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As an analogy to the unique handedness in chirally-coupled 
mesoscopic magnetic systems, the chirality of bar magnets falling 
towards a mirror is kept on the other side of the mirror with an optical 
illusion. More on p. 34.
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Chiral coupling on the atomic scale
The Heisenberg exchange interaction lies at the heart of 
magnetism since it is responsible for the collinear alignment 
of the magnetic moments of neighbouring atoms. It is usu-
ally represented by the Hamiltonian J mi·mj, where the sign 
of the exchange constant J dictates whether the magnetic 
order is ferromagnetic or antiferromagnetic in nature. In the 
1950s, based on symmetry arguments, Igor Dzyaloshinskii 
and Toru Moriya deduced a new type of interaction between 
two neighbouring spins leading to their non-collinear align-
ment. The key ingredients are a strong spin-orbit coupling, 

which links the electron spin to the atomic lattice, and a 
broken structure-inversion symmetry that naturally occurs 
at surfaces and interfaces. This interaction is generally 
expressed as –Dij · (mi × mj) where D is the Dzyaloshin-
skii-Moriya interaction (DMI) constant and its vector orien-
tation reflects the symmetry of the system [1]. Experimental 
signatures of this interaction were first revealed in weak fer-
romagnets and antiferromagnets, and seemed to be only 
relevant for a restricted class of materials [2,3]. However, 
with the advent of ultrathin magnetic films and their imple-
mentation in spintronics, it was realised that this interaction 
can play a key role in technologically relevant systems [4,5].

In thin films, the interfacial DMI can cause a twist of mag-
netic domain walls from a magnetostatically stable Bloch 
configuration (Fig.1a) into a Néel configuration with fixed 
chirality (Fig. 1b), and ultimately stabilize non-collinear mag-
netic order such as spin spirals or skyrmions [8] (Fig. 1c and 
d). This seemingly unimportant twist has profound conse-
quences on the domain wall dynamics [9]. Indeed, their mi-
niscule size and sensitivity to the electric currents, make do-
main walls attractive as nanoscopic information carriers in 
data storage devices [7]. We show here how the DMI can be 
tuned and exploited to create artificial magnetic systems on 
different length scales, opening new opportunities to study 
topological spin textures and to control the magnetization 
dynamics of nanoscale magnets.

Chiral coupling on the mesoscopic scale
The size of the magnetic textures such as domain walls, 
skyrmions or cycloids is naturally defined in magnetic ma-
terials and thus limited by the interplay between the com-
peting magnetic energies. Here, we exploit these natural 
length scales in artificial mesoscopic structures, placing the 
–Dij · (mi × mj) twist in particular locations to give novel mag-
netic configurations and effects. The artificial structures are 
composed of regions with out-of-plane and in-plane mag-
netic anisotropies as illustrated in Fig. 2a, fabricated using 
advanced lithography techniques. Pt(6 nm)\Co(1.6 nm)\Al 
films were deposited onto silicon substrates using magne-
tron sputtering and consequently patterned into nanoscale 
islands. Due to the shape anisotropy and a low effective in-
terfacial anisotropy arising from the lower Pt\Co interface, 

Figure 1: Magnetic domain walls in out-of-plane magnetized films. 
(a) Films in the absence of DMI contain achiral Bloch walls stabi-
lized by internal domain wall anisotropy. In this case, the magnet-
ization in the centre of a domain wall lies along the domain wall. 
(b) If DMI is present and is high enough to overcome the internal 
domain wall anisotropy, a Néel wall of a fixed chirality (i.e. fixed 
sense of rotation as one goes across the domain wall) becomes 
stable. Here, the magnetization in the centre of the domain wall is 
perpendicular to the domain wall. If DMI is strong enough, it can 
bring the ground state into (c) a spin spiral or (d) a skyrmions state.

(a)

(b)

(c)

(d)
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the magnetization orientation is confined 
in the film plane. In order to obtain per-
pendicular magnetic anisotropy, we add a 
Co\AlOx upper interface [10]. This can be 
achieved by a controlled oxidation of the al-
uminium top layer. A selective oxidation is 
realized using a mask during the oxidation 
process that protects the parts of the struc-
ture where the magnetic easy axis remains 
within the film plane. Crucially, due to the 
combination of high spin-orbit coupling and 
broken inversion symmetry, the Pt\Co inter-
face serves as a source of the aforemen-
tioned DMI. This interaction provides an 
essential connection between the in-plane 
and out-of-plane magnetized parts of the 
structure, which would otherwise only be 
coupled via non-chiral exchange and dipo-
lar interactions.

Due to the size of the fabricated patterns, 
which are below resolution of convention-
al microscopy techniques, we investigated 
the chirally coupled structures with x-ray photoemission 
electron microscopy (X-PEEM) at the SIM Beamline, Swiss 
Light Source. Since X-PEEM is sensitive to the projection 
of the magnetization direction along the incident x-ray di-
rection, the contrast simultaneously provides information 
on the orientation of the out-of-plane and in-plane magnet-
ized parts of the structure. In Fig. 2b, the magnetic state 
has been initialized with an in-plane magnetic field prior to 
the imaging. When the magnetization of the in-plane ele-
ment MIP points to the left (right), the adjacent out-of-plane 

magnetized element MOOP points up (down). This confirms 
the chiral nature of the DMI; the coupling between the two 
elements agrees with the expected left handedness arising 
at the Pt\Co interface. Therefore, the DMI not only has the 
power to twist magnetic moments at the atomic length scale 
as demonstrated previously but can also be effective in larg-
er structures where the in-plane and out-of-plane magnet-
ized regions can be represented by a macroscopic magnet-
ic moment –D · (MIP × MOOP).

Figure 3: (a) Schematic of a hybrid in-plane/
out-of-plane structure fabricated on top of a 
Pt cross (yellow) designed for anomalous 
Hall effect measurements. Here the electric 
current is applied along the short axis of the 
island and the anomalous Hall effect resistiv-
ity Rxy is measured transversally. Scale bar: 
500 nm.
(b) Anomalous Hall effect resistivity as 
a function of an out-of-plane magnet-
ic field where the magnetic state of the 
in-plane magnetized part of the island 
has been preset by a positive (empty cir-
cles) or negative (full circles) in-plane magnetic field. The hysteresis loops are biased due to an effective field arising at the bound-
ary between the out-of-plane and in-plane magnetized parts. (c) Anomalous Hall effect resistivity measured as a function of an in-
plane magnetic field reveals simultaneous switching of the out-of-plane magnetization. (d) The magnetic state can be controlled by 
an electric current whose polarity sets the state. The anomalous Hall effect resistivity measurements as a function of electric current 
pulse amplitude reveal that the magnetic state can be switched with a current of 5.5 mA, which corresponds to a current density of 
J ≈ 4.7 × 1011 A/m2. From [16]. Reprinted with permission from AAAS.
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Figure 2: (a) Schematics of the hybrid magnetic systems composed of coupled out-
of-plane and in-plane magnetized regions. DMI in Pt\Co layers prefers a left-handed 
chiral ordering of the magnetization, i.e. up-left (left panel) or down-right (right panel). 
(b) X-PEEM images corresponding to the magnetization configuration depicted in (a). 
The dark and bright contrast in the out-of-plane regions corresponds to - and . states, 
respectively. The dark and light grey contrast in the IP magnetized parts corresponds 
to " and ! magnetization, respectively. From [16]. Reprinted with permission from 
AAAS.
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All-electric switching and readout
In order to proceed towards technologically relevant devic-
es where full electric control of the magnetization is essen-
tial for next-generation data storage devices, we fabricated 
hybrid out-of-plane/in-plane magnetized structures on top 
of Pt cross structures (Fig. 3a), where the state of the out-
of-plane magnetized part can be detected electrically. In 
particular, the anomalous Hall effect is used to detect the 
z-component (i.e. MOOP) of the magnetization via the Hall re-
sistivity Rxy. Prior to the application of the Hz field, the state of 
MIP is preset with a positive or negative Hy field, respectively. 
The DMI effective field localized at the interface between 
the out-of-plane and in-plane magnetized regions contains 
an out-of-plane component acting here effectively as an ex-
change bias. Therefore the positive and negative shift of the 
hysteresis loops seen in Fig. 3b reflects the fact that the 
sign of the effective field [5,11,12] is reversed for different 
initial configurations of the in-plane region. This reveals the 
power of the chiral coupling: the DMI is strong enough to 
spontaneously form the chiral states upon releasing the ex-
ternal magnetic fields. Therefore, setting the in-plane mag-
netization affects the out-of-plane magnetization reversal. In 
additon, the magnetic state of the out-of-plane magnetized 
regions can be controlled by the application of the in-plane 
magnetic field (Fig. 3c).

When an electric current is applied, the Pt underlayer also 
provides a source of a net spin current generated via the spin 
Hall effect, which offers a means to manipulate the magnetic 
state of the structures. It has been previously shown that the 

magnetic state of in-plane or out-of-plane magnetized mag-
nets can be controlled by spin-orbit torques arising from the 
interaction between the absorbed spin current and the local 
current [13,14]. However, to achieve magnetization switch-
ing with an electric current, an additional symmetry-break-
ing is required. This is usually achieved by applying an addi-
tional external in-plane magnetic field, which is not desirable 
for device applications. In our case, the symmetry is intrin-
sically reduced by the presence of the in-plane magnetized 
part enabling the deterministic spin-orbit torque-induced 
switching. The spin-orbit torques thus cause simultaneous 
switching of the out-of-plane and in-plane regions. These 
can be switched back and forth by reversing the polarity 
of the applied electric current. This is demonstrated by the 
hysteresis loop presented in Fig. 3d and, in order to achieve 
the field-free current-induced switching, a current density of 
J ≈ 4.7 x 1011 A/m2 is required. This demonstrated magnetic 
field-free, all-electrical writing and readout of the magnetic 
state opens opportunities to design new data storage and 
memory devices. For example, the lateral chiral coupling 
can be used to realize magnetic logic devices controlled 
purely by an electric current [15].

Chiral coupling in complex geometries
Lateral chiral coupling can also be implemented in more 
complex two-dimensional systems of various geometries. 
Structures with two out-of-plane magnetized regions (in red) 
that coupled antiferromagnetically across an in-plane region 
(in blue) are shown in Fig. 4a. Once the magnetic state of 
the in-plane region is set, the two out-of-plane elements or-
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Figure 4: (a) Left: scanning electron micrograph 
of the fabricated structures composed of two 
out-of-plane magnetized regions (red) connect-
ed via an in-plane magnetized region (blue). 
The in-plane magnetization direction was set 
prior to the X-PEEM measurements. Right: The 
resulting X-PEEM out-of-plane contrast reveals 
the antiferromagnetic coupling. (b) Magnetic 
force microscopy image of a square lattice of 
out-of-plane magnetized regions connected via 
in-plane magnetized regions (white lines) with 
a checkerboard-like magnetic configuration. 
There are two energetically equivalent antiferro-

magnetic domains highlighted in green and purple. (c) Magnetic force microscopy image of a skyrmion-like magnetic state, which occurs 
as a result of chiral coupling mediated by in-plane magnetized rings (dashed circles). The topological charge can be altered from ±1 to 0 
by adding another out-of-plane ring. All scale bars correspond to 500 nm. From [16]. Reprinted with permission from AAAS.
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der in an antiferromagnetic fashion, mimicking the negative 
atomistic Heisenberg exchange interaction on a mesoscop-
ic scale. Magnetic couplings in vertically layered structures 
such as exchange bias or Ruderman-Kittel-Kasuya-Yosida 
coupling play a key role in magnetic data storage devices. 
However, the magnetic coupling in laterally defined struc-
tures has so far been limited to dipolar interactions, which 
are very small in ultrathin magnetic films currently used in 
spintronics. The lateral chiral coupling effect, which is effec-
tive also on a mesoscopic scale, provides a robust alterna-
tive to the systems coupled via dipolar interaction [16].

The lateral antiferromagnetic coupling demonstrated in sim-
ple building blocks shown in Fig. 4a can be extended into 
two dimensions by arranging these blocks into a square lat-
tice. Such a lattice is composed of out-of-plane magnetized 
squares connected via narrow in-plane magnetized regions 
mediating the chiral coupling, and provides a mesoscopic 
analogue to a correlated Ising-like spin system. The result-
ing checkerboard-like magnetic state, captured by magnetic 
force microscopy, is shown in Fig. 4b. The alternating dark 
and bright contrast reflects the fact that the out-of-plane el-
ements are ordered in an antiferromagnetic fashion. Nev-
ertheless, there are two energetically equivalent magnetic 
configurations (up-down-up-down or down-up-down-up), 
which results in the formation of two different antiferromag-
netic domains highlighted in green and purple. This pro-
vides an interesting development in the field of artificial spin 
systems [17,18].

The concept of chiral coupling can be further implemented 
in curved geometries as demonstrated by the skyrmion-like 
structures shown in Fig. 4c, which are composed of different 
numbers of in-plane magnetized rings (dashed lines). The 
alternating even and odd number of in-plane rings changes 
the topological charge of the resulting magnetic texture. For 
an odd number of in-plane rings, the topological charge is 
+1 or -1, depending on the orientation of the magnetization 
of the central region. For an even number of in-plane rings, 
the topological charge is 0, and the so-called 2r skyrmions 
are topologically equivalent to a ferromagnetic state, i.e. 
they can simply be unrolled into a ferromagnetic state.

Although here the lateral coupling has been produced in a 
controllable way by spatially tailoring the local anisotropies, 
it may be possible to find similar effects in inhomogeneous 
magnetic systems with broken inversion symmetry, for ex-
ample, in magnetic systems near the spin reorientation tran-
sition [19] or in multilayer magnetic films [20,21].
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