b. As j>%* increases m;,_; modes are suppressed
and the reversal becomes more coherent. For j5°T > 1 x 10'? Am~2my is the only mode with non-zero ampli-
tude, as shown in Fig. 6¢c. The change in reversal mechanism is also observed in the snapshots of the z-component
of the FL magnetisation in these same figures. While for pure STT we can clearly observe the formation of a
domain at the edge of the disk that propagates through the system accompanied by rotation around the z-axis,
the magnetic texture becomes uniform for jS0T = 1 x 10'> Am~2. Similarly to what was already observed for
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Figure 6. (a) Calculated amplitudes of the coherent excitation mode my of the free layer of a 20 nm MT]J as

a function of ngT for different jSTT and Ar = 0.5Ap. (b) and (c) show the calculated amplitudes of my, m,
(vortex) and m_ (antivortex) modes of a 30 nm MT] FL for Ag = 0.5Ap, jSTT =1x 102 Am—2and ngT =0,
1 x 10'2 Am~2, respectively. Insets show snapshots of the z-component of the magnetisation with palette blue
(+ 1), green (0), red (- 1).

the 20 nm diameter, further increase in jSOT results in mg remaining excited until j5°7 is turned off. Different Ar

strengths do not affect the reversal mechanism significantly and this is true for all diameters investigated. The
main effect is the over-damped dynamics that quenches the precession of the in-plane components and causes
a different switching time, as already observed above. Our results suggest that for small MT] diameters even a
weak jSOT is able to make the reversal coherent. To induce non-uniformities such as nucleation processes in this
combined STT-SOT system larger diameters®**>¢ and/or strong current densities would be required. As such,
our assumption of spatially uniform current densities should not impact the results presented here.

In Ref.” switching around 1 ns for jSOT ~ 2.5 x 10!" Am~2 is achieved in STT-MTJs via SHE assist. The
simulations are performed by means of a macrospin approximation and a relatively low anisotropy field ~ 1 T is
used, thus allowing for switching at lower current densities. Wang et al.*® experimentally obtain field-free switch-
ing in three terminal CoFeB/MgO-based perpendicular MTJs via interplay of STT and SOT. They also perform
macrospin simulations including damping and field-like contributions for both STT and SOT. They find that A
results in a reduction in jSO7 required to achieve reversal in contrast with our result where, depending on the rela-
tive magnitude between 7511 and jSOT, Ag contributions can either hinder or assist the reversal. We attribute the
difference in the behaviour to the sign, and thus symmetry, of the damping-like torque (—m x m x &) and field-
like torque (m x &) within the macrospin model used by Wang et al. instead of the conventional formalism!!. An
analogous argument can be applied to the simulations performed in Ref.** where a toggle MRAM is proposed.
Our results exhibit similar features to those presented in Ref.*! by Pathak et al. However, we have investigated
the effect of field-like contributions in SOT which were not considered in Ref.*! and we have found that a system
where the field-like torque is minimised yields faster switching, in particular for larger j5°T. Moreover, the spin
accumulation includes these contributions naturally for STT, and thus it allows for a more complete treatment
of the phenomenon. In addition, Pathak et al. attribute the initial tilt of the magnetisation required to provide a
non-zero torque to the presence of an Oersted field. While this can justify the initial tilt of the magnetisation in
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case of pure STT, we argue that the Oersted contribution should be negligible in case of SOT. In our approach
we do not include such a contribution and in case of STT at 0K we initialise the FL magnetisation at an angle of
1° from the z-axis to ensure a non-zero torque acts on the magnetisation. However, SOT symmetry (S x &) is
such that when the FL magnetisation has an out-of-plane component there is always a non-vanishing torque™,
even for Ar = 0. This is evident from Eq. (8) and it also represents one of the main advantages of SOT. We can
estimate the Oersted contribution due to jS°T = 1 x 10> Am~2 from the Biot-Savart law to be < 0.01 T for
our geometry, although this varies both in magnitude and direction; for the same jS°7 the SOT fields are about
an order of magnitude larger. Thus, importantly we expect the Oersted field contribution to be negligible in a
combined STT-SOT dynamics since SOT provides the initial tilt of the magnetisation avoiding long incubation
times. It is worth noting that at operational temperatures this contribution could be a source of Joule heating, as
suggested in Ref.®>. In Ref.** Zhang et al. apply a combination of SOT and STT in a current-in-plane configura-
tion with an in-plane MT], whereas we aim to exploit perpendicular MT]J since it is already working for pure
STT dynamics. Sato et al.*® report a two-terminal SOT-MRAM cell based on a CoFeB/MgO MT]. In this device
the authors find that the switching mechanism is dominated by SOT and that STT offers little assist. Moreover,
the setup requires an external in-plane magnetic field and the MT] diameter is 110 nm. Such a MT]J dimension
is characterised by non-coherent magnetisation dynamics, something undesirable in such applications, and is
not feasible for high storage applications. Grimaldi et al.** and Krizakova et al.** demonstrate very promising
SOT-induced switching assisted by STT and VCMA in three terminal CoFeB-based MTJs. However, to achieve
a deterministic reversal with 100% switching probability an external in-plane magnetic field is applied in the
case of SOT-induced dynamics. This is avoided in Ref.*® thanks to the stray field generated by an in-plane ferro-
magnetic layer embedded in the hard mask used for the SOT line, using a similar expedient to the one employed
in Ref*%. In both studies however the relatively large dimension (> 50 nm) of the MT] comports domain-wall
mediated magnetisation dynamics, and this appear as incubation time even for pure SOT dynamics affecting
the speed and energy consumption of the device. Moreover, if on the one hand having the interplay of SOT, STT
and VCMA allows for more available configurations and solutions, on the other it makes the setup and control
of these structures more complex than in the MTJ proposed in the our work.

We would like to stress that the simulations performed in the aforementioned works are obtained via either
macrospin or micromagnetic approaches. Differently from these, the atomistic approach allows to account
for the localised nature of the anisotropy, which arises at the interface in CoFe/MgO systems, as well as of the
damping, as discussed in Section and shown in Table 1. In addition, since the thickness of the ferromagnetic
layers in state of the art devices is of the order of a nanometre, even fine micromagnetic discretisation cells of
1 nm? are not able to resolve the dynamics of both magnetisation and, where considered, spin accumulation
across the thickness accurately. In particular a macrospin approach assumes uniform magnetisation in the whole
ferromagnetic layer, and as a consequence it cannot resolve non uniform magnetisation configurations such as
those shown in Fig. 6, which can occur in device dimensions of technological relevance. Atomistic approaches
can instead provide this level of detail and become the most appropriate choice to deal with such complex and
miniaturised systems. Furthermore, we have investigated systematically the impact of combined STT and SOT
on the reversal mechanism. SOT suppresses the non-uniform excitation modes at large dimensions and even for
a small jOT the reversal becomes coherent. However this comes at the cost of maintaining the FL magnetisation
in a non-equilibrium state until the SOT pulse is turned off.

Discussion and conclusions

We have developed a model that combines atomistic spin dynamics self-consistently with spin transport models
to investigate the miniaturisation necessary for novel MT] design. By means of this approach we have modelled
and investigated the magnetisation dynamics resulting from the combined action of spin orbit torque and spin
transfer torque in CoFeB/MgO MTJs. By controllin% ST and jSOT the switching of the free layer magnetisa-
tion can be achieved in different regimes. Large jSO7 yields fast switching dynamics, where the SOT induced
magnetisation dynamics is aided by the STT and field-free switching is achieved. However, in this case there is
the downside of a high power consumption. For low jSOT the SOT provides the initial tilt of the magnetisation
assisting the STT dynamics with the possibility of reducing incubation time issues. Depending on the relative
strength of 39T and jSTT, the magnetisation follows a dynamical path which is closer to either that of STT or SOT
or to a hybrid of both. Moreover, the reversal is characterised by coherent dynamics in presence of a non-zero
73OT up to MTJ diameters of 30 nm, attributed to the symmetry of SOT that tends to suppress higher excitation
modes. This limits the possibility of pinning of the magnetic texture and avoid stochasticity of the switching
process. Our results highlight an intermediate regime with moderate j5'* and low jSOT where the SOT assist the
STT dynamics yielding switching below the nanosecond by reducing the transient time. Such a configuration of

STT+SOT could result in improved device performances without affecting the energy consumption.

Methods

Atomistic spin model. In this work we use an atomistic spin model as implemented in the open source
software package vAMPIRE®®®. The magnetisation dynamics of the system is modelled by integrating the sto-
chastic Landau-Lifshitz-Gilbert (sSLLG) equation of motion®:

dﬁi y |:,\ . R R .

e[ Bl + 28 x (3 x Blg ),

dt (142) 707 el ' 17 Deft (3)
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where §; is the normalised unit spin vector on site i, y = 1.76086 x 10115717~ is the gyromagnetic ratio of the
electron and By is the net effective field acting on the spin i. B g is obtained as:

. 1 oH
eff I'L§ 3 Si 1 ( )
The first term of Eq. (4) accounts for all the contributions in the localised extended Heisenberg Hamiltonian

(H):

H=- Z]ijéi . éj - Z ki(gi : é)z - Z Miéi . Bapp + Hdmg- (5)
i

i<j i

where Jj; is the exchange coupling constant between spins i and j, k, is the uniaxial energy constant on site i
along the easy-axis &, i is the atomic spin moment on the atomic site i and B,pp is the external magnetic field.
The magnetostatic contribution H g is calculated using a modified macrocell approach® based on the work of
Bowden et al.”’. The second term of Eq. (4) couples the spin system with the heat bath via the the atomistic Gilbert
damping parameter 4. For processes occurring on the nanosecond time-scale the thermal field & can be described
as a white noise term represented by a 3D Gaussian distribution whose width depends on temperature and A”%.

The spin transfer torque induced by the injection of spin polarised electrons into a ferromagnet is described
following the spin-accumulation model including the contribution of adiabatic and non-adiabatic torques®®®72,
A spin polarised current builds a spin accumulation (m), an imbalance between the population of spin-up and
spin-down electrons, when it crosses a ferromagnetic material. The exchange interaction between the s spin
polarised electrons and the d electrons of the ferromagnet results in a transfer of angular momentum. This
interaction can be described as:

Hsrr = —Jsam - M, (6)

where Jq is the s—d exchange interaction, m is the spin accumulation and M is the unit vector magnetisation of
the ferromagnet. The evolution of m occurs on a faster time-scale, about 1ps, than the magnetisation, around
100ps, for the processes we are interested in. This allows to decouple the dynamics of the two: first solving for m
assuming the magnetisation texture constant, and then calculating the torque via Hgrr, which can be included
in the Hamiltonian of Eq. (5) and as such it enters the LLG equation via Biﬂ. The dynamics of the system drives
m towards an equilibrium value m, defined as the difference between the equilibrium populations of spin-up
and spin-down electrons®. m is a characteristics of the materials and can be obtained from the density of states
of majority and minority spin populations (o« Nt — N¥)%73 for instance by means of ab initio calculations.
These calculations, as those reported in®, are often performed at an electronic temperature of 10 meV. The spin
accumulation can be conveniently calculated in a rotated coordinate system where the unit vector components b;
and b, 3 are aligned parallel and perpendicular to the magnetisation direction respectively. The general solution
of spin accumulation can be split into two parts: the longitudinal (m))) and transverse (m_ ) components given by:

m(x) = [m” (00) + [m” 0) —my (oo)]e—x/).sdl] l;l
my 5 (x) =2¢ %[y cos(kyx) — v sin(kzx)]l;z 7
m 3(x) =2¢ ¥ [y sin(kyx) + v cos(kzx)]l;g,

where (k; £ iky) = 4/ ).S_fz +i )vl_z, Asd1 is the spin diffusion length, 17 (00) is the equilibrium value of spin accu-
mulation, the spin-flip length is defined as Ay = ; 2Dy s and Jj is the spin-precession length. The unknown
variables u, v and m (0) can be evaluated from the boundary condition of the continuity of the spin current j,.

The SOT contribution is introduced as an additional term to in LLG equation, following a similar approach
to Slonczewski’ for STT. If we assume a bulk origin of the phenomenon, hence SOT induced by spin Hall effect

(SHE), we can write:
dS; A (s dSi
o :—y(Si X Beff> + Al S; x T

—ADS,‘ X (S, x&) —AF<é,‘ X&),

(8)

where 6 is the spin polarisation unit vector, Ap and Ag are the SHE spin orbit torque parameters that determine
the strength of the damping- and field-like torque terms respectively. In writing Eq. (8), we have assumed that
SOT can affect both the precessional dynamics and the relaxation process. It is fact not simple in structures
such as an MT] to discriminate and clearly separate these effects'!. & represents the direction of the polarisation
of the spin current induced by the flow of electrons in the non magnet. 6 is perpendicular to the electron flow,
hence for a jS°T flowing along the y-axis & is directed both along x and z-direction. If the stack is piled along
the z-direction, in first instance we can neglect the effect of & along the same direction as there are not relevant
interfaces. In this case ¢ can be expressed as:

6 =%2xE, 9
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where 7 is unit vector normal to the surface and E is the electric field associated with j3OT. If we assume that the
main origin of SOT is the spin Hall effect (SHE), the SOT parameters are given by:

N B A Vit ‘SOT B A jSOTZ9
DLFL = 2e ped SH = 2e Myd SH-

(10)

Here, Yy is the spin Hall angle which gives the conversion efficiency of electrical current into spin current, d
is the ferromagnet thickness, Vy is the atomic volume and Mg = s/ Vy is the magnetisation of the ferromagnet.
This is not true generally, in particular for structures with structural inversion asymmetry'!, where the Rashba
or inverse spin galvanic effect (iSGE) should be accounted for. However, due to the complexity in determining
the strength of the Rashba effect, we have decided to apply the aforementioned approximation. In presence of
such SOT, the solved LLG equation can be expressed explicitly as:

T S ey 8 (508l

Even though this form of the LLG equation is not computationally efficient, it demonstrates that if both
damping-like and field-like contributions are included they intermix. If we consider an effective field

Eiﬂf = Bielf + Bis0T> where BiSOT = Ap (é, X &) + A0, the LLG equation with SOT can be written as Eq. (3)
where Bl is replaced by ﬁiﬂ.

Investigated system. We model CoFeB as cylindrical alloy with a body-centred cubic (Bcc) crystal struc-
ture with lattice constant 2.86A. CoFeB/MgO is characterised by a large perpendicular single-ion uniaxial inter-
facial anisotropy with zero anisotropy in the bulk”. The CoFeB atomic layers opposite to MgO are assumed to
have no particular interfacial properties and we neglect the small bulk anisotropy of CoFeB’. We use a mean field
approximation that depends on the Curie temperature T to extract the atomistic exchange parameters J;;. To
extract interfacial and bulk Jj; values we impose a unique T¢ in the whole CoFeB, where T is taken from CoFeB/
MgO thin film measurements”. We describe CoFeB as having an atomic spin moment 5 of 1.6 4, in agreement
with experimental reports on similar systems’. The CoFeB/MgO interface has a larger damping than the rest of
the CoFeB, in agreement with both experimental”’® and theoretical®* works. Boron is not directly included in
the simulations because it is not magnetic and because tends to diffuse out of the CoFe layer during annealing.
The FL is capped by a heavy metal (HM) layer, which we take to be Ta. The role of HM is to convert electrical
current into spin current that flows in the adjacent ferromagnet, whilst no magnetisation dynamics is assumed
occurring within the material itself. Hence, we account for the effect of HM via the spin Hall angle 9y, that we
assume 0.11 for Ta**7”7-7%, and we do not include it in the simulations explicitly.

Normal modes analysis. In order to characterise the reversal process we employ the method of Visscher
et al.®** based on the stability of the lowest frequency normal modes, which are a small perturbation of the
equilibrium magnetic state. They classify these modes by the winding number w, an integer index that can be
understood as the number of times the magnetisation of the disk winds around a symmetry axis perpendicular
to the plane of the disk when the disk is revolved once. The amplitudes of the three lowest-frequency modes
(w = 0,1, —1) can be expressed as****:

mo :/ (sx —|—isy)dxdy

[ Tl ) i, = yso) sy 2

my

m_y = / [(xsx — ysy) +i(xsy + ysi) | dxdy,
w

where x, y, s, and s, are the spatial and spin coordinates of the atoms within the system, respectively, i is the imagi-
nary unit, w is the surface of the disk and dxdy is the surface element over which the integration is carried out.
For the w = 0 mode the magnetisation in nearly independent of position, hence we refer to this as the uniform
mode. This is the lowest energy mode and is defined as the “coherent mode”. The other two modes represent the
first excited states and are defined as “vortex” (w = 1) and “antivortex” (w = —1).

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.
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