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Chirally coupled nanomagnets
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Magnetically coupled nanomagnets have multiple applications in nonvolatile memories,
logic gates, and sensors. The most effective couplings have been found to occur between
the magnetic layers in a vertical stack. We achieved strong coupling of laterally adjacent
nanomagnets using the interfacial Dzyaloshinskii-Moriya interaction. This coupling is
mediated by chiral domain walls between out-of-plane and in-plane magnetic regions and
dominates the behavior of nanomagnets below a critical size. We used this concept to
realize lateral exchange bias, field-free current-induced switching between multistate
magnetic configurations as well as synthetic antiferromagnets, skyrmions, and artificial
spin ices covering a broad range of length scales and topologies. Our work provides a
platform to design arrays of correlated nanomagnets and to achieve all-electric control of

planar logic gates and memory devices.

ngineering the coupling between magnetic
elements is central to fundamental advances
in magnetism and spintronics. The dis-
covery of interlayer coupling between two
ferromagnetic layers separated by a non-
magnetic spacer, caused by the Ruderman-
Kittel-Kasuya-Yosida interaction, has led to the
realization of synthetic antiferromagnets (1-3)
and the discovery of giant magnetoresistance
(4, 5). Similarly, the exchange bias between fer-
romagnetic and antiferromagnetic layers (6) is
widely used to stabilize the magnetic reference
layer in spin valves and magnetic tunnel junc-
tions (7, 8). These couplings are highly effective
in vertically stacked structures. However, in
order to realize two-dimensional (2D) networks
of nanoscale magnetic elements, it is desirable
to engineer effective lateral couplings in a con-
trollable way. So far, this has been achieved by
exploiting long-range dipolar interactions (9-12).
However, the dipolar interaction is nonlocal and
scales inversely with the volume of the magnets,
which limits its use in applications that involve
nanometer-sized structures and thin films.
Here, we demonstrate an alternative mech-
anism with which to control the lateral coupling
between adjacent magnetic nanostructures. Our
concept is based on the interfacial Dzyaloshinskii-
Moriya interaction (DMI), Hpy = -Dy; - (m; x myy),
which embodies the antisymmetric exchange
coupling between two neighboring magnetic
moments m; and m; induced by the spin-orbit
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interaction in a structurally asymmetric en-
vironment (13, 14). In contrast to the symmetric
exchange interaction, which favors a parallel
alignment of the magnetic moments, the DMI

IP region
Chiral domain wall

OOP region

favors an orthogonal orientation of m; relative
to my, with a fixed chirality given by the di-
rection of the Dzyaloshinskii-vector D;;. At the
interface between a magnetic layer and a heavy
metal, the DMI can be strong enough to induce
the formation of noncollinear spin textures such
as spin spirals (15) and skyrmions (16, 17). Often,
however, the competition between the DMI, the
exchange interaction, and the magnetic anisotropy
in thin films with out-of-plane (OOP) magnetiza-
tion results in the formation of chiral domain
walls separating large regions with uniform up
or down magnetic moments (18, 19). In these
systems, the DMI also plays a crucial role in
determining the direction and speed of current-
induced domain wall motion (20-23). We ex-
ploited the DMI to control the lateral coupling
between OOP and in-plane (IP) magnetic struc-
tures (Fig. 1A) and demonstrate distinct phe-
nomena associated with such chirally coupled
nanomagnets.

We fabricated arrays of nanomagnets that
combine strong DMI with regions exhibiting IP
and OOP magnetic anisotropy. The arrays were
fabricated from Pt (6 nm)/Co (1.6 nm)/AlO,, tri-
layers patterned by means of electron beam
lithography and Ar ion milling (24). Here, AlO,,
refers to an Al layer that is oxidized in an
oxygen plasma. Such magnetic trilayers have a
large DMI (25, 26) as well as tunable magnetic
anisotropy, which is IP or OOP depending on

Fig. 1. Chiral coupling between OOP and IP magnets. (A) Schematics of the coupled
magnetization states favored by the DMI in adjacent OOP and IP regions of a Pt/Co/AlO, trilayer.
(B) Scanning electron micrograph of coupled OOP-IP elements fabricated by means of electron-
beam lithography. Red and blue colors indicate regions with OOP and IP magnetization, respectively.
(C) X-PEEM image with bright and dark magnetic contrast in the OOP regions corresponding to ¢
and t magnetization, respectively. The dark gray contrast in the IP regions corresponds to —
magnetization, determined by taking images at different sample orientations with respect to the
x-ray direction (24). The direction of the incident x-rays and the IP magnetic field used for
prealignment are indicated with arrows. (D) Schematic of an OOP-IP element fabricated on top of a

Hall cross for electrical measurements.
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the degree of oxidation of the Co/Al interface
(fig. S1) (27), and are widely used as a model
system for the study of current-induced switch-
ing and domain wall motion in spintronic de-
vices (28, 29). A scanning electron micrograph
of an array of Co elements, each consisting of
adjacent IP and OOP regions, is shown in Fig. 1B.
The size and shape of the IP magnetized region
is controlled by covering the Al with a thin Ta
protective layer to prevent oxidation during the
oxygen plasma process.

X-ray photoemission electron microscopy
(X-PEEM) images provide first evidence that
the magnetizations of the OOP and IP regions
are coupled and that this coupling is chiral. If the
magnetization of the IP region points to the right
(“—"), after saturation with an IP magnetic field,
OOP regions on the left and right of the IP region
point down (“|”) and up (“1”), respectively (Fig.
1C). The relative orientation between OOP and
IP parts is thus either |— or —1, which agrees
with the left-handed chirality expected from the
negative sign of the DMI in Pt/Co/AlO,, (25). As
expected, reversing the direction of the IP field
leads to the observation of 1« and «| coupling
(fig. S8).

To further analyze the chiral coupling be-
tween OOP and IP regions, we measured the

anomalous Hall resistance of OOP-IP Co/AlO,,
elements fabricated on top of a Pt Hall cross
(Fig. 1D) as a function of external magnetic field.
Because the anomalous Hall effect is propor-
tional to the z-component of the magnetization,
these measurements reflect the state of the OOP
region, with the IP magnetization preset by an IP
field applied parallel to y. For an external field
H.//2, we found that the hysteresis loop of the
OOP region shifts by more than 200 Oe toward
positive or negative fields for right or left orienta-
tion of the IP magnetization, respectively (Fig.
2A). These opposite shifts indicate that the DMI
strongly favors the | — and 1« configurations,
resulting in an effective exchange bias field Hp,s,
whose sign can be tuned by presetting the orienta-
tion of the IP magnetization. Hence, the chiral
coupling demonstrated here provides a method
with which to realize large hysteresis bias in
lateral structures.

‘When the external field is applied IP, Ho//v,
we additionally find that the OOP region switches
direction simultaneously with the IP region (Fig. 2,
B and C, and fig. S3). Starting from the DMI-stable
1« configuration, the OOP region switches from
up to down as the IP field switches the IP mag-
netization from « to —, thus avoiding the un-
favorable 71— configuration. This observation

implies that the energy associated with the chiral
coupling is larger than the energy of the barrier
to switch the OOP region, so that the direction
of the IP magnetization effectively controls
the OOP magnetization. If the applied magnetic
field is tilted in the y-z plane, the field can also
induce the switching of the OOP region, which
then biases the IP magnetization. Therefore,
depending on the coercivity of the OOP and IP
regions and on the tilt angle 6 of the external
field, we observed switching between different
multistate magnetic configurations (Fig. 2B). If
both the OOP and IP field components of the
applied magnetic field assisted the DMI-favored
configurations, we observed bistable switch-
ing between the |— and 7« states (type I be-
havior, similar to H,.//y). By contrast, if the two
field components preferred the DMI-unfavored |«
and 1— configurations, we observed switching
between all the four possible combinations of
states, with the sequence determined by the rela-
tive amplitude of the IP and OOP magnetic field
components (type II and type III behavior).

The switching of the OOP-IP elements can be
modeled with two coupled OOP and IP macro-
spins (24), where the energy of each configura-
tion (E;_,, E|_,, E;, and E|_) is given by the
sum of the Zeeman energy and the energy

Alg H,..=+230 Oe B 6=10°
E 200
© 30°
® — 40°
x
Typelll 500
60°
65°
» | Typell 70°
x
75°
-600 -300 0 300 600 o
H, (Oe) 80
D - - 90°
ada 100°
300 HZL ' °
; (;b i a Typel 1%l g - . -
R i i 120° N Wi - Emgle dom;’aln
[ : 41 - . =+ Energy scalin
Q o [F——— ﬁﬁﬁ%” 13°l 5 | Ve 9y seaing
S i €
T LR 1 uel 2 |\ ==
300 4 i é)H; 150° T 2 “b‘ . © o
| AAA 160° Ty o N _ 8 o
i ! 170° 0 T =
-600 -300 0 300 600 -1000  -500 0 500 1000 0 100 200
H (Oe) H (Oe) w (nm)

Fig. 2. Exchange bias and field-induced switching of chirally coupled
OOP-IP elements. (A) OOP magnetization as a function of H, for the OOP-
IP element shown in Fig. 1D for the magnetization in the IP region pointing
- and «. The hysteretic jumps of the anomalous Hall resistance Ry,
indicate switching of the OOP magnetization. The linear increase of R,,
with field is caused by the gradual tilt of the IP magnetization toward the z
axis. (B) Magnetic hysteresis loops for a magnetic field tilted in the y-z
plane for various tilt angles 6. (C) Multistate switching configurations Il II,
and | corresponding to the hysteresis loops for 6 = 30° 70° and 140° shown
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magnetic configuration.
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in (B). (D) Critical switching field H*,. (black triangles), H*,_ (red squares),
and H*, (blue circles) of the OOP region. The lines are fits according to
the macrospin model described in the text, with errors indicated by the
shaded regions. (E) Boundaries of the single-domain behavior (black
line) and chiral-coupling (red line) as a function of the OOP magnetic
anisotropy field Hx and element size w. The red and black points are
determined from micromagnetic simulations. The shaded area indicates
the range of parameters for which chiral coupling determines the
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associated with the DMI between the magnetic
moments of the OOP and IP regions, Moop and
Mp: E = -(Moop + Mip) + Hey - D - (Moop x
Mp). Assuming that the OOP and IP magnetiza-
tion switch whenever the energy difference be-
tween two configurations is larger than the
energy barrier for magnetization reversal AEqop
and AE;p, respectively, the critical switching
fields for the OOP and IP regions are given by

H*.; = (AEgop = Epm)/2Moop and H*, = (AEp +
Epwn)/2Mp, respectively, where Epy,; is the chiral
coupling energy. As expected from the model,
the switching fields of the OOP region determined
experimentally lie on horizontal and vertical lines
of an H,-H, diagram (Fig. 2D). We therefore iden-
tify these lines as the critical fields H*,. and H*,.
From these data, we determined the value of Epy,
= 3.5+ 0.3 eV and the DMI constant D = -0.9 +

0.1 mJ/m? which is in good agreement with
previous estimates of the DMI in Pt/Co/AlO,
(25).

Because Epy; is proportional to the length 7, of
the quasi-1D domain wall separating the OOP
and IP regions, whereas AEqop is proportional to
the area [, w, where w is the width of the OOP
region (Fig. 2E, inset), the ratio Epy/AEqop < 1/w

increases when decreasing the dimensions of the
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Fig. 3. Lateral synthetic antiferromagnets based on chiral coupling.
(A) Scanning electron micrograph of coupled OOP-IP-OOP elements and
(B) corresponding X-PEEM image. The stable magnetic configuration of
the OOP-IP-OOP element is ¢ - 1t after prealignment of the IP region
with an IP field pointing —. (C) Magnetic hysteresis of an OOP-IP-OOP
element as a function of H, for two opposite orientations of the

IP spacer. The six possible magnetic configurations are shown. (D) H,
versus H, phase diagram of the OOP-IP-OOP element used for (C). The red
and blue dots are the critical fields delimiting the antiferromagnetic and
ferromagnetic alignments, respectively, of the two OOP regions. In the
white shaded area, the configuration depends on the history of the
magnetization. (E) Probability of correlated switching resulting in anti-
ferromagnetically aligned OOP regions as a function of the length /,, of the
IP spacer. Saturating fields are applied, first -H, and then -H,, before
applying a field H, and measuring the magnetic state of the element. Each
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data point is averaged over 41 different elements. (Insets) MFM images
of OOP-IP-OOP elements with /, = 50 and 300 nm. The bright and dark
MFM contrast corresponds to t and ¢ magnetizations, respectively.

(F) Scanning electron micrograph and X-PEEM image of a chain structure
including five OOP regions, which align antiparallel after a field has been
applied perpendicular to the chain (parallel to the lowest IP region).

(G) MFM images of synthetic skyrmions with one, two, four, and five IP
rings after saturation with a magnetic field -H,. (H) MFM image of an
artificial spin system consisting of OOP elements on a square lattice acting
as Ising-like moments coupled by means of IP spacers after saturating
with a magnetic field —H,. Antiferromagnetic domains are shaded in green
and purple. (I) MFM image of an artificial kagome spin system after
saturating with a magnetic field —H,. The green and purple arrows indicate
the orientation of the magnetization of the OOP vertices. All X-PEEM

and MFM images have been recorded at zero field. Scale bars, 500 nm.
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Fig. 4. Field-free current-induced magneti-
zation switching of OOP-IP elements.

(A) Schematic of the current-induced
switching of an OOP-IP element. The device
geometry is shown in Fig. 1D; the area of the
OOP region is about 120 by 120 nm. (B)
Magnetization loops as a function of applied
current for different values of H,. The mea-
surements are performed by injecting 50-us-
long current pulses and measuring the
anomalous Hall resistance R,, after each
pulse. Changes in Ry, indicate switching of
the OOP region. The switching at zero field is
symmetric with respect to the current,
whereas H,, > O helps to switch the OOP region
| and decrease the negative switching current,
and H, < O helps to switch the OOP region *
and decrease the positive switching current.
(C) Critical switching current Isy as a function
of H,. The range of parameters leading to
deterministic switching between t and |
states is shaded in red.

element. Hence, below a critical size, the magnetic
behavior of the OOP region is predominantly
determined by the chiral coupling. The boun-
daries that delimit this region are defined by
Epm/AEoop >1 and the single-domain condition
w < wsp <+/Hg , where wgp and Hy are the
critical single-domain dimension and the OOP
effective anisotropy field, respectively. These
boundaries are shown in Fig. 2E together with
the results of micromagnetic simulations that
provide additional support to our model (fig.
S10) (24). A similar reasoning can be applied to
model the influence of the OOP magnetization
on the IP magnetization, taking into account
that the IP anisotropy is shape-dependent. The
favorable scaling of Epy/AEqop and Epy/AEp
toward reduced dimensions means that chiral
coupling can be exploited to control the mag-
netization of small systems. In our case, the
thermal stability factor is Epy/kgT = 140 at
room temperature, where kg is the Boltzmann
constant and 7'is the temperature, so the width
w of the patterned element can be reduced down
to 35 nm while retaining a thermal stability
larger than 40 kgT.

We now illustrate possible applications of
chiral coupling. First, we discuss the fabrication
of tailor-made laterally coupled synthetic anti-
ferromagnetic structures, skyrmions, and artificial
spin systems. As a starting point, we considered
two separate OOP regions that are coupled by
an IP spacer. X-PEEM imaging revealed that the
static orientation of two OOP elements con-
nected by an IP spacer is antiparallel and that, if
the TP magnetization is preset with a magnetic
field to the right, the OOP-IP-OOP magnetization
is |—1 (Fig. 3, A and B), which is in agreement
with the left-handed chirality imposed by the
DMI. The behavior of these structures was char-
acterized by their anomalous Hall resistance in
an applied field (Fig. 3C). To differentiate the two
OOP regions, one side was made smaller than
the other. For H,//2, the flat curve between the
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two shifted hysteresis loops in Fig. 3C indicates
that the OOP regions are coupled antiparallel at
low field, whereas the parallel orientation can
only be enforced by magnetic fields larger than
400 to 600 Oe. The 1| and |1 antiferromagnetic
states at zero magnetic field were set by pre-
aligning the IP magnetization to be « or —,
respectively. The antiferromagnetic state at
zero field was achieved independently of the
initial orientation and amplitude of the field.
Similar to the OOP-IP element, all the possible
combinations of states 1 to 6 shown in Fig. 3C
can be reached by changing the direction of the
field in the y-z plane (Fig. 3D).

As long as the IP spacer retains a mono-
domain state, the two OOP elements effectively
interact with each other. Thus, reversing the
magnetization of one OOP element with a field
H,,//2 causes the reversal of the IP spacer and
subsequently the reversal of the other OOP ele-
ment. In addition, magnetic force microscopy
(MFM) measurements (Fig. 3E) demonstrate
that the effective antiferromagnetic coupling
between the OOP elements is a function of the
IP spacer length /,, leading to correlated reversal
events for /, < 300 nm and a nearly 100% cor-
related switching probability for 7, < 50 nm.
These measurements were performed on struc-
tures that include two OOP elements with dif-
ferent sizes, so that the largest element switches
with, and the smallest element switches against,
the external field H,. OOP-IP-OOP structures with
L, > 1um (fig. S11A) and curvilinear geometries
(fig. S11C) also have alternate up- and down-
magnetized OOP regions. However, in such cases,
the IP regions might assume a multidomain con-
figuration and can effectively be replaced with
two separate IP connectors. These two short
sections can then be used to control the OOP
magnetization in a nonlocal way. For all these
structures, we found that the effective antifer-
romagnetic interaction mediated by chiral cou-
pling is orders of magnitude stronger than the

29 March 2019
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dipolar coupling between magnets of the same
size and separation (fig. S6).

Coupled OOP and IP elements can be further
used as building blocks of more complex spin
systems that have a well-defined symmetry and
topology. In Fig. 3F, a linear chain that consists
of five OOP and IP regions is shown with alter-
nating OOP magnetic moments. Such a structure
can be used to propagate magnetic information
from one end of the chain to the other. Synthetic
Néel skyrmions can also be realized by coupling
concentric OOP rings with 50-nm-wide circular
IP spacers (Fig. 3G). By patterning more IP rings,
we can create skyrmionic structures that do not
have a counterpart in unpatterned thin films, with
a topological charge that alternates between +1
and 0 (so-called skyrmioniums or target skyrm-
ions) depending on the number of rings. Such
structures might be of interest to study high-
frequency excitations of skyrmions as well as for
the generation and transmission of spin waves in
magnonic crystals. Last, strongly coupled artifi-
cial spin systems, with Ising-like OOP elements
connected by IP elements, can be created. Exam-
ples with the OOP elements arranged on a square
and a kagome lattice are given in Fig. 3, H and I,
respectively. The correlated Ising-like moments
lead to the spontaneous formation of domains
with antiferromagnetic ordering for the square
lattice and frustrated behavior for the kagome
lattice with highly degenerate low energy states.

Another interesting application concerns the
current-induced switching of magnetic elements,
which is a basic requirement for the all-electrical
operation of integrated nonvolatile magnetic
memory and logic devices. Our measurements
show that the OOP and IP regions can be sim-
ultaneously switched by an electric current flowing
in the Pt/Co layer, orthogonal to the IP magne-
tization (Fig. 4). The switching is caused by the
current-induced spin-orbit torques that originate
from the spin Hall and interface effects found in
ferromagnets adjacent to heavy metal layers
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(28-31). Such electrical switching cannot be im-
plemented in dipolar-coupled magnetic elements,
which are usually too thick to be manipulated by
spin torques. Moreover, the chiral coupling en-
ables entirely field-free switching of the OOP
magnetization, which is difficult to achieve in
isolated OOP elements (32-36). In Fig. 4B, we
show that the OOP region switches determi-
nistically in zero field for a current Igw = 5 mA
injected parallel to «. Applying a field Hey//+y
along the IP easy axis leads to a decrease or in-
crease of the switching current, which is propor-
tional to H,y (Fig. 4C). We interpret this behavior
as the field assisting or counteracting the reversal
of the IP magnetization that is driven by the
damping-like component of the spin-orbit torque.
This suggests that the current drives the switch-
ing of the IP magnetization (30, 37) and that the
reversal of the OOP region is a consequence of
the chiral coupling. Because the current density
that is required to switch the IP magnetization is
typically lower than that required by the OOP
magnetization (fig. S5C) (37, 38), OOP-IP coupled
structures offer an efficient and scalable ap-
proach to field-free switching of magnetic devices,
which is furthermore compatible with the ma-
terials and processes currently used in the fab-
rication of magnetic memories.

The coupled OOP-IP building blocks dem-
onstrated here can be used to fabricate syn-
thetic antiferromagnets with linear and curved
geometries, synthetic skyrmions, and artifi-
cial spin ices. Indeed, the spontaneous forma-
tion of the ground state after magnetization
in an athermal artificial spin ice network re-
flects the strong nearest-neighbor interactions
in these systems, which is likely to lead to in-
teresting frustrated behavior. Furthermore,
the multiplicity of magnetic states that can be
stabilized in OOP-IP elements combined with
all-electric synchronous switching opens a route
for the realization of nanomagnet logic gates
and memory devices as well as for the design
of electrically reconfigurable magnonic crys-

Luo et al., Science 363, 1435-1439 (2019)

tals, which can be used to manipulate the prop-
agation of spin waves in synthetic media or
provide a controlled modulation of the mag-
netic stray field in hybrid materials, such as
ferromagnet/semiconductor and ferromagnet/
superconductor heterostructures.
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Magnetic building blocks in two dimensions

Artificial magnetic structures can offer a variety of functionalities in spintronics devices. Luo et al. engineered
magnetic domains in P/Co/AIO y trilayers that had alternating in-plane and out-of-plane magnetizations. The regions
interacted laterally through the so-called Dzyaloshinskii-Moriya interaction, which determined the relative sign and
orientation of the magnetization in adjacent domains. Using the coupling between the domains, the researchers were
able to engineer more-complex magnetic structures such as skyrmions and frustrated magnets.
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