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The establishment of chiral coupling in thin magnetic films with inhomogeneous anisotropy has led
to the development of artificial systems of fundamental and technological interest. The chiral coupling
itself is enabled by the Dzyaloshinskii-Moriya interaction (DMI) enforced by the patterned noncollinear
magnetization. Here, we create a domain wall track with out-of-plane magnetization coupled on each side
to a narrow parallel strip with in-plane magnetization. With this we show that the chiral torques emerging
from the DMI at the boundary between the regions of noncollinear magnetization in a single magnetic
layer can be used to bias the domain wall velocity. To tune the chiral torques, the design of the magnetic
racetracks can be modified by varying the width of the tracks or the width of the transition region between
noncollinear magnetizations, reaching effective chiral magnetic fields of up to 7.8 mT. Furthermore, we
show how the magnitude of the chiral torques can be estimated by measuring asymmetric domain wall
velocities, and demonstrate spontaneous domain wall motion propelled by intrinsic torques even in the

absence of any external driving force.

DOI: 10.1103/PhysRevApplied.16.054049

I. INTRODUCTION

The engineering of magnetic torques in magnetic nanos-
tructures is central to the development of spintronic
devices for nonvolatile information storage [1-6], Boolean
logic [7-10], and neuro-inspired computation [11-—13].
Magnetic torques can be induced by electric currents [1,3]
or by coupling to a nearby magnetic layer, for exam-
ple via the Ruderman-Kittel-Kasuya-Yosida interaction
[6,14], the exchange interaction [15,16], and the dipolar
interaction [17]. The implementation of interlayer cou-
pling effects into magnetic devices has led to enhanced
device performance, such as improved thermal stability
[18-20], lower power consumption, and higher operat-
ing speed [21-25]. However, magnetic torques resulting
from interlayer coupling offer limited possibilities for the
operation of magnetic elements lying in the same plane,
such as those found in planar magnetic logic circuits
[9,26] and artificial spin ice systems [27]. The possibility
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of inducing intralayer coupling between adjacent nano-
magnets offered by the interfacial Dzyaloshinskii-Moriya
interaction (DMI) therefore opens alternative perspectives
in this respect. Indeed, in recent work performed on
DMlI-coupled systems, a number of phenomena aris-
ing from the lateral coupling have been demonstrated,
such as lateral exchange bias between adjacent regions
of the same magnetic layer, two-dimensional syn-
thetic antiferromagnets, and field-free switching of cou-
pled nanomagnets by spin-orbit torques [28]. More-
over, the intralayer DMI can be used to nucleate
and define the position of magnetic domain walls
(DWs) [29,30] and realize all-electrical DW logic
circuits [10,26,31,32].

Here we show that the intralayer DMI can be used
universally to engineer strong, localized intrinsic chiral
torques that trigger the spontaneous motion of DWs or
bias the speed of current-driven DWs in magnetic race-
tracks. We first establish a versatile method to characterize
the intralayer DMI, which is based on asymmetric DW
motion in a benchmark Pt/Co/AlO; trilayer. We then fur-
ther extend the method to a Pt/CoB/AlO, trilayer with
low DW pinning, where the intrinsic chiral torque due to

© 2021 American Physical Society
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the DMI is utilized to move a DW in the absence of any
external force.

II. EFFECTIVE FIELD DUE TO CHIRAL
COUPLING ALONG THE EDGE OF THE
RACETRACK

The intralayer chiral coupling induced by the
interfacial DMI occurs between adjacent regions of the
same magnetic layer having in-plane (IP) and out-of-
plane (OOP) anisotropy. These regions can be patterned
by selective oxidation or ion irradiation [28,33]. As in
bulk systems, the DMI favors the orthogonal alignment
of neighboring magnetic moments. The simplest IP-OOP
element, schematically shown in Fig. 1(a), can attain four
possible magnetic configurations: <0, <®, —0©, and
—@®, where < and — (© and ®) represent the orientation
of the magnetization in the IP (OOP) regions. Owing to the
presence of DMI in Pt/Co/AlO, [10,28,34,35], the left-
handed <—® and —©® configurations have lower energy,
and are separated from the <—©® and —® high energy
states by the energy barrier given by shape anisotropy in
the IP element or by the uniaxial anisotropy in the OOP
element. To a first approximation, the energy difference
between these states is determined by the DMI energy per
unit length of a w/2 DW, Epy = £ Dt/2 [36], where D
is the DMI constant and ¢ is the thickness of the ferromag-

net. The chiral alignment of IP (ﬁ ) and OOP (1\7 00P)
magnetic moments is thus due to a local effective DMI field

[29,37]
oo 2D om; 0 on, 0
DM — l,l,oMS ax ] ax >

where (g is the vacuum permeability and M, is the satura-
tion magnetization. m, and m, are the z and x components
of the normalized magnetization vector with the coordi-
nates defined in Fig. 1(a). In order to observe the spon-
taneous effect of chiral coupling in such basic elements,
the anisotropy has to be low enough that the effective
magnetic field can overcome the associated energy bar-
rier. This approach has been used to form spontaneous
chiral magnetic textures such as skyrmions and polar vor-
tices, as well as DW injectors, inverters, or logic devices
[10,26,28,29,31,32].

To determine the effect of the chiral coupling at the
OOP-IP boundary, we propose a method based on asym-
metric DW motion. A DW racetrack device is defined in an
extended film as a central track with OOP magnetization,
surrounded by two narrow parallel IP strips, and extended
OOP regions that have a uniform magnetization set by an
external magnetic field, as shown in Fig. 1(b). This defines
two stable states, where the magnetization in the central
track is parallel (OGQ®) or antiparallel (O®Q) to the two
external OOP regions. By injecting a DW into the central
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FIG. 1. (a) Schematic of the energy barrier between the unfa-
vorable <@ and favorable <—® chiral configurations of adjacent
IP-OOP magnetic regions. The energy barrier between the favor-
able and unfavorable configuration is given mainly by the shape
and uniaxial anisotropies of the IP and OOP regions, respec-
tively. (b) Schematic of a DW racetrack with OOP magnetization
delimited by two strips with IP anisotropy. The width of the OOP
track and IP strips are woop and wip, respectively. The energy
landscape of the DW racetrack is monotonic, except for local
DW pinning sites, with the slope given by the energy differ-
ence between Egop and Eqgo. (¢) Sequence of Kerr images
of asymmetric DW motion in a racetrack with woop=950 nm
with corresponding schematics. The dashed lines correspond to
the position of the IP magnetized strip whereas the solid lines
correspond to the boundary of the magnetic track. Eighty cur-
rent pulses are applied between each image; the pulse duration
is 50 ns and the current density is 3.6 x 10'' A/m?. The initial
magnetic configuration of both inner and outer OOP regions is ©
and @ in the left and right panel, respectively.

track, the energy of the system varies with the DW position
along the track, as schematically shown in Fig. 1(b), since
the chiral coupling across the IP strips favors a track mag-
netization antiparallel to that of the OOP extended regions
(i.e., ©®Q state). This situation can be represented (see
Appendix for the detailed model) by an OOP effective
driving field

E —E
[o]Jo) 000 )

Heg = ,
¢ 2 t woMswoop
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where Eqpge and Egge are the linear energy densities of
the favorable (O®®) and unfavorable (OO®®) magnetic
states, woop 1s the width of the central track and ¢ is the
thickness of the ferromagnetic layer. Since Eqogo < Eooos
Hsr induces a DW motion in the positive x direction as
shown in Fig. 1(b). This effective field is thus due to the
energy gradient depending on the DW position along the
track. Moreover, in addition to the chiral coupling at the
track edges, the energy difference between the Eqpe and
Eggo states also results from the dipolar energy (flux clo-
sure between the extended OOP regions and the track).
The two effects can be distinguished based on their dif-
ferent dependence on the track width. The chiral coupling
at the track edges is a local effect that does not depend
on the track width, and therefore H.g scales as 1/wgop.
In contrast, the dipolar coupling increases with the track
width, and therefore H.¢ should decrease more slowly than
1/woop [38]. In the structures investigated here, we find
that, depending on the magnitude of the DMI and the
thickness, the effects play different roles: for Pt/Co/AlO;,
the DMI is the dominating effect, whereas both effects
contribute substantially in Pt/CoB/AlO; trilayers.

We experimentally investigate this situation in Pt/Co/
Al- and Pt/CoB/Al-based samples, where the anisotropy
can be tuned by a local Al oxidation. We use magnetron
sputtering and electron beam lithography to deposit and

pattern a Pt(5 nm)/Co(1.6 nm)/Al(2 nm) multilayer (see
Supplemental Material [38] for the fabrication details).
The regions with OOP and IP magnetic anisotropy are
defined by selective oxidation of the top Al layer through a
mask using an oxygen plasma, which protects and defines
the regions with IP magnetization. The width of the central
track [see Fig. 1(b)] woop ranges from 350 to 950 nm, and
the width of the IP strips wip is kept constant at 55 nm.

III. CURRENT-DRIVEN DOMAIN WALL MOTION

In order to reproducibly inject DWs into the track, we
create an additional IP V-shaped structure at both ends of
the central track [see Fig. 1(c)]. The V-shaped structure
facilitates the nucleation of a reversed domain upon cur-
rent injection [10,31]. To investigate the propagation of
DWs in the central track, we first apply a large external
OOP magnetic field (£75 mT) to set the magnetic regions
in the central DW track and surrounding IP strips to either
O (with a +H, field) or ® (with a —H, field), result-
ing in an unfavorable configuration. This is followed by a
sequence of current pulses to nucleate the DWs at the ends
of the central racetrack. Then, in order to move the DWs,
we apply a series of 50-ns-long current pulses separated
by 100 ms. The current density is varied from 1.5 x 10!
to 4 x 10'" A/m?, and the current polarity determines the

(a) . . . . . — [ .
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FIG. 2. (a) DW velocity as
function of current density
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FIG. 3. (a) DW velocity induced by an OOP field H, measured
in Pt/Co/AlO, devices with wip = 55 nm and for various woop
with +H; initialization (upper panel) and —H initialization
(lower panel). Control measurements of a 3-um-wide DW track
without the IP strips are also shown. The lines are fits according
to Eq. (3). (b) Effective chiral coupling strength (Hy) derived
from the creep model. The red line is a linear fit with respect
to 1/woop. Error bars represent the standard deviation of Hegy
measured using both positive and negative magnetic fields.

direction of motion of the DWs, which are of Néel type
[36,39].

The position of the DW is tracked by polar Kerr
microscopy and a set of images of the DW motion in

a racetrack with woop=950 nm at a current density of
3.6 x 10" A/m? is shown in Fig. 1(c) after applying a
series of current pulses along the positive x direction. The
DW motion induced by the spin-orbit torques is expected
to be the same for both ©|® and ®|© DWs (up-down
and down-up mobile DWs); in other words, both the
magnitude and sign of the DW displacement for a given
polarity of the current should be equal in the absence of
external fields [36,40,41]. However, a clear asymmetry is
observed in Fig. 1(c) since only the ®|© DW (O|® DW)
moves with a positive current and initialization with a with
a+H. field (—H, field). This is because the DW that moves
favors the expansion of the magnetic domain that satisfies
the DMI-induced antiferromagnetic alignment between the
central OOP track and the outer OOP strips. The other DW
remains fixed at this current density because its motion
would lead to the expansion of a domain with magneti-
zation parallel to that of the outer OOP region, which is
not favorable. We thus conclude that the DMI coupling at
the boundaries of the racetrack exerts an effective chiral
torque on the DWs, which is the cause of their asymmetric
motion.

To probe the dependence of the chiral coupling on
the width of the racetrack, we perform a series of mea-
surements of the DW velocity on the current density in
tracks with different woop, as shown in Fig. 2(a). It can
be seen that the DW velocity is strongly asymmetric, and
the velocity of the favored DW increases upon narrowing
woop, as expected due to the increased importance of the
edge of the narrower tracks. In addition, we observe no
asymmetry in a control experiment performed on a 3-um-
wide racetrack without the IP magnetized strips (wp=0).
Moreover, because the chiral coupling acts as an effective
magnetic field Heg given by Eq. (2), the observed asymme-
try can be compensated by applying an external magnetic
field. As shown in Fig. 2(b), on applying an OOP mag-
netic field H, ranging from 0 to £10 mT in a track with
woop= 350 nm, the motion of the mobile DW is gradually
suppressed, whereas the velocity of the unfavorable DW
increases. The strength of Heg can in principle be estimated
to be the value of H, that gives no difference in DW veloc-
ity for positive and negative current. However, this field
cannot be reached experimentally due to parasitic domain
nucleation at higher fields.

IV. FIELD-DRIVEN DOMAIN WALL MOTION

To quantify Heg, we therefore measure the DW motion
due to the magnetic field H, alone, i.e., without applying
an electric current. In Fig. 3(a), measurements of all track
widths are shown without and with chiral coupling (wp=0
and 55 nm) in the low-field creep regime on applying H,
in pulses of duration between 2 and 50 s. The DW veloc-
ity in the track without chiral coupling is symmetric with
respect to the field direction, whereas it is asymmetric in

054049-4
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(a) Stopping field versus 1/woop for the DWs in Pt/CoB/AlO, racetracks with wip=50 nm. (b) Stopping field in race-

tracks with woop=200 nm and wyp ranging from 30 to 90 nm. (c)~+d) Micromagnetic simulations of the stopping field in a track
with a fixed wip=50 nm and variable 1/woop with different interfacial DMI strengths D=0.1 and 0.2 mJ/m? (c) and in a track
with fixed woop= 200 nm and variable wip (d) where D=0.2 mJ/m? with different uniaxial anisotropy constants (K,). The inset
in (c) shows a snapshot of the simulations. Red (blue) color corresponds to the OOP magnetization pointing along the +z (—z)
direction. The lines in (a) and (c) are linear fits of the stopping field versus 1/woop, whereas the lines in (b) and (d) are guides to

the eye.

the tracks with the IP strips. The asymmetry increases upon
increasing the chiral coupling strength by narrowing the
track width woop. The DW velocity at low magnetic fields
generally follows the thermally activated DW creep law
[42], which can be expressed as

v = voexp{—&[uoH. + poHer(woor)]™*,  (3)

where v, is the characteristic speed and & is the scal-
ing coefficient proportional to the thermal energy. The
effect of chiral coupling can then be taken into account
by adding the DMI effective field H.s(woop) to the exter-
nal field. By fitting the DW velocity as a function of
H, we thus find the effective chiral coupling field Hg
at different values of woop, as shown in Fig. 3(b). The
maximum effective DMI field of 7.8 mT corresponds to
the minimum woop= 350 nm. As expected from Eq. (2),

we confirm that Heg is inversely proportional to woop,
as dictated by the local origin of the effective DMI
field [28].

V. CHIRAL COUPLING IN Pt/CoB/AlO,
TRILAYER

Although the chiral torque due to H.y has a strong
impact on the DW propagation, the torque is not strong
enough to induce spontancous DW motion due to the
strong pinning of DWs in Pt/Co/AlO,. Indeed, it is well
known that disorder hinders the DW dynamics by pin-
ning the DWs in Pt/Co films [43—45] and therefore the
energy landscape cannot be simply described by Eq. (2)
but rather resembles the one sketched in Fig. 1(b). We
therefore turn to an alternative material system based on
Pt(5 nm)/CoB(4.8 nm)/Al(2 nm), which is known for its
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FIG. 5. (a) 1D micromagnetic calculation of Hy versus
1/woop in a Pt/CoB/AlO, racetrack with fixed wip=20 nm.
Hegr 1s extracted from the calculation of the linear energy density
of ®O0 and OO regions using Eq. (2) with D =0.2 mJ/m?.
(b) Simulated H. as a function of wyp for woop= 50 to 500 nm.
(c) Color map of Hg versus wip and woop.

low pinning [46—48], and apply the same methodology. IP
and OOP magnetized regions are again defined by selec-
tive oxidation of the Al capping layer, which changes the
magnetic anisotropy of CoB from IP to OOP, as shown

in the Supplemental Material [38] (see also Ref. [49]). A
similar track design is used to demonstrate the relation-
ship between Hey and woop as well as wip. To examine
the effect of the chiral torque due to H.g, the magnetic
state of the entire layer is first initialized by applying a
magnetic field H, = 75 mT. This results in a high-
energy configuration as before, in which the OOP racetrack
and the outer OOP region have an ©® (®) magnetization.
As a result of the low pinning and sufficient chiral cou-
pling strength, the DWs start moving before the magnetic
field is switched off. Thus, instead of measuring the DW
velocity as a function of magnetic field, we measure the
so-called stopping field, i.e., the field H, that compensates
Heg (see Supplemental Material [38] and Refs. [50,51] for
details). The stopping field is measured by decreasing H,
to zero after saturation in steps of 0.1 mT and observing the
threshold value of H, at which the DW motion is arrested.
This field is measured for devices with wopp ranging from
200 to 450 nm with wip= 50 nm. As shown in Fig. 4(a), the
stopping field monotonically increases upon reducing
woop, Up to £4.2 mT for woop= 200 nm. This observa-
tion is in qualitative agreement with the proposed model
in Eq. (2). Interestingly, the combination of low pinning
and large chiral coupling effect leads to a spontaneous DW
motion at zero magnetic field.

To investigate the dependence of H.y on the size of
the IP magnetized strips, the stopping field is measured
in devices with wip ranging from 30 to 90 nm with a
fixed woop=200 nm [see Fig. 4(b)]. In contrast to the
case of variable woop, the dependence of the stopping
field is not monotonic and a maximum field of £4.4 mT
is observed for wip=60 nm. We can understand this by
considering that, for wip narrower than 60 nm, the size
of the IP track approaches the natural DW width given
by the anisotropy and exchange coupling constant, which
suppress the chiral coupling strength. For wip wider than
about 60 nm, the coupling is gradually lost because the
chiral coupling effect is localized at the OOP/IP interface.
To corroborate our findings, we perform micromagnetic
simulations of DW propagation in Pt/CoB/AlO, race-
tracks using MUMAX3 (see Supplemental Material [38]
for details of the simulation parameters). The simulations,
performed in the absence of pinning, reproduce the spon-
taneous motion of DWs in the racetracks that results from
the chiral coupling between the magnetization of the inner
track and the outer OOP region [see Fig. 4(c)], and a
I/woop dependence of stopping field is observed while
changing the width of OOP region with DMI constants of
0.1 and 0.2 mJ/m?. Both experimental [Fig. 4(a)] and sim-
ulation data [Fig. 4(c)] show qualitatively the same 1/woop
dependence. In addition, as highlighted in Fig. 4(d), the
maximum stopping field for a given wip can be reproduced.
However, the position of the maximum strongly depends
on the amount of the OOP anisotropy present in the IP
strip. Such an anisotropy contribution is expected since,

054049-6
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despite the magnetization lying in plane, there is still a
significant contribution to the anisotropy from the Pt/CoB
interface.

To provide more quantitative insight into the magnitude
of H., the energies Egpe and Egge are determined
from one-dimensional (1D) micromagnetic simulations.
We consider a varying magnetic texture across a track with
periodic boundary conditions along x and where we vary
woop and wip. For simplicity, the OOP anisotropy in the IP
region is set to zero. As can be seen in Fig. 5(a), Hegr does
not completely follow the 1/wgop trend for woop > 50 nm
because the dipolar energy also contributes to the effective
field (see Supplemental Material [38] for the estimation).
We also confirm that H.y attains a maximum value at
wip ~ 20 nm for different woop [Fig 5(b)], in good agree-
ment with the stopping field calculations. For narrower or
wider IP widths wip the magnitude of H.g drops off for the
same reasons as described above. This therefore suggests
that the width of the IP region has to be carefully tailored
for a given application. A full dependence of H.g on woop
and wp in Fig. 5(c) complements the results shown in Figs.
5(a) and 5(b).

VI. CONCLUSION

In conclusion, we show that the intrinsic chiral torques
arising from the DMI at the boundary between the OOP
and IP regions of Pt/Co/AlO, and Pt/CoB/AlO, DW
tracks result in strongly asymmetric DW motion affecting
both the current- and field-induced dynamics. The effective
field Heg corresponding to the chiral torques can be quan-
tified by measuring the DW velocity in the creep regime
or the field required to stop the spontaneous motion of
DWs driven by the DMI. Our measurements show that
Hg can be finely tuned by designing racetracks with dif-
ferent lateral dimensions woop and wip. The observation
of strong chiral torques in materials with low pinning,
such as CoB, makes it possible to manipulate DWs in
the absence of external magnetic fields or electric cur-
rents. The unidirectional DW motion and the spontaneous
DW propagation could be used to accelerate or deceler-
ate DWs in selected regions of a racetrack when driven
by a constant electric current as well as to implement the
integrate-and-fire process in artificial neuron network
applications. These findings open an alternative path to
the local engineering of magnetic torques, which could be
implemented for DW motion-based neuromorphic devices
[52—55] and magnonic devices [56—59].

The data that support this study are available via the
Zenodo repository [60].
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APPENDIX: NUMERICAL MODEL OF
EFFECTIVE FIELD INDUCED BY THE CHIRAL
EDGES

The dynamics of a DW in the system can be obtained
from the energy of ©®0® and ©®O® configurations. We
consider a case where a central woop wide track with
perpendicular magnetization is surrounded by two IP mag-
netized zones with width wyp, which are in turn surrounded
by perpendicular magnetized zones as depicted in Fig. 6.
While the outer zones are saturated along the © direc-
tion, the central track hosts a DW, which travels along
the track (x direction). The outer and central zones are
coupled through the IP zones by a chiral interaction and
dipolar coupling (the dipolar field flux closure also favors
the O®O state).

The system energy depends on the DW position along x

E(x) = Eogox + (L — X)Eceo + Ci, (A1)
where L is the track length and the constant C; contains
DW position independent terms. Egge and Egge cor-
respond to the micromagnetic energy density integrated
along the sample thickness and width (z and y direc-
tions) of the O®® and GOO states (i.e., far from the
DW). Since the chiral and dipolar coupling favor the ORO
state, Eogo — Eope < 0 and the energy is minimized
when the DW moves in the positive x direction. The DW
experiences a force

F= dE—E E
= T heeo ol Top

(A2)
oriented along the positive x direction.

This situation can be compared with the effect of a mag-
netic field in the absence of chiral coupling. For a perpen-
dicular field H (positive values favor the ® orientation),
the system energy is

Ey(x) = 2uoH Mywoopt x + (,

(A3)

FIG. 6. Sketch of the sample hosting a DW in the central track.
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FIG. 7. (a) 1D micromagnetic calculation of energy difference
Ecoo — Eogo versus 1/woop in a Pt/CoB/Al racetrack with
fixed wip=20 nm. (b) Simulated energy difference as a function
of wip for woop= 50 nm up to 500 nm. (c) Color map of energy
difference as a function of wip and woop.

where ¢ is the magnetic film thickness and C, is another
constant independent of the DW position. Note that the
factor 2 accounts for the 7 magnetization rotation in the
central track across the DW. The corresponding force is

Fy = —2poHMswoopt. (Ad)

Comparing the two forces in Egs. (A2) and (A4), an effec-
tive field, oriented in the ® direction, that describes the
consequences of chiral edges, is determined as

= Eogo E@@ca. (AS)
2tpoMswoop

This field is negative so it favors the ® magnetization ori-
entation in the track and drives the DW along the positive
x direction. For the case where the coupling only arises
from the DMI, the coupling between the track and the outer
zone is purely of the interfacial origin and Eqoge — Ecoo
is independent of the track width, so the field is inversely
proportional to wopp. If dipolar coupling is considered,
the flux closure improves as the track width increases so
Eose — Eope slightly increases with woop and the effec-
tive field decreases more slowly than 1/wgop. The numer-
ical estimation of the energy difference Eqpp — Egge In
the Pt/CoB/AlO; trilayer, used to determine the effective
fields in Fig. 5, is shown in Fig. 7.
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