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Magnetic storage based on racetrack memory is very promising for the design of ultra-dense, low-cost and
low-power storage technology. Information can be coded in a magnetic region between two domain walls or,
as predicted recently, in topological magnetic objects known as skyrmions. Here, we show the technological
advantages and limitations of using Bloch and Néel skyrmions manipulated by spin current generated
within the ferromagnet or via the spin-Hall effect arising from a non-magnetic heavy metal underlayer. We
found that the Néel skyrmion moved by the spin-Hall effect is a very promising strategy for technological
implementation of the next generation of skyrmion racetrack memories (zero field, high thermal stability,
and ultra-dense storage). We employed micromagnetics reinforced with an analytical formulation of
skyrmion dynamics that we developed from the Thiele equation. We identified that the excitation, at high
currents, of a breathing mode of the skyrmion limits the maximal velocity of the memory.

he continual miniaturization of CMOS (complementary metal-oxide semiconductor) devices has led to

different challenging aspects such as increased power dissipation and device stability. Moore’s law for CMOS

is approaching fundamental physical limits imposed by heating and the Heisenberg uncertainty principle.
With this in mind, there is an increasing effort to identify alternative or hybrid technologies as replacement for
CMOS. At the current juncture, non-volatile memories and logics based on nanomagnetic elements have shown
great promise in this regard. Nanomagnetic logic have the potential to bring together real time magnetic
reconfiguration and universal memory with high thermal stability and non-volatile nature'. A promising mag-
netic memory architecture is the racetrack initially proposed by IBM?, where the information bit can be coded in
magnetic regions separated by domain walls (DWs), which can be moved by means of the spin-transfer-torque
(STT). Despite the initial promises of the DW racetrack memory, its technological implementation has been
limited by pinning resulting from the presence of defects (edge and/or surface roughness, dislocations, imper-
fection etc.)’, the Walker limit* and the Joule heating. Those limits have been partially overcome by the spin-Hall
effect®” (SHE) and the Dzyaloshinskii-Moriya interaction®” (DMI) in high perpendicular materials'®"".
Particularly, the interfacial DMI stabilizes Néel walls with a given chirality different to the Bloch wall configura-
tion expected from magnetostatics, while the spin current generated by the SHE gives rise to a Néel DW motion at
higher velocities (~400 m/s) and lower current with respect to the Bloch DW one (it can be moved only by the
STT)".

It has been also predicted that the DMI should be the key ingredient for the nucleation of skyrmions'>**. These
topologically protected magnetic configurations can code information, and can be the basis of a new type of
racetrack memories'**'. They should be ultra-dense and low power consumption, however a detailed analysis of
the technological potential is nowadays missing and very demanding.

A skyrmion racetrack memory can be obtained in four different scenarios (A), (B), (C) and (D) by combining
the skyrmion type, Bloch' (azimuthal magnetization in the skyrmion boundary) or Néel*® (radial magnetization
in the skyrmion boundary), and its motion driven by the STT or the SHE. Fig. 1 summarizes the four different
scenarios and the insets show the skyrmion types. In scenarios A, C, and D the magnetic strip is 1000 X 100 X
1 nm’, whilein Bitis 100 X 1000 X 1 nm®. A Cartesian coordinate system has been also introduced. The current
flows always along the positive x-direction.

Skyrmions (Néel/Bloch) are stabilized by the DMI (interfacial/bulk). The interfacial DMI, observed in bi-layer
ferromagnet/heavy metal, is linked to the inversion-symmetry breaking at the interface in the presence of strong
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Figure 1| Four different scenarios for the design of a skyrmion racetrack memory. (a), Néel skyrmion motion driven by the STT. (b), Néel skyrmion
motion driven by the SHE. (c), Bloch skyrmion motion driven by the STT. (d), Bloch skyrmion motion driven by the SHE. The four insets show the spatial
distribution of the Néel and Bloch skyrmion, where the background colors refer to the z-component of the magnetization (blue negative, red positive),
while the arrows are related to the in-plane components of the magnetization. The current flows along the x-direction. The skyrmion moves along
the x-direction in the scenarios A, C, and D and along the y-direction in the scenario B.

spin-orbit coupling®~>* (scenarios A and B). The bulk or volume
DMI has its origins in the breaking of inversion symmetry within a
unit cell of a non-centrosymmetric crystal with non-negligible spin-
orbit interactions®*® (scenarios C and D). The STT exerts torques
(adiabatic and non-adiabatic) on skyrmions proportional to the cur-
rent flowing into the ferromagnet (jgg = [jgg, 0, 0]) and to the local
magnetization gradient” (scenarios A and C). The SHE is linked to
the charge current (jum = [jgas 0, 0]) flowing through the heavy
metal (x-direction), which is converted in a spin-current polarized
along the y-direction because of spin-orbit scattering (scenarios B
and D). The torque exerted on the magnetization by spin currents
generated by the SHE is modeled in the Slonczewski form®*~*'. In all
the scenarios, the skyrmion velocity has both a parallel (longitudinal)
and a perpendicular (transversal) component to the electrical current
flow'”*. In Fig. 1 we indicate the direction of the drift velocity (the
larger velocity component). Details about physical and geometrical
parameters can be found in Methods. The Bloch skyrmion has been
nucleated in agreement with the MnSi phase diagram'. The Néel
skyrmion has been nucleated by using the same method as described
in*!.

Results

Comparison of skyrmion motion in the four different scenarios.
Fig. 2a shows the drift velocity of the skyrmion, computed by means
of micromagnetic simulations (see Methods), as a function of the
current jrg (scenarios A, C) and jgs (scenarios B, D). Those results
are achieved for an out-of-plane external field H,,, of 250 mT. The
external field is necessary to nucleate Bloch skyrmions for the
scenarios C and D studied here. The skyrmion velocity is pro-
portional to the injected current with different slopes depending
on the scenario. In particular, the Bloch skyrmion velocity driven
by the SHE (scenario D) exhibits the largest tunability on current.
The STT moves both types of skyrmions (scenarios A and C) mainly
along the direction of the electrical current (x-axis). The origin of this
motion is related to the torque terms (jgg - V)m (m is the normalized
magnetization), which are non-zero along the current direction only.

On the other hand, the SHE moves Néel and Bloch skyrmions with
the drift velocity in different directions, namely the former (scenario
B) along the y-axis and the latter (scenario D) along the x-axis. This is
the first important result of our study. The physical origin of the
different directions for the drift velocity for Néel and Bloch
skyrmions can be heuristically understood by considering the SHE
as source of anti-damping®”*'. For a current flow along the +X-axis,
the electrons flow is along the —x-axis, the spin polarization is along
the + y-axis (the spin-Hall angle is negative) and the SHE stabilizes
the magnetization component parallel to the spin-current
polarization (the spin current diffuses from the heavy metal to the
ferromagnet). Fig. 2b represents a sketch of the mechanism which
provides the motion of the Néel skyrmion along the y-direction. The
SHE reverses the in-plane component of the magnetization (arrow in
the square) from —y to +y and, assuming rigidity, the magnetization
reversing is achieved via a skyrmion shift (see supplementary
materials MOVIE 1). The same mechanism occurs for a Bloch
skyrmion, but in this case because of the azimuthal chirality, the
shift is along the x-direction (see Fig. 2c) (see supplementary
materials MOVIE 2).

The Thiele equation® for the scenario B has been derived for a
comparison with the numerical results. The “hedgehog” like topo-
logical magnetic texture of a Néel skyrmion can be parameterized as
m(x,y) =sin 0(p)cos¢ o p + sin 0(p)sing ¢ + cos 0(p)z by setting
$o = 0. The translational motion is obtained by projecting the
Landau-Lifshitz-Gilbert (LLG) equation including the SHE onto
the relevant translational modes, yielding™:

G xv-0D - V+4TBR (¢ =0) * jypy =0 )

Here, the vector G can be identified as the “gyrocoupling vector”, v =

0 D
the dissipative tensor describing the effect of the dissipative forces on

[v.v,] is the velocity of the skyrmion, the matrix D= (® 0 ) is

the moving magnetic skyrmion, i is the in-plane rotation matrix.

| 4:6784 | DOI: 10.1038/srep06784

2



A0 ._I’”/Llsce;milo N :—_ b Néel Skyrmion
200 | —@— Scenario B / ] - :
» | —— Scenario C /’ 1= ; 3
g 150 | —— Scenario D " L» _E Ly §
B S 1 <3 <, |5
/l/. -1 - ol
o J»‘/ '/'- nd e ||
g i ‘ y s
30 60 90 120 X —
JHMaJFE(MA/Cm ) ]HM
T 1 ' 1 T T
¢ Bloch Skyrmion d 250 [ Scenario B B
= 200 —W— Perfect ]
-1 - t ] D | —@—Rough
<:3 D M I é N o, ]
& o | |
3 27100 ]
o Bt S |
S s 50 ]
y - X % oL, v oo
X 0 30 60 90 120
D JynfMA/em?)

Figure 2 | Velocity-current curves for the skyrmion motions. (a), A
comparison among the skyrmion velocities obtained for each scenario (A,
B, C,and D). The current jggis related to the scenarios A and C while jg,to
the scenarios B and D. (b), Sketch of the motion mechanism of the Néel
skyrmion driven by the SHE along the y-direction. (c), Sketch of the
motion mechanism of the Bloch skyrmion driven by the SHE along the x-
direction. (d), Skyrmion velocities as a function of jy,, obtained for the
scenario B: (i) thermal fluctuations (T = 350 K) and perfect strip (red
curve) and (ii) thermal fluctuations (T = 350 K) and rough strip (blue
curve). The arrows for (b) and (c) refer to the in-plane components of the
magnetization, the spin-polarization of jy,, is also displayed.

The coefficient o is the Gilbert damping and the coefficient B is
linked to the SHE (see Supplementary Materials S1). From equation
(1), a simple expression of the skyrmion velocities can be derived:

DB
{ Vx = 1+(“ z®2]HM (2)
Vy = 1+ac2®Z]HM

Both components of the velocity are proportional to ji. However,
being v, also proportional to the Gilbert damping («¢ < 1), it follows
that v, < v,. This result confirms the micromagnetic predictions. On
the other hand, the Thiele equation derived for the scenario D related
to the Bloch skyrmion (¢o = 7/2) shows that v, < v,**, confirming
again our numerical results. A complete description of the derivation
of the Thiele and the velocity equations for Néel and Bloch skyrmion
driven by the SHE can be found in Supplementary Material SI.

The results of Fig. 2a also indicate that for the scenarios A, Band C,
the skyrmion is stable for a wide range of current <120 A/cm’.
Considering the four scenarios, although the scenario D seems to
be the most promising configuration from a technological point of
view (larger slope of the velocity vs. current curve), it is stable up to
jum = 15 MA/cm? and at low temperature®>*. Scenario C has been
studied both theoretically and experimentally'®****. On the other
hand, the experimental implementations of the scenarios A, B and
D have not been achieved yet, representing challenges and routes in
the design of magnetic materials and devices.

The analysis of the four scenarios leads to the conclusion that one
of the most promising strategies for the design of a skyrmion race-
track memory is the framework of the scenario B (Néel skyrmion,
SHE) when considering both the skyrmion velocity vs. current scal-
ing and the relative ease of creating these systems (i.e. these systems
can be created with standard magnetron-sputtering or evaporation
deposition techniques and can be polycrystalline)'*”**. For this rea-
son, in the rest of this paper we will focus on the scenario B. Fig. 2d

shows the drift velocity as a function of the current in presence of
thermal fluctuations T' = 350 K and for both a perfect and rough
strip. We consider an edge roughness by randomly removing regions
from the strip boundaries with an uniform probability distribution
characterized by the typical roughness size D, = 4 nm*. Those
results show that the skyrmion motion is qualitatively not affected
by thermal fluctuations and roughness. Quantitatively, the maximal
applicable current reduces to 100 MA/cm® and, in presence of the
roughness, the threshold current to move the skyrmion increases to
10 MA/cm?.

Neéel skyrmion motion driven by the SHE at zero field. We have
also performed a systematic study as a function of the external out-
of-plane field H,,, obtaining no qualitative differences in terms of
skyrmion velocity vs. current. Fig. 3a shows the stability phase
diagram of the Néel skyrmion as a function of the DMI parameter
and the H,,,. The coloured part of the diagram identifies the region
where the skyrmion is stable. It is interesting to note how, reducing
H,. the range of the DMI where the skyrmion is stable is also
reduced. The line inside this region indicates the values of the DMI
and H,,, which maintain the skyrmion diameter constant at 46 nm.
In order to reduce the power dissipation and to make the design of
the skyrmion racetrack memory much simpler, one of the most
interesting solutions should be achieved with no bias field (the
DMI parameter is 1.8 mJ/m?). For a fixed thickness, the DMI para-
meter can be controlled experimentally by changing the thickness or
the composition of the heavy metal***! and the thickness of the
ferromagnet™'.

Fig. 3b shows the skyrmion velocity as a function of jy,, at zero
field, zero temperature and perfect strip (black curve). It increases
linearly with the current up to 117 m/s at jy»s = 60 MA/cm?®. Fig. 3b
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Figure 3 | Skyrmion racetrack memory at zero bias field. (a), Phase
diagram (Interfacial DMI parameter vs. external field) of the skyrmion
stability. The colored part highlights the region where the skyrmion is
stable and the red curve points out the values of D and H,,, for which the
skyrmion diameter is 46 nm. (b), Skyrmion velocity as a function of the
current calculated by micromagnetic (black curve) and analytical
computations (green line) (the parameters can be found in Supplementary
Material S1). (¢), Time domain evolution of the skyrmion diameter during
the transient breathing mode at three different values of the ji, 30 MA/
cm? (black curve), 40 MA/cm? (blue curve) and 50 A/cm? (red curve). (d),
A comparison of skyrmion velocity as a function of the current for an ideal
strip (T = 0 K) and a rough strip and room temperature.
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also shows the skyrmion velocity as computed from the equation
(2) (green line with triangles). The quantitative accord between the
analytical and the micromagnetic results is excellent, indicating a
simple tool for a preliminary design of skyrmion racetrack mem-
ories (scenarios B and D). The comparison between the skyrmion
velocity as a function of the current for different field configura-
tions (compare Fig. 2d with Fig. 3b) points out that the slope does
not change (skyrmion size is constant), while reductions of the
maximal applicable current are observed up to 60 MA/cm? at zero
external field. The reduction of the current working region is
linked to the transient breathing mode** of the skyrmion excited
by the application of the current. In particular, for a fixed current,
the expansion of the skyrmion increases as H,,, decreases (the out-
of-plane field stabilizes the magnetization state out of the sky-
rmion) (compare MOVIE 3 and MOVIE 4). Fig. 3c illustrates
the time domain evolution of the skyrmion diameter for three
different currents (30, 40 and 50 MA/cm?). The maximal expan-
sion of the skyrmion increases with the current, reaching the
boundary of the strip at jy, = 65 MA/cm? as consequence, the
skyrmion state disappears giving rise to a complex magnetic pat-
tern (see MOVIE 5). This is the second important result of our
study, underlining the technological limit of a skyrmion racetrack
memory. In other words, at high currents, the information stored
in the skyrmion can be lost. Fig. 3d also shows a comparison of the
skyrmion velocity as a function of the current for an ideal strip (T
= 0 K) (black curve) and a rough strip and room temperature (T
= 350 K) (red curve). Again, the thermal fluctuations and the
roughness do not qualitatively affect the skyrmion motion.

Neéel skyrmion motion driven by the SHE at zero field: effect of the
confinement. We now wish to highlight the differences in our results
of scenario B with a previous work®' detailing a scheme for skyrmion
motion. In that work, the motion of the Néel skyrmion driven by the
SHE is in the same direction of the applied electrical current and it is
achieved for current densities = 5 MA/cm?. This seems to contradict
both our analytical theory and the results from micromagnetics in
scenario B where the skyrmion motion is orthogonal to the current
flow direction. With this in mind, we studied the Néel skyrmion
motion driven by the SHE, but now in a strip 1000 X 100 X
1 nm’ (see Fig. 4a scenario B*). Fig. 4b shows the x-component of
the skyrmion velocity as a function of the jy,. At zero temperature
and for a perfect strip (red curve), the threshold current density is
0.01 MA/cm?, while the skyrmion motion is achieved up to 0.5 MA/
cm?® (v, = 22.8 m/s). This is in accordance with the previous result.
However, one can also see that the y-position changes during the
course of the trajectory and moves closer to the edge of the wire. Our
results show that the y-position 4y, that the skyrmion equilibrates at
during the course of its x-motion, is dependent on the current. At
larger current the skyrmion is expelled from the strip (see MOVIE 6).
The current range over which the skyrmion is stable and the current
at which the skyrmion is expelled from the wire seems to depend
heavily on thermal fluctuations (7" = 350 K) and wire edge
roughness (Fig. 4b black curve). Edge roughness tends to slow
down the skyrmion and to facilitate its expulsion. These facts
suggest that the x-directional motion of the skyrmion and the y-
position of the skyrmion in the wire arises from an interplay
among the SHE, magnetostatic confinement* and boundary
conditions imposed by the DMI*. The role of the boundaries in
skyrmion motion constitutes the key difference between the two
skyrmion motions in B and B*. Equation (2) for the velocity
derived for the scenario B could, in fact, be generalized to the
scenario B* by taking into account the confinement effect
(additional term in equation (1))**.

We have further analyzed the effect of the confinement on the
skyrmion motion in B* for different widths w of the strip. Fig. 4c
shows the x-component of the skyrmion velocity as a function of jy,

Scenario B*
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Figure 4 | Néel skyrmion motion due to the SHE: effect of the
confinement. (a), Sketch of the skyrmion motion due to the SHE in a
sample confined along the y-direction. (b), Skyrmion velocity (x-
direction) as a function of the current: (i) no thermal fluctuations and
perfect strip (red curve) and (ii) thermal fluctuations (T = 350 K) and
rough strip (black curve). (c), Skyrmion velocity as a function of the
current when the strip width wis 100 nm (red curve), 150 nm (black
curve) and 200 nm (blue curve). The colors for (a) refer to the z-
component of the magnetization (blue negative, red positive).

for three values of w (100, 150 and 200 nm). The three curves overlap
indicating that the confinement effect gives rise to a steady-state
velocity independent on w. When the current is injected, the sky-
rmion moves from the equilibrium position (at a distance Ay; (half
width), see Fig. 4a), along y and x. After a transient time At;, v, =
0 m/s and the skyrmion stabilizes at a distance 4y, from the bound-
ary. 4y, decreases as the current increases. The transient time is
around 30 ns for the current range studied, whereas the travelling
distance Ax; during this transient time increases linearly with the
current, from 74 nm at jyy; = 0.01 MA/cm® to 406 nm at jys =
0.5 MA/cm’. In addition, the distance 4y, is independent on w for
Jrm > 0.1 MA/cm?. The existence of the transient At; introduces an
additional bottleneck in this kind of racetrack memory.

Discussion

We have micromagnetically analyzed four scenarios (A, B, C and D)
for the design of a skyrmion racetrack memory by combining sky-
rmion type (Bloch or Néel) and driving force (STT or SHE). The
fundamental aspect is that we have considered “state of the art”
material parameters (see Table 1 in Methods for the parameters
details) in order to stabilize Bloch (bulk DMI) or Néel (interfacial
DMI) skyrmion. The nucleation of Néel skyrmions can occur in
perpendicular materials also at zero field, while the nucleation of
Bloch skyrmions needs an external out-of-plane field to lead the
magnetization out of the sample plane, given that the materials where
bulk DMI has been observed so far have an in-plane easy axis for the
equilibrium magnetization at zero field.

The comparison of velocity-current are performed in devices rea-
lized by different materials depending on the skyrmion type. The
different velocity-current slopes in Fig. 2a depend on the different
physical parameters (as discussed above) and force related to the
driving. This last aspect can be clearly seen by comparing the ana-
lytical expression describing velocity current relationship in'® and the
equation (2) of this paper (see also Supplementary Material S1).

Although the velocity-current curve of Bloch skyrmion motion
driven by the SHE has the largest slope, this configuration is stable
currents up to 15 MA/cm?, at larger current the spin-orbit torque
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Table 1 | Summary of the physical parameters used in the micromagnetic simulations

Parameters Scenario A Scenario B Scenario C Scenario D
Skyrmion type Néel Néel Bloch Bloch
Motion Source STT SHE STT SHE
Ferromagnetic Material CoFeB CoFeB MnSi MnSi
Heavy Metal®84041 W wW - W
Saturation magnetization Ms (10 A/m)* 1000 1000 152 152
Exchange constant A (10712 J/m)'¢'7 20 20 0.32 0.32
Perpendicular anisotropy constant K,, (10° J/m?)384? 0.8 0.8 - -

Gilbert damping o.g'7*° 0.015 0.015 0.04 0.04
Non-adiabatic parameter 8 0.015 - 0.04 -

DMI parameter D (1073 J/m?)1¢:17:21.41.50 4 4/1.8% 0.115 0.115
Polarization coefficient P°! 0.4 0 0.4 0

Spin-Hall angle 0542 0 -0.33 0 -0.33
Magnetic field Hey; (mT) 250 250/0# 250 250
Temperature T (K) Room Room <30 <30
Exchange length I, (nm) 5.6 5.6 4.7 4.7

DM length Ip (nm) 10 10 5.56 5.56

*In the case of Scenario B, we have used a different value of DMI parameter for the two different external fields to maintain the skyrmion size constant. *The perpendicular anisotropy is achieved via the
electrostatic interaction between the Fe atoms of the CoFeB with the O atoms of the oxide MgO on top. The relation oG = f8 has been used as a good compromise among the possible f values.

from the SHE gives rise either to the nucleation of domains* or
magnetization reversal’. Therefore, we have concluded that, in the
considered cases, the optimal strategy to design a skyrmion racetrack
memory is scenario B. The physical limit which fix the maximal
applicable current is given by the breathing mode of the Néel sky-
rmions (it can disappear) achieved in a transient time after the cur-
rent for shifting the skyrmion is applied.

Furthermore, we have studied in detail the effect of the confining
potential on the Néel skyrmion motion driven by the SHE at zero
field we namely scenario B* stressing the fact that our results do not
contradict the one presented in*'. An additional study on the effect of
the confinement in the case of the Bloch skyrmion driven by the STT
has been presented in*, in that case the STT originates from a current
flowing transverse to the edge with the result that the skyrmion
velocity is significantly enhanced by the confining potential
(Fig. 2a in*!) but it is stable only for a reduced current region. We
have also performed simulations for a current transverse to the edge
in the case of Bloch skyrmion motion driven by the SHE (scenario
D*), finding out results (not shown) qualitatively similar to the ones
achieved in scenario B*.

A comparison of the scenario B* with the scenario B (Fig. 3b and
4b) demonstrates that the threshold current is smaller in scenario B¥,
and that therefore the geometry and setup of B* can be used for ultra-
low power storage devices. However, the skyrmion motion in scen-
ario B is much more robust to thermal fluctuations and is much less
sensitive to defects and edge roughness that are present in real
devices. Skyrmion motion in scenario B can also be achieved for a
wider current range and it is stable at larger currents implying larger
skyrmion velocities.

In summary, we have analyzed the possible technological scen-
arios for controlling the shifting Néel or Bloch skyrmions driven by
SHE or STT. Our results indicate that scenario B (Néel skyrmion
motion driven by the SHE) is one of the most promising from a
technological point of view and its experimental implementation
could be achieved bearing in mind that the skyrmion mainly moves
perpendicularly to the electrical current flow. Our results suggest a
new route to design and develop a more efficient skyrmion racetrack
memory.

dm dm  pgP
= —m X hggg +ogm x — +
YoeM§

dr dt
ugP
VoeM;

(pe'V)m
(©)
_ gHp
2y,eM3L

pm x (jgg'V)m Osgm X m X (2 X jgn)

where m and hggg are the normalized magnetization and the effective field of the
ferromagnet. 7 is the dimensionless time. The effective field includes the standard
magnetic field contributions and the DMI field*. o is the Gilbert damping, pz is the
Bohr Magneton, P is the polarization coefficient of the in-plane electrical current, y, is
the gyromagnetic ratio, e is the electron charge, M, is the saturation magnetization, jgg
is the in-plane electrical current flowing through the ferromagnet, f3 is the spin-torque
non-adiabatic factor, g is the Lande factor, gy is the spin-Hall angle, L is the thickness
of the ferromagnetic layer, Z is the unit vector of the out-of-plane direction and jyu is
the in-plane current injected via the heavy metal. We use a discretization cell of 2 X 2
X 1 nm® for the scenarios A and B (CoFeB alloy) and 0.5 X 0.5 X 1 nm® for the
scenarios C and D (MnSi), which are smaller than the respective exchange length [,
and DMI length I, (see Table 1 for all the physical and geometrical parameters).
Although for the scenario B we have described in details the results for the parameters
reported in Table 1, we have also achieved qualitative similar results at zero external
field for thicknesses 1.0 nm (o = 0.03, Mg = 1000 kA/m, K, = 0.80 MJ/m* A =
20.0 pJ/m, D = 1.8 mJ/m?),0.8 nm (s = 0.05, Mg = 900 kA/m, K,, = 0.85 MJ/m’, A
=20.0 pJ/m,D = 2.7 mJ/m?),and 0.6 nm (o = 0.1, Mg = 800 kA/m, K,, = 0.95 MJ/
m®, A = 15.0 pJ/m, D = 3.3 mJ/m?)*~**. The value of D gives rise to a skyrmion
diameter of 46 nm. We have also analyzed the same scenario studied in*' (the heavy
metal is Pt, the ferromagnet is Co with a thickness of 0.4 nm, o = 0.3, Mg = 580 kA/
m, K, = 0.8 MJ/m’, A = 15.0 pJ/m, D = 3.0 mJ/m?), obtaining the same qualitative
results described here, but now the skyrmion diameter is around 24 nm.

The bulk DMI energetic density expression is**

EBulkDMI =Dm'Vxm (4)

and, making the functional derivative of equation (4), the bulk DMI effective field is
derived:

1 Oegukpmr _ 2D

h - -
BulkDMI ,UOMS 5m ’qus

Vxm (5)
being D the parameter taking into account the intensity of the DMI. The boundary

conditions related to the bulk DMI are expressed by*:

dm mxn

dn - ¢ (6)

2A
where n is the unit vector normal to the edge and &= ) (being A the exchange

constant) is a characteristic length in presence of DML
The interfacial DMI energetic density, effective field expression and boundary
conditions are®:

Methods Etterpm = D[m;V'm— (mV)m,] 7)

Micromagnetic model. The micromagnetic model is based on the numerical solution

of the LLG equation® containing the STT* and the torque from SHE”"" (“state of the h B 1 Otmerpmr 2D Vm)i—V

art” parallel micromagnetic solver GPMagnet'*~**): fteDMI= 70 Ms . om poMs ((V'm)z—Vm,] (8)
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d_m
dn

(zxn)xm 9)

| =

where m, is the z-component of the normalized magnetization and the ultra-thin film
om 0
oz

hypothesis ( ) is considered.

The thermal effect is included as an additional stochastic term of the effective field
computed as:

hth :(g/Ms)\/z(“GKBT/HOVOAVMs At) (10)
where K is the Boltzmann constant, AV is the volume of the computational cubic cell,
At is the simulation time step, T is the temperature and ¢ is a Gaussian stochastic
process. The thermal field hy, satisfies the following statistical properties:

{ <hth,k(?,t)>:0 (11)
<hth‘k(7,f)h,h4/(?',t/)> = F5k15(t — t’)é(?— ?’)

where k and [ represent the Cartesian coordinates x, y, z. According to that, each
component of hy, = (B By hyp2) is a space and time independent random
Gaussian distributed number (Wiener process) with zero mean value®**. The con-
stant F measures the strength of thermal fluctuations and its value is obtained from
the fluctuation dissipation theorem.
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