PHYSICAL REVIEW APPLIED 21, 024050 (2024)

Magnetization-switching dynamics driven by chiral coupling
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The Dzyaloshinskii-Moriya interaction (DMI) is known to play a central role in stabilizing chiral spin
textures such as skyrmions and domain walls (DWs). Electrical manipulation of DW and skyrmion motion
offers possibilities for next-generation, scalable and energy-efficient spintronic devices. However, achiev-
ing the full potential of these nanoscale devices requires overcoming several challenges, including reliable
electrical write and read techniques for these magnetic objects, and addressing pinning and Joule-heating
concerns. Here, through micromagnetic simulations and analytical modeling, we show that DMI can
directly induce magnetization switching of a nanomagnet with perpendicular magnetic anisotropy (PMA).
We find that the switching is driven by the interplay between the DMI-induced magnetic frustration and
the PMA. By introducing magnetic tunnel junctions to electrically access and control the magnetization
direction of the PMA nanomagnet, we first show the potential of this concept to enable high-density field-
free spin-orbit torque magnetic random-access memory. Ultimately, we demonstrate that it offers a way of
transferring and processing spin information for logic operation without relying on current-driven DW or

skyrmion motion.
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I. INTRODUCTION

The Dzyaloshinskii-Moriya interaction (DMI) is an
antisymmetric exchange interaction arising from spin-
orbit coupling in magnetic systems with inversion-
symmetry breaking [1-4]. The DMI Hamiltonian
Hom = —Dj; - (S; x S;) favors orthogonal alignment of
neighboring magnetic moments S; and S; with a fixed
chirality (or handedness) given by the DMI vector D;;.
DMI is being actively researched to form noncollinear
spin textures such as chiral domain walls (DWs) [5,6] and
skyrmions [7] within ferromagnet-heavy-metal bilayer
systems [8,9]. The electrical manipulation of these mag-
netic objects at the nanoscale holds great promise for
next-generation spintronic devices [10,11].

Recently, Luo et al. [12] experimentally demonstrated
that DMI can generate chiral coupling between adjacent
out-of-plane (OOP) and in-plane (IP) magnetic regions.
Unlike coupling in vertically stacked systems [13,14],
this lateral coupling has enabled the creation of artificial
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spin-ice [15] and skyrmion structures. This discovery
led to the demonstration of current-driven DW logic
gates [16]. Very recently, Yu et al. [17] theoretically
revealed that manipulating the strength of the DMI via
a gate voltage can lead to magnetization switching by
skyrmion expansion. Nevertheless, achieving the com-
plete potential of these devices requires overcoming chal-
lenges related to the electrical manipulation of DWs and
skyrmions at the nanoscale, involving reliable write and
read techniques and addressing issues of pinning and Joule
heating.

Here, through micromagnetic simulations and analyti-
cal modeling, we demonstrate that chiral coupling induced
by DMI can be exploited as a direct mechanism to switch
a nanomagnet with perpendicular magnetic anisotropy
(PMA). The working principle of magnetization switch-
ing induced by chiral coupling is described in Fig. 1(a).
Initially, the interfacial DMI generates chiral coupling
between the left OOP region pointing up (“1”), the IP
region pointing left (“<-”), and the right OOP region
pointing down (“|”), by favoring a unique rotation direc-
tion of the magnetization, depending on the sign of the
DMI [12]. In this concept, the switching of the left OOP

© 2024 American Physical Society
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(a) Concept of magnetization switching driven by chiral coupling, where two OOP regions separated by an IP region are

initially coupled in the 1<« configuration due to the DMI induced by the heavy-metal (HM)—ferromagnet (FM) interface. The
switching of the left OOP region leads to a magnetic frustration due to the chiral coupling. This frustration is the driving force to
switch the right OOP region to the 1 direction. (b) By electrically accessing the OOP regions with MTJs (made of a reference layer,
an MgO tunneling barrier, and a free layer), this concept leads to direct antiparallel coupling of adjacent MTJs. (c) By the coupling of
one MTJ with three other MTJs, a compact minority gate is obtained, containing both NAND and NOR logic operations in a single logic
gate. (d) By inducing the switching of the IP region by SOT and controlling the switching of the MTJs by gate voltage, this concept
leads to a compact field-free SOT-MRAM solution. BE, bottom electrode.

region from 1 to | leads to a chiral frustration since the
new configuration does not have the chirality favored by
DMI (chiral frustration refers to the high-energy state that
does not minimize the DMI energy). We show that the
energy of this frustrated state Egqyg is the driving force
to overcome the energy barrier £} for switching the right
OOP region from | to 1, such that the configuration has
the chirality favored by DMI. Chiral coupling, therefore,
provides an alternative to induce magnetization switch-
ing, unlike present methods, including spin-transfer torque
(STT) [18,19], spin-orbit torque (SOT) [20,21], voltage-
controlled magnetic anisotropy (VCMA) [22], and optical
techniques [23,24].

By leveraging magnetic-tunnel-junction (MTJ) technol-
ogy to electrically access the magnetization of the OOP
regions [see Fig. 1(b)], we present an unconventional
approach for dynamically controlling an MTJ through
switching induced by chiral coupling. This approach
allows the direct coupling of two adjacent MTJs in
antiparallel directions, enabling logic operation during
the electrical write and read operations of MTJs. Sig-
nificantly, this represents a pioneering method to prop-
agate spin information without relying on conventional
current-driven DW or skyrmion motion [Fig. 1(b)].
Finally, we demonstrate the technological promise of
this concept by enabling compact spin logic gates
[Fig. 1(c)] and the realization of high-density and field-
free SOT magnetic random-access memory (MRAM)

[Fig. 1(d)].

II. METHODS

Micromagnetic simulations are performed with
MuMax3 [25], with magnetic thickness fy, = 1.6 nm,
1 x 1 x 1.6 nm> discretization, and the following mag-
netic parameters: saturation magnetization M, = 800
kA/m, exchange constant 4 = 20 pJ/m, and damping con-
stant = 0.05. The anisotropy constant K, in the OOP
region and the DMI constant D are variables and are
specified in the text. K, = 0 kJ/m> in the IP region. The
Landau-Lifshitz-Gilbert (LLG) equation is solved:

m = —uoym x Heg +om x m + tsor/str, (1)

where m, (o, v, Hegr, @, and Tsor/str are the unit mag-
netization vector, the vacuum magnetic permeability, the
gyromagnetic ratio, the effective field, the Gilbert damping
constant, and the applied SOT or STT. We always initial-
ize and relax the system by solving the LLG equation with
no precessional term, therefore pointing the magnetization
towards the nearest energy minimum. We then study the
system dynamics when magnetization rotation is imposed
or SOT or STT is applied by solving the full LLG equation.

SOT (with an in-plane current) is implemented as a
Slonczewski-like torque:

Y 0sulJ h

—_ 2
2eMitng (m xm x p+é&orm xp), (2)

TsoT = —
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where 6sy = 0.12 is the spin Hall angle, J is the I11. RESULTS AND DISCUSSION
current density, h is the reduced Planck constant, e
is the electron charge, &sor = 0.22 is the fieldlike-to-
dampinglike SOT ratio, and p is the unit spin polar- The system is made of square IP and OOP regions
ization vector. In MuMax3, we adapt Eq. (2) using [see Fig. 2(a)]. After relaxation, a part of the IP region is
the default STT implementation with the following  switched to reach a high-energy frustrated state. We then
parameter set: Poumax = |0sul, A = 1, € = |6sulésor/2, find that the switching of the OOP region relies on the com-

p = sgn(fsp)es x e., with e, the direction of the SOT petition between Efgyg and Ejp, resulting mainly from the

A. Switching dynamics driven by chiral coupling

current, and J, mumax = J.- DMI strength, D, and the perpendicular anisotropy of the
STT (with a current along the z direction) is imple- ~ OOP region, K,. The state of the OOP region is mapped
mented as a Slonczewski-like torque: out in Fig. 2(b) for a range of K, and D values corre-

sponding to typical experimental values [8]. The red and
blue regions correspond to the switching and nonswitching
yPJh . .
Tsrr= ———— (M X p X M), (3) states of the OOP region, respectively. The results reveal a
2eMitimag general trend that increasing K, leads to a higher energy
barrier, requiring a higher DMI strength to switch the OOP
where P = 0.5 is the spin polarization, J is the current region.
density, and p is the fixed layer polarization vector. In The red region in Fig. 2(b) corresponds to Egyst > Ep
MuMax3, we adapt Eq. (3) using the default STT imple- and the deterministic switching of the OOP region. For low
mentation with the following parameter set: Poymax = P, DMl and low K, (D < 1 mJ/m* and K,, < 425 kJ/m?), the

A =1, =0,and J. mumax = J- [26]. OOP region switches uniformly, i.e., coherent switching.
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FIG. 2. (a) System studied for the magnetization switching dynamics of a PMA nanomagnet driven by chiral coupling, where a
20-nm part of the IP region is rotated uniformly from < to — in 1 ns in steps of 1.8°, and the rest of the system is relaxed for 5 ns.
(b) z component of the magnetization of the OOP region after imposition of the switching of the IP region, depending on K, of the
OOP region and on DMI, after relaxation for 5 ns. The red region corresponds to the working window where the OOP region switches
by chiral coupling. The types of switching scheme and of frustrated state are indicated in the switching and nonswitching regions,
respectively. The dotted and solid lines are for D = (2/7)Kesd and D = \/AK.g approximating the working window. (c) Examples
of different switching schemes and frustrated states: evolution of the micromagnetic energies (relative to the initial configuration) and
micromagnetic configurations (top view) at the time indicated by an asterisk. The values of DMI and K, correspond to points 4, B,
C, and D in (b). The solid and dashed lines are an indication of the energy of the frustrated state Eyg,s and the energy barrier Ejp,
respectively. In cases B and D, Eg,¢ < Ep and the system remains in a high-energy state. In cases A and C, Egys > Ej and the OOP
region switches by chiral coupling. Coh, coherent.
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For higher DMI and K,, a DW nucleates and propa-
gates to switch the OOP region, i.e., DW switching (see
Videos 1 and 2 in Appendix A). We also found that
OOP regions larger or smaller than 50 nm have DW-
or coherent-dominated switching schemes, respectively.
These results show that the switching process induced
by chiral coupling is similar to field- or current-driven
switching schemes [26,27]. Interestingly, when Efyg < Ep
(i.e., the blue region) and the OOP region does not switch
(despite the IP region being held in the — direction), the
system is found to remain in a frustrated state with high
DMI energy. A frustrated 90° Néel DW (NDW) is formed
in the low-DMI case (below 1.25 mJ/m?), while a complex
state combining a 90° transverse DW and a 90° Bloch DW
(TBDW) is formed in the high-DMI case [see insets B and
D in Fig. 2(c)].

The evolution of the energies for the different switching
behaviors and frustrated states is shown in Fig. 2(c).

For low DMI (below 1 mJ/m?), in the frustrated NDW
state [inset D in Fig. 2(c)], the system remains stuck in a
high-DMlI-energy state. When K|, is decreased [from inset
D in Fig. 2(c) to inset C in Fig. 2(c)] to meet the switching
condition Egyg > Ejp, the OOP region switches coherently.
During the switching, we observe a decrease of the DMI
energy and an increase of the anisotropy energy, which
corresponds to the energy barrier of the OOP region. The
system then reaches the equilibrium configuration with
damped oscillations.

For high DMI, in the frustrated TBDW state [inset B in
Fig. 2(c)], the system is stuck in a high-DMI-energy and
high-exchange-energy state. When K, is decreased [from
inset B in Fig. 2(c) to inset 4 in Fig. 2(c)], the OOP region
switches by DW nucleation and propagation. An increase
of the anisotropy and exchange energy and a decrease of
the DMI energy are observed during the switching. This
energy variation is attributed to the nucleation of a chi-
ral DW to switch the OOP region, which has an average
energy density of 4/ AK.q — 7w D [6,28], where 4 and K
are the exchange stiffness and the effective anisotropy,
respectively. Moreover, an additional decrease of the DMI
energy is observed due to the domain nucleation in the
OOP region which is in the direction favored by DMI.

To establish the material parameters governing the
switching process, we introduce an analytical model based
on the switching criterion Egyg > Ep.

In the low DMI range in Fig. 2(b) (i.e., below 1 mJ/m?),
the switching condition between coherent switching and
frustrated-NDW state is obtained with Eg.g = w.Dd [12]
and Ej = Kegd? + (/2)Dd, where d is the size of the
OOP region. Applying Egyst > Ep, we obtain the following
switching condition:

2
D > —Keqd, “)
T

where Ko = K, — Kqn1, Where Kgp is the shape anisotropy
in the OOP region. This is represented as a dashed line in
Fig. 2(b) with Kg,; = 380 kJ/m?, providing good agree-
ment with the simulation results.

The same criterion can be applied for DW switching and
frustrated-TBDW state in the high DMI range in Fig. 2(b)
(i.e., above 1 mJ/m?). The energy barrier corresponds to
the nucleation of a chiral DW of average energy den-
sity 4/AK .+ — 7 D and an additional decrease of the DMI
energy due to the nucleated domain. Comparing the DMI-
energy term (of the same order as D) with the exchange,
anisotropy, and demagnetization energy (of the same order
as «/AK.g), we obtain the following switching condition:

D > \/AK.s, (%)

where K. = K, — Kqnp, Where Kgp» is the shape anisotropy
for DW switching. Ky, is taken as the value of K, below
which 7. 00p region = 0 (for D = 0 mJ/m?), leading to
Kgp =360 kJ/m3. This is represented as a solid curve
in Fig. 2(b), again in good agreement with the simulation
results.

Note that the transition between the different switch-
ing schemes and frustrated states is a gradual process.
More information on those transitions and the switching
time is available in Figs. 6 and 7 in Appendixes B and
C, respectively. Finally, Fig. S1 in Supplemental Material
[29] shows the scaling potential of this concept.

Our analytical model and our energy assessment of non-
trivial magnetic configurations provide profound insights
into the physics of DMI-induced magnetization switch-
ing in perpendicular nanomagnets. In the following, by
introducing an electrical method to induce a frustrated
state, we demonstrate an approach for developing high-
density and field-free SOT-MRAM devices. Ultimately,
we pioneer an efficient method for propagating spin infor-
mation for logic operations.

B. Enabling high-density and field-free SOT MRAM

With its remarkable characteristics of high retention and
fast switching, SOT MRAM with PMA MTIJs is seen as
the next evolution of MRAM technology [30]. Neverthe-
less, two key obstacles remain to be addressed: field-free
switching and high storage density [31,32]. The first chal-
lenge is linked to the need for an external field for deter-
ministic SOT switching in a PMA MT]J. Field-free SOT
switching can be achieved in an IP MTJ [33], but its
retention is limited. The second challenge results from the
additional electrodes needed for the writing and reading
paths, thereby increasing the footprint. To increase den-
sity, multiple MTJ devices sharing the same SOT track are
being developed, where the selective writing operation is
controlled by the VCMA effect [34]. Recently, this concept
was experimentally demonstrated but an external field is
still required [35].
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(a) System studied for SOT switching of chirally coupled nanomagnets. (b) Evolution of the magnetization of the IP and

OOP regions for Jsor = 200 MA /cm?, K, = 400 kJ/m>, and D = 1.5 mJ/m?. (c),(d) x and z components of the magnetization of the
IP and OOP regions, respectively, after application of SOT on the IP region for 5 ns, depending on Jsor and K,,, with D = 1.5 mJ/m?.
Red and blue correspond to the switching state and the nonswitching state, respectively, for (c) the IP region and (d) the OOP region.
The dotted line is a guide to delimit the switching window. By controlling the PMA of the OOP region with a gate voltage V¢, we can

control the switching of the OOP region.

Here we demonstrate that field-free SOT switching of
the IP region in type-Y configuration (current in the y
direction [33]) can subsequently induce the switching of
the OOP region by chiral coupling. Therefore, this concept
allows field-free SOT MRAM as well as high density using
the multipillar configuration.

The system studied is represented in Fig. 3(a). Figure
3(b) shows an example of the switching of the OOP region
after the switching of the IP region by SOT. Figures 3(c)
and 3(d) show the switching state of the IP and OOP
regions, respectively, as a function of the SOT current
density Jsot and K,,, using standard properties of the com-
monly used Pt/Co material (see Sec. II). Figure 3(c) reveals
that a critical SOT current Jsot, ~ 100 MA /cm? (similar
to experimental values [36]) is required to overcome the
chiral coupling and to switch the IP region. Figure 3(d)
shows that for Jsor > Jsor., the OOP region switches
for K, below a certain threshold, where the SOT and
the chiral coupling overcome the energy barrier of the
OOP region. For Jsor between 100 and 250 MA/cm?,
the IP region switches by increasing oscillations attributed
to the competition between SOT current, chiral coupling,
and the energy barrier of the OOP region (see Fig. 8 in

Appendix D). If the OOP region switches, the IP region
gets stabilized, otherwise the oscillatory behavior contin-
ues. For Jsor above 250 MA /cm?, the IP region switches
in one step (see Fig. 8 in Appendix D). If the SOT is cut
off and the OOP region remains unchanged, the IP region
switches back to preserve the DMI chirality. More infor-
mation on the SOT switching behaviors and switching time
is available in Figs. 8 and 9 in Appendix D.

By accessing the OOP region with a PMA MT], this
concept enables field-free SOT-MRAM devices. On the
basis of the switching criterion FEgyg > Ep, the MTIJ
switches for K, only below a certain threshold. Low
K, would, however, hinder the high retention target for
MRAM application. Therefore, we propose the use of
a gate voltage to selectively reduce the energy barrier
of the OOP region by the VCMA effect during the
write operation. For a realistic experimental value of the
VCMA coefficient £ ~ 100 fJ/Vm [22,37,38], with free-
layer thickness #;p, = 1.6 nm and tunneling-barrier thick-
ness fpamier = 1 Nm, an applied voltage of 1 V leads to a
reduction AK, ~ 160 kJ/m3, as illustrated in Fig. 3(d).
Therefore, we propose implementing multipillar devices
sharing the same SOT track to increase density as shown in

024050-5
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Fig. 1(d). For a given SOT current, the switching operation
is electrically controlled by the selective application of a
gate voltage V¢, leading to so-called V¢ SOT MRAM. This
drastically reduces the number of terminals that contribute
to the large footprint found in traditional SOT-MRAM
devices [35,39].

Moreover, by implementing the devices with sepa-
rate layers for the SOT and the MTJ free-layer material
(see Note 1 in Supplemental Material [29]), new high-
efficiency SOT materials [40] can be integrated to reduce
the switching currents without compromising the MTJ
properties.

This proof of concept simultaneously addresses the low
retention of I[P MTJs and the external field needed with
PMA-MT]J devices, providing a potential solution for field-
free and high-density SOT MRAM.

It is worth noting that this device proposal also func-
tions by application of SOT under both the IP region and
the OOP region, where the field-free switching behavior is
then attributed to the symmetry breaking induced by chiral
coupling [12]. However, SOT current flowing underneath
the MgO barrier in this configuration potentially poses
reliability issues [41].

(@) [ 'mewe |  [Output] (c)

Free layer
(IP/up/down)

B Heavy metal

B Reference layer HHENE

B MgO barrier
(b)

50 nm

50 nm 50 nm 50 nm

FIG. 4.

C. Processing spin information for logic operation

We now demonstrate that magnetization switching
driven by chiral coupling offers an unconventional method
to propagate and to process spin information. We show
that introducing chiral coupling between adjacent MTJs
enables one to build electrically controlled inverter and
minority gates containing both NAND and NOR functionali-
ties. Indeed, spintronic majority or minority gates are cur-
rently being explored as promising candidates to simplify
logic circuits and to tackle dimensional scaling challenges
[42,43]. Moreover, our device concept enables one to build
compact logic gates without the need for current-driven
DW or skyrmion motion, alleviating issues such as pinning
and Joule heating (see Note 2 in Supplemental Material
[29]). While concepts involving exchange or dipolar cou-
pling also provide current-free information propagation,
they come with challenges for practical spin logic applica-
tions. Those are linked to narrow operating windows and
difficulties in implementing the required inverter opera-
tions for exchange coupling [44] and the requirement of
an external clocking field as well as potential interference
with the stray field of MTJs for dipolar coupling [45].

1.0

0.5

—*— Mgz eftoop
mx, IP region

= Mz, right OOP

—0.51
-1.01 ! ] i i
0 1 2 3 4 5
t (ns)
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demagnetization
0.4 plus exchange energy
. DMI energy
f 0.21
0.0 4 VA&K‘.*.mmwm
—0.21A BC D E
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(a) Chiral inverter made of two MTJs coupled in opposite directions by DMI via an interconnecting IP free layer. (b)

Micromagnetic configuration (top view) during the switching of two chirally coupled MTJs. K,, = 400 kJ/m? in the OOP regions and
D = 1.5 mJ/m? [i.e., inside the working window identified in Fig. 2(b)]. STT with current density Jsrr = 30 MA /cm? is applied for
5 ns on the left MTJ. The switching of the left MTJ induces the switching of the IP region and in turn the switching of the right
MT]J, due to chiral coupling. (c) Evolution of the magnetization of the left MTJ, the IP region, and the right MTJ. (d) Evolution of the
micromagnetic energies. The time corresponding to cases A—E in (b) is indicated.
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FIG. 5. (a) Truth table of a minority gate with three inputs,
containing both the NAND and the NOR functionalities when one
input is fixed to “0” or “1,” respectively. (b) Micromagnetic con-
figuration (top view) of four chirally coupled MTJs forming a
minority gate [see Fig. 1(c)], for all the possible logic inputs.
K, =600 kJ/m3 in the OOP regions and D = 1 mJ/m?. The
MT]Js are indicated by circles formed by a dotted line with diam-
eter d in the first image. Logic inputs “001” and “011” are not
represented because they are equivalent to “100” and “110” by
symmetry, respectively. The output switches when two or three
inputs are switched by application of STT.

Figures 4(a) and 4(b) show a schematic and the opera-
tion of a chiral inverter (i.e., a logic NOT gate) formed by
two chirally coupled PMA MT]Js via an interconnecting IP
free layer. In the initial state, the left MTJ is pointing up
(“1” i.e., input “0”), the IP region is pointing left (“<«”
and the right MTJ is pointing down (“}” i.e., output “17),
denoted as the 1< configuration (A). Then, the switch-
ing of the left MTJ by application of STT (B) induces the
switching of the interconnecting IP region (C), due to both
chiral coupling and STT precession. This, in turn, leads to
the switching of the right MTJ due to chiral coupling (D)
and the system settles in the | — 1 configuration (E) to sat-
isfy the DMI chirality. In Figs. 4(c) and 4(d), we observe
the sequential switching of the input MTJ, IP region, and
output MTJ. After switching of the input MTJ, the sys-
tem enters a high-energy frustrated state that enables the
switching of the output MTJ. During the switching of the

MT]Js, we observe a decrease of the DMI energy, and an
increase of the other energy terms, as in Fig. 2(c).

The chiral inverter is a basic element to build more-
complex logic devices. By coupling one output MTJ with
three input MTJs [see Fig. 1(c)], we can indeed construct
a compact minority gate with the truth table shown in
Fig. 5(a). For a certain configuration of the three inputs,
the lowest energy state will be the one that minimizes the
number of frustrated states. The magnetic state of the out-
put MTJ will therefore follow the direction favored by the
majority of inputs, as shown in Fig. 5(b). In the initial
state, the three inputs are 1 (“000”) and the output is |
(“17). Switching one input (e.g., “100”) is not sufficient to
switch the output since its state is dictated by the two other
inputs. Switching two or three inputs (e.g., “101”) leads to
the switching of the output to 1 (“0”).

IV. CONCLUSION

In conclusion, we have reported the magnetization
switching of a PMA nanomagnet induced by chiral cou-
pling, where the switching process is controlled by the
interplay between chiral frustration and the energy barrier
of the nanomagnet. We found that the switching mecha-
nisms correspond to coherent switching or DW switching
depending on the DW width, as during conventional STT
and SOT switching. The switching condition was found
to depend on the balance between the chiral coupling and
the energy barrier, resulting from the DMI strength and
the PMA of the nanomagnet. We also demonstrated the
technological potential of this concept by enabling field-
free high-density SOT-MRAM devices as well as compact
chiral-inverter and minority logic gates without relying on
current-driven information propagation. A path towards
the experimental realization of this device concept is pre-
sented in Supplemental Material [29], taking into account
the availability of DMI materials [8] and the magnetically
interconnected MTJs technology [46]. This concept will
provide an unconventional avenue to explore the intrigu-
ing physics of DMI and magnetic frustration in device
operation through electrical detection of MTJs.
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APPENDIX A: COHERENT-SWITCHING AND
DW-SWITCHING SCHEMES

Videos 1 and 2 show the coherent-switching and DW-
switching schemes described in Fig. 2, where the IP region
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VIDEO 1. Coherent-switching scheme with D = 0.5 mJ/m?
and K, = 385 kI/m’.
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VIDEO 2. DW-switching scheme with D = 1.75 mJ/m? and
K, =475 kI/m’.

is rotated in 1 ns and the rest of the system is then relaxed
for 5 ns.

APPENDIX B: SWITCHING-SCHEME AND
FRUSTRATED-STATE TRANSITIONS

Here we discuss the switching-scheme transition and
frustrated-state transition as a function of DMI for the
points indicated in Fig. 6(a). Comparing the DW width

(a) . 1
2.0 {8
—~ 1.5 8
E ; g
= 1 0 o
E10{0E 8
Q ] EN

-1

500 550

400 450

Ky (kJ/m3)

FIG. 6. (a) See Fig. 2(b): z component of the magnetization
of the OOP region after imposition of the switching of the IP
region, depending on DMI and K,,, for the system represented
in Fig. 2(a). (b) Micromagnetic configuration (top view) of the
switching mechanisms for K, = 385 kJ/m? corresponding to
points 4, B, and C in (a). (c¢) Micromagnetic configuration (top
view) of the frustrated states for K, = 550 kJ/m> corresponding
to points A’, B', C', D', and E’ in (a).

Spw = /A K and the OOP nanomagnet size of 50 nm,
we obtain a DW width equal to the OOP region size for
K, = 439 kJ/m>. For larger K,, the DW width is smaller
than the nanomagnet size, and we observe DW switch-
ing. For smaller K, as in Fig. 6(b), we observe mainly
coherent switching (case C), except for high DMI, where
the DMI favors the tilting of the magnetic moments close
to the edges (cases B and A). In Fig. 6(c), we can see
that when the DMI is increased, the frustrated state grad-
ually transitions from a frustrated NDW with only DMI
energy to a frustrated TBDW (case E’ to case C'). The
increasing DMI indeed leads to the tilting of the mag-
netic moments towards the transverse direction to decrease
the DMI energy, at the expense of the other energy terms.
On further increase of the DMI (D & 2 mJ/m?), the mag-
netic moments near the OOP region rotate even more, to
form a complete transverse DW (cases B’ and A’). In this
region, the decrease of the DMI energy stabilizes the frus-
trated state (Ejg,g decreases), leading to the shrinking of
the working window, and the deviation of the operating
window from the analytical curve.

APPENDIX C: SWITCHING TIME

Figure 7 shows the switching time £, of the OOP region
driven by chiral coupling as a function of D and K,,. As a
general trend, the further we move from the boundary of
the switching region, the faster the OOP region switches
because the difference between Ej,. and Ej increases.

(@ 1
g 0 ] —*— My, IPregion
E “* Mgz, 00P region
-1 !
™ 2 3 4 5
IP switch tg,, t (ns)
(b) -1.50
2.01 L1.25
15 o £1.00
£ L0.75 &
€1.01 =
a L0.50 &
0.51 | r0.25
r0.00
0.0+ . . . . U
400 450 500 550
Ky (k)/m3)
FIG. 7. (a) Example of the evolution of the magnetiza-

tion of the IP and OOP regions for K, =475 kJ /m? and
D = 1.75 mJ/m?. The switching time is defined as the time
needed for the OOP region to reach m, = 0 after the IP region
has been fully switched. (b) Switching time of the OOP region,
as defined in (a), for the simulations in Fig. 2(b).
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Moreover, at the transition between the two types of frus-
trated state (at D &~ 1.3 mJ/m?), the switching time is
longer.

APPENDIX D: SOT SWITCHING DYNAMICS

Here we discuss the dynamics of the IP region under
SOT for the points indicated in Fig. 8(a). In Fig. 8(c)
with K,, = 375 kI/m?, for increasing Jsot, we first observe
no switching (D), then switching by oscillations (C) and
finally switching in one step (B and A). Those different
behaviors are attributed to the competition of the SOT
current against the chiral coupling and energy barrier of
the OOP region. In Fig. 8(d) with K, = 550 kJ/m?, for
increasing Jsor, we first observe no switching (D’), then
oscillations (C'), partial switching (B’), and finally nearly
complete switching (A”) [see also Fig. 8(b)]. However in

L )

=)
My, P region

0 " -
300 350 400 450 500 550 600

Ky (kj/m?3) n
(c) K, =375 kJ/m3
1.0
. 05
g —e— J =500 MA/cm?
g —e— ] =300 MA/cm?
= 0.0 —e— /=200 MA/cm?
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-1.0¢
(d) K, = 550 kJ/m3
1.0 —e— /=500 MA/cm?
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0 1 2 3 4 5 6 7
SOT t (ns) Relax
FIG. 8. (a) See Fig. 3(c): x component of the magnetization of

the IP region after application of SOT on the IP region for 5 ns,
depending on Jsor and K,,, with D = 1.5 mJ/m?. (b) Micromag-
netic configurations (top view) after 5 ns of SOT corresponding
to points 4’, B', C', and D' in (a). (c),(d) Evolution of the x com-
ponent of the magnetization of the IP region when SOT is applied
for 5 ns and then the system is allowed to relax for 2 ns, with (c)
K, = 375kJ/m? and (d) K, = 550 kJ/m? and for different values
of Jsor corresponding to the points indicated in (a).

a
() 5001
4
~ 4001 .
3@
2 300 EQ
= 2
5200 2 3
2
£
100*-ﬁ 1
0 : : . : : .
(b) 0!
4
~ 4001 =
c
<300 3=
= i S
£ 200 = 2 =
2 -~
£ " .
100 4" 1
0+
©) o0l 4
_ 2
= ~
< 300 _ L
= - |
e j o=t 50 nm a
o e |
2 _,‘:-.-:!'- 12
' Jsor NEARREY 0

0+ ,
300 350 400 450 500 550 600
Ky (kJ/m?)

FIG. 9. (a) Switching time of the IP region, (b) switching time
of the OOP region, and (c) difference fs,00p region — fsw,IP region
for the system represented in the inset, with D = 1.5 mJ/m? (cor-
responding to Fig. 3). The switching time is defined as the time
needed to reach m, = 0 for the IP region and the time needed to
reach m, = 0 for the OOP region.

this case, since the OOP region does not switch, the IP
region switches back to its initial state when the SOT is
cut off at 5 ns in order to satisfy the DMI chirality.

Figure 9 shows the switching time #gy 1p region Of the IP
region, the switching time #y, 00P region Of the OOP region,
and the difference #sw 00p region — fsw,IP region @s a function
of Jsor and K,. As expected, the switching time of the
IP region decreases for increasing Jsor. Moreover, the
switching of the OOP region by chiral coupling follows the
switching of the IP region in the nanosecond time range.
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