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Electrical detection of mobile skyrmions
with 100% tunneling magnetoresistance
in a racetrack-like device
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Magnetic skyrmions are topological spin textures that are regarded as promising information carriers
for next-generation spintronic memory and computing devices. For practical applications, their
deterministic generation, manipulation, and efficient detection are the most critical aspects. Although
the generation and manipulation of skyrmions have been extensively studied, efficient electrical
detection of mobile skyrmions by using techniques that are compatible with modern magnetic
memory technology, remains to be adequately addressed. Here, through integrating magnetic
multilayers that host nanoscale skyrmions, together with the magnetic tunnel junctions (MTJ), we
demonstrate the electrical detection of skyrmions by using the tunneling magnetoresistance (TMR)
effect with a TMR ratio that reaches over 100% at room temperature. By building prototype three-
terminal racetrack-like devices, we further show the electrical detection of mobile skyrmions by
recording the time-dependent TMR ratios. Along with many recent developments, our results could
advance the development of skyrmionic memory and logic devices.

Magnetic skyrmions, a type of topological spin textures'™”, have drawn
growing attention due to their potential applications®*'*", such as racetrack
memory ', logic gates'”", and quantum qubits'~". These particle-like

spin configurations can be stabilized in a range of symmetry-breaking

can be integrated with magnetic tunnel junction (MTJ) that subsequently
enables an efficient readout of nanoscale skyrmions™. Despite significant
progress made on the generation and manipulation of skyrmions™ >, it
remains challenging to obtain efficiently electrical readout of skyrmions™*,

magnets">***. However, compared with skyrmions in various bulk
materials™*”’, skyrmions in asymmetric magnetic multilayers are of parti-
cular interest for potential device applications®”'*****, For example,
nanoscale Néel skyrmions can be stabilized at room temperature in these
multilayers, and their manipulation can be achieved through current-
induced spin-orbit torques (SOT)”™. These ingredients are key for
numerous skyrmionic applications. More importantly, these multilayers

which is a major bottleneck for skyrmionic applications.

MT]J is the fundamental building block of magnetoresistive random
access memory (MRAM) technology™. It is made of a sandwich-like tri-
layer that contains two metallic magnetic layers separated by a thin insu-
lating tunneling barrier (typically MgO). Governed by the quantum-
mechanical tunneling effect, electrons can transport from one metallic
magnetic layer, through the insulator barrier, to the other metallic magnetic
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layer. Because of the spin-dependent density of states near the Fermi energy
in the magnetic layers, the tunneling electrons are spin-polarized. Conse-
quently, the parallel and antiparallel magnetization orientations of these two
magnetic layers give rise to the low and high TMR levels™”". Since the TMR
effect can convert the presence and absence of magnetic textures into strong
electrical signals with large on/off ratios, it is thus expected to be advanta-
geous for the efficient electrical detection of skyrmions™. A few recent efforts
have been made to implement the TMR effect for skyrmion detection in
magnetic multilayers™ ™, which, however, are either limited by a relatively
low TMR ratio*"*, or by immobile skyrmions™*** that hinder the sub-
sequent spin torque manipulation. These two aspects limit the application of
skyrmions in situations where mobile skyrmions are prerequisites (racetrack
memory", reservoir computing'>*, etc.), which motivate the present study.

Here, we study the feasibility of integrating representative [Pt/Co/Ta] o
multilayers that host nanoscale skyrmions™*® with MT]J of stacking order
CoFeB/MgO/CoFeB***". Through optimizing the skyrmionic MTJ stack, we
demonstrate the electrical detection of skyrmions with a 100% TMR ratio at
room temperature. Further, we show that the transportation of skyrmions in
the racetrack can be readout by using a nanoscale MTJ pillar with the change
of TMR over 1.3kQ.

Results

Optimization of skyrmionic MTJ

The concept of skyrmion racetrack device is schematically shown in Fig. 1a,
which consists of mobile skyrmions and the TMR detection'***, In this type
of devices, skyrmions can move along a nanowire made of magnetic mul-
tilayers, which is driven by the current-induced spin torque’***'. Under-
neath the MTJ pillar, the presence and absence of skyrmions, which is
reflected as the change of magnetization in the free layer, can be electrically
detected via outputting the low and high TMR levels™.

To experimentally demonstrate the stabilization, manipulation, toge-
ther with the TMR detection of mobile skyrmions, we deposit multilayers of
stacking order:  Ta(5)/[Pt(2.5)/Co(1)/Ta(0.5)]10/Ta(0.5)/CoFeB(0.9)/
MgO(1.7)/CoFeB(1.1)/Ta(0.5)/Co(0.3)/[Pt(1.5)/Co(0.4)],/Ru(0.85)/
[Co(0.5)/Pt(1.5)]3/Ru(5) (thickness in nm), as schematically illustrated in
Fig. 1b. In these multilayers, the bottom interfacially asymmetric multilayer
[Pt(2.5)/Co(1)/Ta(0.5)];9 could host room-temperature Néel-type
skyrmions™*’. Through optimizing the thickness of the inserted Ta layer
(0.5nm) and the bottom CoFeB, free layer (0.9 nm), the [Pt/Co/Ta],o
multilayer could be ferromagnetically coupled to the bottom CoFeB; free
layer (Supplementary Note 1). This suggests that the noncollinear spin
textures, including chiral domain walls and magnetic skyrmions in the [Pt/
Co/Ta];o multilayer can be imprinted onto the bottom CoFeB; free layer.
Namely, the bottom CoFeB, and [Pt/Co/Ta] synergistically act as a hybrid
free layer. The top CoFeB, reference layer (1.1 nm) is pinned by a synthetic
antiferromagnet (SAF) made of Co(0.3)/[Pt(1.5)/Co(0.4)],/Ru(0.85)/
[Co(0.5)/Pt(1.5)]5. In particular, the choice of MTJ stack made of
CoFeB,(0.9)/MgO(1.7)/CoFeB,(1.1) with perpendicular magnetic aniso-
tropy (PMA) could be advantageous for maintaining a high TMR ratio*>",
as compared with Co/MgO/Co system*"*.

The layered growth of film stack is verified by conducting a high-angle
annular dark-field scanning transmission electron microscopy (HAADF-
STEM) experiment, as illustrated in the right panel of Fig. 1b. Here, one can
clearly identify the layered structure of [Pt/Co/Ta];, multilayer, the CoFeB,/
MgO/CoFeB, trilayer, and the [Pt/Co]s/Ru/[Pt/Co]; synthetic antiferro-
magnet (SyAF) layer. The out-of-plane magnetic hysteresis loop (M — H,)
is measured and shown in Fig. 1c. Distinct jumps reflect the switching of
each magnetic layers, which are marked by arrows of different colors,
respectively. The shadowed area in Fig.1c corresponds to the magnetic
signal of the [Pt/Co/Ta];o multilayer, the shape of which is consistent with
those multilayers that host Néel-type skyrmions™*******,

Identification of skyrmion phase in the [Pt/Co/Ta]10 multilayer
Shown in Fig. 2a are the M — H, loops of the [Pt/Co/Ta];, multilayer that
are measured under different temperatures. Shapes of these loops are similar

to those typical asymmetric multilayers that host room temperature sky-
rmions, such as [Pt/Co/Tal, ", [Pt/Co/Ir],>**”, and [Pt/Co/Fe/Ir],*,
implying a possible existence of Néel-type magnetic textures in the present
material system. Following the decreased temperature, shapes of M — H,
loops change slightly. This reflects a temperature dependent magnetic
property, which can be further inferred from the extracted saturation
magnetization (M), as shown in the inset to Fig. 2a. Such a temperature
dependent magnetism suggests that the resultant skyrmionic phase could be
temperature sensitive. Moreover, shapes of M — H, loop obtained from the
[Pt/Co/Ta],o multilayer and from the corresponding multilayers contained
in MTT stack are consistent, as marked by the shaded area in Fig. 1c (Sup-
plementary Note 2). This suggests a limited influence to the skyrmionic
multilayer by the subsequent growth of the MTJ stack™.

To directly verify the existence of Néel skyrmions in the [Pt/Co/Ta];o
multilayer, Lorentz transmission electron microscopy (LTEM) experiment
is conducted. As shown in Fig. 2b, bright and dark contrasts corresponding
to skyrmions can be observed, which are done with a tilting angle 30°,
defocus length —3 mm and the magnetic field 360 Oe. We also perform
LTEM at a different defocus length at 0 mm, and find that the contrast
disappears at Omm, which is the characteristic feature of Néel
skyrmions®***. Detailed description can be found in Supplementary Note 3.

The manipulation of skyrmions by the current-induced spin torque, is
demonstrated in the nanostructured device made of [Pt/Co/Ta] ;o multilayer
(shown in Fig. 2¢) by conducting a magnetic force microscopy (MFM)
experiment. In a 1-pm-wide nanowire, the coexistence of skyrmions and
stripe domains at zero field can be found, as shown in Fig. 2d. After applying
a pulse current of amplitude / = 1.0 X 10’ A/cm? and of duration 10 ns, a
morphological transformation from stripe domain into isolated skyrmions
is observed, together with a migration of skyrmions along the nanowire, as
shown in Fig. 2e. More experimental data and analyses can be found in
Supplementary Note 4. This experiment reveals the feasibility of electrical
manipulation of nanoscale skyrmions by using the current-induced spin
torques, a method that has been frequently discussed in similar
multilayerSZZ,ZS,Sl,-l&SS.

Characterization of nanoscale skyrmionic MTJs

Based on the optimized film stack, we subsequently fabricate nanoscale
skyrmionic MT] devices, as shown in Fig. 3a. We use an argon ion milling
system that is equipped with an end-point detector, which ensures a suc-
cessful fabrication of skyrmionic MTJ, while maintaining the magnetic
properties of the [Pt/Co/Ta];o multilayer to be unattacked, as schematically
shown in Fig. 1a. The width of the racetrack is 1 um, and the diameter of the
MTJ pillar is 500 nm, respectively. Four-terminal electrical resistance
measurements are conducted by employing standard AC lock-in technique,
with applied currents of 200 nA and a frequency of 17 Hz across the MT]
device (in the current-perpendicular-plane geometry). Figure 3b demon-
strates the corresponding TMR data that is measured as a function of H,. By
scanning the H, from positive to negative (blue curve), the TMR curve
exhibits a clear step due to the antiferromagnetic coupling of the SAF
pinning layers around 1.4 kOe. By gradually decreasing field, the bottom
CoFeB; free layer switches together with the [Pt/Co/Ta];, multilayer at field
between + 0.6kOe, as a result of ferromagnetic coupling between them. The
corresponding TMR ratio can be calculated as

¢ x 100% 1)

TMR(%) = [RAPT_R

P

where R,p = 22.44kQ, and R, = 11.03kQ are the high and low TMR
states, which correspond to the complete antiparallel and parallel align-
ments of the free layer and the reference layer, respectively. In particular, we
find that the TMR ratio could reach up to 103.45% at room temperature.
The free layer of the skyrmionic MT] device, composed of the bottom
CoFeB, (0.9 nm) and the ferromagnetically coupled [Pt/Co/Ta],, multilayer,
exhibits a small switching field as compared with the top CoFeB, (1.1 nm)
reference layers. Subsequently, we focus on the minor loop measurements,
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Fig. 1 | llustration and experimental realization of skyrmionic MT]J. a Schematic
of skyrmion racetrack and its electrical detection setup via using an MTJ. b Skyrmion
MT] stack (left) and HAADF-STEM image (right) of the cross-sectional MT] films.
The hybrid free layer consists of the skyrmion hosting multilayer [Pt/Co/Ta]o and
the bottom CoFeB, free layer, which are ferromagnetically coupled through an
ultrathin Ta layer (Ta layer in left inset, 1 nm in total). Left inset: MTJ with the top
reference layer (CoFeB,) and the bottom free layer (CoFeB,) sandwiched by the
MgO layer. ¢ Magnetic hysteresis loop of the skyrmionic MT]J stack. The inset shows
the magnetic configurations of different layers. The purple, red, and brown arrows
refer to the magnetization orientations of the hybrid free layer ([Pt/Co/Ta];o and
CoFeB;), the CoFeB, reference layer, and the top part of the SAF, respectively.

which reveal information on the magnetization dynamics of the free layer in
the region that is underneath the MTJ pillar. Through fixing the magneti-
zation of the top CoFeB; (1.1 nm) reference layer being downward (upward),
minor loop measurements reveal intermediate and discretized TMR states, as
shown in Fig. 3¢, d, respectively. These discretized TMR steps suggest the
existence of multidomain states in the free layer, which change their con-
figurations during the minor loop measurement. As a result, evolving
domain configurations underneath the MT] pillar produce discretized TMR
steps. Similar minor loop measurements were repeated for several times in
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Fig. 2 | Skyrmions in the [Pt/Co/Ta];o multilayer. a Out-of-plane magnetic hys-
teresis loops of the skyrmion hosting multilayer [Pt/Co/Ta],, at various tempera-
tures. Inset: the evolution of saturation magnetization as a function of temperature.
b A direct identification of skyrmion by using Lorentz electron transmission
microscopy (LTEM). ¢ Optical micrograph of a 1 pm-wide skyrmion channel.

d, e The magnetic force microscopy (MFM) images that were taken before and after
applying a current pulse (J = 1.0 X 10”7 A/cm?, 10 ns), all at zero field.

the same device, in which similar TMR loops with discretized steps of dif-
ferent heights and nucleation fields can be observed. This observation could
be attributed to the randomly distributed disorders in the free layer, which
result in a random distribution of magnetic domains and skyrmions in the
region that is underneath the MTJ pillar. Moreover, a consistent yield of
TMR ratio over 100% can be found in 42 devices which were made on the
same batch (raw data of which can be found in Supplementary Note 5).

TMR measurements at different temperatures
We further investigate the performance of skyrmionic MTJ at different
temperatures. This is motivated by the fact that [Pt/Co/Ta];, multialyer
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exhibits a temperature sensitive magnetization (as shown in Fig. 2a).
Figure 4a shows appreciable TMR ratio and clear switching processes in
the temperature range from 180 K to 340 K. The TMR ratio increases with
the decreased temperature, and reaches 133.3% at 180 K. Temperature-
dependent antiparallel (R,p) and parallel (Rp) TMR values can be found in
Supplementary Note 6. The increase of TMR ratio mainly results from the
increase of R,p, whereas R, remains nearly the same with the decreased
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Fig. 3 | TMR performances of nanoscale skyrmionic MTJ. a An SEM image of the
nanoscale skyrmionic MT] device. b Room-temperature TMR curves that are
measured as a function of the out-of-plane magnetic field. ¢, d Two independent
minor loops of the TMR measurement, with the magnetization orientation of the top
CoFeB, reference layer pointing downward and upward, respectively.

tempareture™. The corresponding minor loops are also measured, as shown
in Fig. 4b. Following the decrease of temperature, shapes of minor loops
evolve accordingly, which are consistent with the change of magnetic
properties as a function of temperature. When the temperature is lower than
220K, only one sharp switching event can be observed, indicating the
occurrence of uniform magnetization switching of the free layer in the
region underneath the MT]J pillar. In the temperature range between 260 K
and 340K, discretized TMR steps can be found. In particular, increased
temperatures lead to the formation of labyrinthine domains and skyrmions
in the free layer, which shrink in size and result in the reduced TMR steps in
the minor loop measurement.

TMR readout of mobile skyrmions

To demonstrate the skyrmionic racetrack performance, one needs to elec-
trically read out mobile skyrmions by using TMR'*. This could be done in
our nanodevices by passing pulse currents along the nanowire in the
current-in-plane geometry, implementing the spin Hall effect and the
resultant spin torques in the Pt underlayer®'******. As a result, the trans-
portation of skyrmonic spin textures along the racetrack that is made of
[Pt(2.5)/Co(1)/Ta(0.5)]10/Ta(0.5)/CoFeB(0.9) free layer can be triggered by
passing pulse currents (J). The subsequent electrical readout of skyrmions
by using the MTJ is done by passing a small AC probing current (200 nA,
17 Hz) across the TMR device (in the current-perpendicular-plane geo-
metry). At zero field, when repetitively applying 5 current pulses of
amplitude J = 1.96 X 10’ A/cm?, a duration of 500 ns, and an interval of
1 ms along the racetrack, the time-dependent TMR signals are recorded, as
shown in the bottom panel of Fig. 5a. The evolution of TMR signals exhibits
clear responses after applying each current burst (J), suggesting the change
of domain configurations in the free layer, likely the skyrmion displacement
and transformation that are induced by the spin torques.

To qualitatively understand the origin of time-dependent TMR signals
that are induced by applying current pulses along the racetrack, we perform
micromagnetic simulations to characterize the change of magnetization
configurations. Detailed description, together with material specific para-
meters of micromagnetic simulations can be found in methods and Sup-
plementary Note 7. Figure 5b shows the simulated skyrmion transportation
along the racetrack that is driven by the current-induced spin torques. Upon
applying different numbers of pulse currents (J = 8.3 X 10’ A/cm?, 5 ns),
one clearly identifies the displacement of stripe domains and isolated sky-
rmions. Underneath the MTJ pillar (marked by the yellow circle in Fig. 5b),
the amplitude of out-of-plane net magnetization (m,) of the freelayer and its
time-dependent change are extracted and shown in Fig. 5¢ by the blue circle.
By utilizing a parallel resistor model, and based on the measured low
(Rp = 11.03kQ)and high (R,p = 22.44kQ) TMR values, the TMR values
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Fig. 4 | TMR measurements under different temperatures. a TMR loops of sky-
rmionic MTJ at various temperatures. b Minor TMR loops at various temperatures
with the magnetization orientation of the top reference layer (CoFeB,) pointing

downward (left) and upward (right). The changed shapes of minor loops could be

0 1

- 0
H (kOe) H (kOe)

attributed to the variation of magnetic textures in the bottom skyrmion multilayer
[Pt/Co/Ta] 0. Inset is the extracted temperature-dependent TMR ratio. The TMR
loops are vertically shifted for clarity.
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Fig. 5 | Electrical detection of current-driven skyrmion. a The time-dependent
TMR that is obtained after applying current pulses along the bottom racetrack, with
an amplitude ] = 1.96 X 107 A/cm? (upper panel). The change of TMR ratio with
current pulses, indicating the change of domain configurations in the bottom
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channel (lower panel). b Simulated motion of skyrmions and stripe domains after
applying each current pulse. ¢ Simulated evolution of out-of-plane magnetization,
m,, under the MT] pillar (blue marker) and the corresponding TMR ratio that is
estimated based on experiment parameters (red line).

arising from skyrmions at different fields [R(H)] can be estimated as™*’

S _ S | S @
R(H) Ry Ry

where Syrry, Sap> and Sp represent the size of the MTJ pillar, the area with
antiparallel/parallel magnetization configurations, respectively. Detailed
caculation of R(H) and TMR ratio (TMR(%) = [R(H) — Rp| /R, X 100%)
can be found in Supplementary Note 8. In particular, the corresponding
TMR ratio can be estimated based on the amplitude of 1, of the free layer, as
shown by the red line in Fig. 5c. The TMR ratio exhibits immediate
responses after applying each pulse. This observation is consitent with our
experimental results shown in Fig. 5a. When a part of the skyrmion moves
underneath the MTJ pillar, the TMR ratio increases to an intermediate state.
The signal reaches the highest level as the skyrmion is completely located
underneath the MT] pillar, which decreases when the skyrmion moves away
from the MT] pillar. Since the diameter of skyrmion size (approximately
400 nm in Fig. 2d) is smaller than the size of the MTJ pillar (500 nm), we
cannot realize a completely antiparallel magnetization configuration in our
experiment. This explains a reduced TMR ratio that is smaller than 100% in
our simulation result.

The TMR detection of mobile skyrmions is also repetitively
conducted for the same device under 0.35kOe and in MTJs with
different pillar sizes (Supplementary Note 9). There, one can con-
sistently observe the emergence of discrete plateaus after applying
current pulses along the bottom track. Through analyzing the resis-
tance plateaus, we have identified that 19 kQ is the most frequently
occurring value. Through comparing with the calculated TMR results
from micromagnetic simulations, such a value could be attributed to
the electrical signature of a single skyrmion underneath the MT] pillar.
In addition, the plateau values for devices with pillar diameters of 500,
300 and 150 nm are in consistent with the prediction of Eq. (2).

Discussion

We have experimentally studied skyrmionic magnetic tunnel junctions
(MTTs), which is done by integrating skyrmion-hosting multilayers [Pt/Co/
Ta] ;o with CoFeB/MgO/CoFeB that exhibit a large tunneling magnetore-
sistance (TMR). Through optimizing the skyrmionic stack and MTJ fabri-
cation process, we have successfully realized nanoscale skyrmionic MTJ
with a 100% TMR ratio. In particular, the TMR signature of mobile

skyrmions is revealed by applying pulse current along the skyrmion race-
track. It should be emphasized here that a simultaneous imaging of mobile
skyrmions, and electrical readout by the TMR effect are remaining technical
challenges. Meanwhile, miniaturized racetrack with width that is compar-
able with the diameter of skyrmions is also demanded in the future.
Nevertheless, our work provides meaningful insights for implementing
skyrmion-based devices that could promote the next-generation skyrmionic
memory, logic and circuit.

Methods

Film growth

The MT] stacks of composition and stacking order: Ta(5)/[Pt(2.5)/Co(1)/
Ta(0.5)]10/Ta(0.5)/CogoFeq0B20(0.9)/MgO(1.7)/CoyoFesoBao(1.1)/Ta(0.5)/
Co(0.3)/[Pt(1.5)/Co(0.4)],/Ru(0.85)/[Co (0.5)/Pt(1.5)]3/Ru(5) (thicknesses
in nm) is deposited on the thermally oxidized Si substrates. This is done by
using a Singulus ROTARIS magnetron sputtering system at room tem-
perature with a base pressure of 1 x 10~° Pa. A companion skyrmion hosting
multilayer of stacking order Ta(5)/[Pt(2.5)/Co(1)/Ta(0.5)]o/Pt(2.5)/Co(1)/
Ta(2) is also deposited on the standard Si substrate for magnetometry
measurement, and on the 30 nm thick Si;N, membrane (CleanSiN) for
Lorentz TEM experiment.

Magnetic characterization

Magnetic properties are studied by using a Quantum Design super-
conducting quantum interference device (SQUID) magnetometer. For the
skyrmionic MTT stack, the saturation magnetization is measured as M, =
1380 emu/cc at room temperature. For the skyrmion-hosting multilayer, a
saturation magnetization M = 774 emu/cc and an anisotropy field H, =
11 kOe are determined. The magnetic domain structures are investigated
using Titan Cs_Image TEM (FEI) in the Lorentz-Fresnel mode. The
objective lens is turned off before the loading sample into the TEM
instrument. The external magnetic field is controlled by slowly tuning the
current of the objective lens. Due to the domain structures being Néel-type,
the tilting angle is set at 30° and the defocused values are —3 and 0 mm.
Magnetic force microscopy (MFM) imaging is conducted in a custom-
designed MFM system, an atto-AFM/MFM from Attocube.

Device fabrication
The electron beam lithography is done by using the JEOL JBX-6300 FS
lithography system, with a ma-N 2403 negative resist to pattern the bottom
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electrode. We etch all the layers using Ar ion milling, which is followed by a
removal of the resist using mr-Rem 500. Subsequently, MT]J pillars in cir-
cular shape with diameters ranging from 150 nm to 3 um are defined using
electron beam lithography with a ma-N 2403 negative resist. After etching
the film below the MgO layer, a 30 nm thickness of SiO, is sputtered to
ensure the electrical separation of the top the bottom contacts of the MT]Js. A
third electron beam lithography step with PMMA positive resist (Mirco-
Chem, 950 PMMA A4) is then performed to pattern the electrode, followed
by a subsequent deposition of Ti (10 nm)/Au (80 nm). Then a photo-
lithography step with positive AZ5214 photoresist is performed to pattern
the second electrode using an EVG 6200 mask aligner. Finally, the patterned
MTT devices are annealed in vacuum at 300 °C for 1 h with a perpendicular
magnetic field of 8 kOe.

Electrical measurements

The TMR experiment is conducted by using the AC lock-in technique
and the four-terminal method. An AC current of 200 nA and 17 Hz
(Keithley 6221A current source) is applied across the MT] device, and a
lock-in amplifier (SR830) was used to measure the AC voltage.
Temperature-dependent TMR is performed using a Quantum Design
Physical Property Measurement System (PPMS). The response of the
MT]J device to bias voltage can be found in Supplementary Note
10 and 11.

Micromagnetic simulations

The micromagnetic simulations are performed by using the Mumax3
software™. In the presence of spin torques, the underlying magnetization
dynamics can be captured by performing the layer-resolved micromagnetic
simulations, which is done by using Landau-Lifshitz-Gilbert (LLG) equa-
tion. We considered 10 dipole-coupled magnetic layers with thickness of
1 nm and spacing of 3 nm in the simulations, and used a discretization cell of
5 x5 x 1 nm?. The parameters are: the exchange constant A = 15pJ - m™’,
the damping parameter « = 0.3, the saturation magnetization
M, = 800 kA /m, the perpendicular magnetic anisotropy K, = 440kJ /m?,
the  interfacial =~ Dzyaloshinskii-Moriya  exchange  coefficient
D =3m]-m~2 The current pulses are of amplitude 8.3 x 101! A-m~2,
duration 5 ns, and interval 115 ns.

Data availability

The data for the results presented in the paper and Supplementary Infor-
mation are available from the corresponding author upon reasonable
request.
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