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Current-induced magnetization control in dipolar-coupled nanomagnet pairs and artificial spin ice
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Exploiting current-induced spin-orbit torques (SOTs) to manipulate the magnetic state of dipolar-coupled
nanomagnet systems with in-plane magnetic anisotropy, such as artificial spin ices, provides a route to local,
electrically programmable control of the magnetization, with relevance for applications including neuromorphic
computing and reconfigurable magnonics. Here, we demonstrate how the orientation of a nanomagnet relative to
the direction of an applied electrical current impacts the threshold current density needed for all-electrical field-
free magnetization switching, and how dipolar coupling between the nanomagnets influences the switching of
interacting pairs and ensembles of nanomagnets. Using a material system designed to generate SOT's in response
to electrical currents, we find that the current required to switch the magnetization of isolated nanomagnets varies
nonmonotonically as the angle between the nanomagnet long axis and the current increases. This trend in the
switching current is also seen in pairs of nanomagnets. These nanomagnet pairs can switch either sequentially
or simultaneously, depending on their relative geometry (side-by-side or end-to-end) and the applied current
density. In small artificial spin ices, we observe a similar angular dependence of the switching current, which
can be used to control the magnetization orientation of specific subsets of nanomagnets. The experimental
results are supported by micromagnetic modeling, which illustrates how the various current-induced torques
can be exploited to control the magnetization switching. This work thus establishes SOT switching as a practical

mechanism for programmable manipulation of dipolar-coupled nanomagnetic systems.

DOI: 10.1103/mmzq-rnjf

I. INTRODUCTION

Artificial spin ices, which are arrays of mesoscopic, single-
domain magnets, were first introduced as two-dimensional
(2D) analogues of frustrated magnetic systems [1,2]. Since
then, they have proven to be a powerful platform for exploring
fundamental questions involving phase transitions [3—7] and
emergent magnetic monopoles [8,9]. Increasingly, they are
also being exploited in schemes for low-power computation,
such as reservoir and neuromorphic computing [10-16], as
well as reconfigurable magnetic logic [17-19].

Controlling the precise microstate of artificial spin ices,
however, remains an outstanding challenge. Applied magnetic
fields have provided the most direct means of reconfigur-
ing their magnetic state, with the field orientation enabling
specific magnetization reversal processes, including those
mediated by emergent domain walls and clocked dynamics
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[20,21]. In addition, thermal activation has been used to pro-
mote relaxation to low-energy states across a variety of lattices
[6,22-24]. More recently, plasmon-assisted photoheating has
offered spatial selectivity beyond global heating, enabling
targeted reversal of individual nanomagnets within nanomag-
netic logic gates [25,26]. Furthermore, there are schemes that
use ultrafast lasers [27,28] as well as low-power lasers [29] to
achieve specific magnetic states in artificial spin ices. Setting
the state of individual nanomagnets can also be achieved using
a scanning magnetic tip, though this approach is inherently
slow [30,31]. For scalable and energy-efficient applications, it
is vital to have local control and read-out of the magnetic state
through purely electrical means, i.e., by applying an electric
current [32,33].

Current-driven control of the switching of arrays of in-
plane nanomagnets opens entirely new vistas for setting
magnetic states, which can be exploited to realize neuromor-
phic computing architectures and reconfigurable magnonics.
In particular, spin-orbit torques (SOTs) have emerged as a
powerful mechanism to electrically control the magnetization
within magnetic thin films, while arrays of magnetic tunnel
junctions have been implemented to read the magnetic states
[34-38]. SOTs arise when an electrical current passes through
a heavy-metal/ferromagnet heterostructure. The electrical cur-
rent in the heavy metal gives rise to a transverse spin current
(of spin polarization o) that can exert a torque on the magnetic
moment m in the adjacent ferromagnetic layer, and the result-
ing dynamics depends sensitively on the orientation between

Published by the American Physical Society
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the electric current and the local magnetization [39]. Deter-
ministic switching requires an additional symmetry-breaking
mechanism when ¢ is orthogonal to m, typically achieved
by applying a magnetic field orthogonal to both ¢ and m
[37]. This constraint has hindered the widespread deployment
of SOTs in devices based on out-of-plane magnetized films,
although the mechanism has been demonstrated in a few in-
dividual cases [40]. In contrast, in-plane magnetized systems
[32,37] inherently permit the alignment between m and o [32],
enabling fully deterministic switching in certain scenarios. It
has been also shown how the critical current required to switch
the nanomagnet magnetization depends on the orientation
between magnetization and the current direction in isolated
nanomagnets [33]. In our study, we start with non-interacting
systems and build on this knowledge when moving on to
systems where we deliberately maximize the dipole-dipole
coupling between the nanomagnets.

In this work, we demonstrate current-induced switching of
isolated and coupled nanomagnets, including pairs of nano-
magnets and small artificial spin ice systems consisting of
arrays of nanomagnets arranged on a square lattice. We estab-
lish how the orientation of the nanomagnets with respect to
the electric current impacts the threshold currents required for
all-electrical magnetization reversal. Through careful choice
of the magnitude and direction of the applied current, we
demonstrate control of the magnetic state of the artificial
square ice systems, with the ability to tune which sublattices
switch.

We begin by quantifying the current-induced switching of
isolated nanomagnets, extracting the minimum threshold cur-
rent density required to switch the magnetization as a function
of the angle between the nanomagnet long axis and the current
direction. We then examine how dipolar interactions modify
the switching behavior of pairs of nanomagnets. Finally, we
extend this analysis to artificial square ices composed of or-
thogonal sublattices of nanomagnets.

Together, these results establish a framework for current-
driven control of artificial spin ices and provide a basis
for their use in spintronics, for example, for reconfigurable
magnonics and in neuromorphic architectures.

II. CURRENT-INDUCED MAGNETIZATION SWITCHING
OF ISOLATED NANOMAGNETS

We first examine the SOT switching of isolated nano-
magnets as a basis for understanding the collective behavior
that emerges in coupled nanostructures. In our experiments,
individual stadium-shaped permalloy (Py) nanomagnets are
placed on top of a Pt channel, which is schematically shown
in Fig. 1(a). Each nanomagnet has a length / = 450 nm,
width w = 150nm, and thickness t = 10 nm. The large in-
plane aspect ratio of the nanomagnets, [/w > 1, imparts a
strong shape anisotropy that, combined with their small di-
mensions, ensures that the nanomagnets are single domain,
with the magnetization m aligned along the nanomagnet
long axis. We neglect any magnetic texture within individual
nanomagnets [41,42] and describe their behavior in terms of a
single macrospin.

The time evolution of the magnetization m under the
influence of various torques is described by the Landau-

Lifshitz-Gilbert (LLG) equation,

om

ot
where y is the gyromagnetic ratio and « is the dimensionless
Gilbert damping constant. The first term on the right-hand
side of Eq. (1) leads to precessional motion of m around the
direction of effective magnetic field H . The second, phe-
nomenological term causes the magnetization to eventually
align with the direction of the effective magnetic field. The
third term represents the contribution of spin-orbit torques
Tsor to the behavior of m.

When an electric current, with current density J, passes
through the Pt layer, the spin Hall effect generates a transverse
spin current (of spin polarization o), as indicated in Fig. 1(a)
[43-45]. This results in a spin accumulation at the Pt/Py
interface that gives rise to torques on the magnetization within
the nanomagnets. In general, the resulting spin-orbit torques
can be decomposed into two perpendicular components: a
fieldlike torque tpL, which causes precessional motion of the
magnetization, and a dampinglike torque tpr, which pro-
motes reversal of m. These torques can be expressed as

om
= —ym X uoH e + am x o + yTsor- @))

T, = TpLo X m, and (2a)
TpL = TpL(m X (m x 7)), (2b)

where tpp. and 7pp. are their associated magnitudes [39,46,47].
Equivalently, the torques can be expressed in terms of the
cross product of m with effective fieldlike and dampinglike
magnetic fields, defined as puoHp, o —tp 0 and poHpp
pL(m X o), respectively. In addition to the effective fields
resulting from spin-orbit torques, the applied current gives
rise to an Qersted field, which acts in the opposite direction
to the fieldlike SOT effective field for a Pt layer [48]. The
orientations of the SOT effective fields uoHg. and uoHpy,
and the Oersted field poH e, are shown in Fig. 1(a). Typi-
cally, the strengths of the associated torques depend on the
intrinsic properties of the heavy metal and magnetic material,
their respective thicknesses, and the quality of the interface
between them [49]. The strength of the dampinglike torque
is usually expressed in terms of the spin Hall angle 6sy, for
which we assume a value of +0.2 for Pt, according to

L= 7——J, 3)

where Mg is the saturation magnetization of the magnetic
layer, tpy is its thickness, e is the electron charge, and / is
the reduced Planck’s constant.

It is conventional to distinguish between two geome-
tries for SOT-induced switching of in-plane magnetized
nanomagnets, which are defined by the orientation of the
initial magnetization relative to the direction of the current
density. In both of these geometries, the magnetization—
here the macrospin associated with the net moment of the
single-domain nanomagnet—Iies in the plane. Based on the
coordinate system in Fig. 1(a), in which the current density J
flows along the x axis, these two geometries are:

(1) Type x, in which the long axis of the nanomagnet, and
therefore the initial magnetization, is collinear with, and either
parallel or antiparallel to, the applied current [32]; and
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Current-induced switching of isolated nanomagnets. (a) Schematic of an isolated stadium-shaped nanomagnet, shown in gray and

with magnetization m (pink arrow), on top of a heavy metal channel, shown in blue. An applied current density J (green arrow) gives rise
to the injection of spins with spin polarization ¢ pointing along the negative y axis (orange arrow). This polarized spin current gives rise to
fieldlike and dampinglike SOT effective magnetic fields (uoH r. and poHpy). The Oersted field poH o. generated by the charge current passing
through the heavy metal layer opposes poHp. (b) SEM image of a row of five nanomagnets with their long axis orthogonal to the current
direction, ¢ = 90°. (c) MFM images showing current-induced switching following the application of 1-us current pulses. The nanomagnets
were initialized in a uniform magnetic state (green arrows), and switched nanomagnets are indicated by purple arrows. (d) Experimentally
obtained dependence of Jyicn On ¢. The data were obtained by averaging the current density at which the middle three nanomagnets switch
for each angle, with the error bars corresponding to the standard deviation. The data point at ¢ = 0° is located at the current density at which
reversal was first observed, since a deterministic Jyicn cannot be defined in this geometry. (e) Simulated angular dependence of Jyicn from
micromagnetic simulations. (f) MFM images demonstrating the ability to control the sense of magnetization circulation in vortex states found
in larger nanomagnets in the Type-x geometry where ¢ = 0°. These vortex states are not well controlled when the angle is changed to 15°
where several different magnetic states can be seen following application of the current pulse. Nanomagnet states going from left to right:

anticlockwise vortex, two single-domain, multidomain and anticlockwise vortex.

(2) Type y, in which the long axis of the nanomagnet, and
therefore the initial magnetization, is orthogonal to the applied
current [37].

In Fig. 1(a), the initial magnetic configuration of the nano-
magnet is represented by the macrospin m, which is oriented
at an angle ¢ < 90° with respect to the negative x-axis. In
what follows, we correspondingly define ¢ € [0°, 90°] as the
angle between the long axis of the nanomagnet and the chan-
nel. In each figure, the current direction will be indicated
explicitly to uniquely specify the magnetic configuration with
respect to the current flow.

We patterned isolated Py nanomagnets with various ori-
entations ¢ on top of Pt channels using electron-beam
lithography in combination with ion-beam milling of a
Ta(3 nm)/Pt(6 nm)/Py(10 nm)/Ru(2 nm) sputter-deposited
multilayer stack. The thickness of the Py layer was cho-
sen to be large enough to provide sufficient magnetic
contrast when imaging the nanomagnets using magnetic
force microscopy (MFM). The Pt channels are connected to

Cr(5 nm)/Au(100 nm) bond pads patterned on top of the sput-
tered magnetic stack and deposited by thermal evaporation.
Further details of the fabrication process for these devices
can be found in Appendix A. Scanning electron microscopy
(SEM) images of the entire device layout are provided in Sec.
1 of Supplemental Material [50] (see also references [51,52]
therein).

To determine the impact of the orientation of the applied
current on the threshold current Jyyjcn required to switch the
magnetization, we fabricated nanomagnets with ¢ increasing
from 0° to 90° in 15° increments. For each orientation, five
nanomagnets were patterned on a channel. Each nanomagnet
on a given channel is separated from its immediate neigh-
bors by 2.5 um to minimize the dipolar coupling between the
nanomagnets. An SEM image of a channel with nanomag-
nets oriented at ¢ = 90° to the current direction is shown
in Fig. 1(b). We label the five nanomagnets @ to ® going
from left to right. Also visible are horizontal slits, which
separate adjacent channels where nanomagnets of different
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orientations are patterned. A detailed rationale of the chosen
sample design is provided in Sec. 1 of Ref. [50].

The nanomagnets were first initialized by applying an in-
plane magnetic field to set them all in the same magnetic
configuration. This was confirmed using MFM [first row of
Fig. 1(c)], where the identical orientation of bright-dark con-
trast for every nanomagnet confirms that all the macrospins
point in the same direction as indicated by the green arrows.

After initializing the magnetic state, 1-ps-long current
pulses of increasing amplitude were applied using a pulse gen-
erator, with no reinitialization of the magnetic state between
pulses. For this, the current density was increased from 4.86 x
10'? t0 5.38 x 10'> Am~2, in steps of ~ 0.05 x 10'> Am~2.
The resulting magnetic configuration after each pulse was
imaged using MFM. For the ¢ = 90° nanomagnets shown in
Fig. 1(c), nanomagnet ® was the first to switch, followed by
nanomagnet @, and then nanomagnet @. No switching was
observed for nanomagnets @ and ®, even at higher current
densities, because of reduced current density near the channel
edges caused by fringing (Sec. 1 of Ref. [50]). The threshold
switching current density, Jswitch, sShown in Fig. 1(d), was
therefore defined as the average minimum current density
required to switch the three central nanomagnets (®-®). We
find that Jgyicn is largest near ¢ = 0°, where geometry is
predominantly Type x, and decreases to a minimum at ¢ ~
75° before it increases again at ¢ = 90°, where switching
is predominantly Type y. The increase in Jyyienh for ¢ = 90°
results in a trend that is somewhat different to the previous
experimental observation of a monotonic dependence of Jgyitch
on ¢ [32].

Assigning a precise value for the threshold current density
is difficult for a pure Type-x geometry. In this geometry,
with ¢ = 0°, the long axis of the nanomagnet is aligned with
the current direction. For sufficiently high current densities,
the effective field associated with the SOT drives the mag-
netization to point along the short axis of the nanomagnet.
When the current is removed, and in the absence of any
intrinsic disorder that may break the symmetry, the macrospin
has an equal probability of relaxing into either of the two
minimum energy states with the macrospin oriented along
the long axis of the nanomagnet [53]. This means that the
macrospin may relax back to its initial state. To differentiate
this type of behavior from deterministic switching observed at
other angles, the point at ¢ = 0° is represented by an unfilled
marker. This corresponds to the current density at which the
magnetization first switches—from its initial magnetization
direction to an opposite direction—after a current pulse. The
current-induced reversal has been verified with two further
experimental geometries for switching the magnetization of
isolated nanomagnets; (i) reversing the current direction or
(i1) reversing both the initial magnetization direction and the
current direction (see Sec. 5 of Ref. [50]).

To better understand and complement our experimental
data, we analyzed the dependence of Jyicn On ¢ using mi-
cromagnetic simulations, the details of which are provided in
Sec. 6 of Ref. [50]. In the simulations, the fieldlike torque
is assumed to be proportional to the dampinglike torque,
expressed as Hg;, = k HpL. We can then compare the exper-
imental results from Fig. 1(d) with the simulations in Fig. 1(e)
that include both the Oersted field and a ratio of the fieldlike

component to the dampinglike component of k£ = 0.5. The
estimated strength of the Oersted field was obtained using
COMSOL simulations, with more details provided in Sec. 2
of Ref. [50]. The micromagnetic simulations reproduce rea-
sonably well the overall reduction in Jyyien With increasing
¢, leveling off between 50° and 90°, while experimentally,
Jswiteh reaches a minimum at ¢ ~ 75° before it subsequently
increases, with a higher value at 90°.

To further examine the influence of the different contribu-
tions to switching, we also performed simulations with k£ = 0
(Sec. 6 of Ref. [50]) that corresponds to a purely dampinglike
torque. This is because it is the dampinglike torque that is
commonly considered the primary driver of magnetization
switching by stabilizing the reversed state and minimizing the
total energy [32,54]. When the Oersted field is included, the
simulated minimum shifts to 80°-90° when going from k =
0.5 to k = 0, while the minimum shifts to larger values when
the Oersted field is not considered (Sec. 6 of Ref. [50]). Taken
together, the simulation results demonstrate that the angular
dependence of Jgyiwch 1S governed by the interplay between the
dampinglike and fieldlike SOT effective fields, and Oersted
field.

We also carried out micromagnetic simulations of
magnetic-field-driven switching in a single nanomagnet, as
well as calculations of the energy barriers for isolated nano-
magnet reversal through coherent rotation (Sec. 3 of Ref.
[50]). From the micromagnetic simulations, we observe a
minimum in the switching field at an angle of ~ 22°, which is
given by the nanomagnet lateral dimensions [55]. The position
of the minimum differs from that found for the SOT-driven
magnetization reversal, which can be explained by the fact
that the SOT-driven magnetization reversal is driven by the
combined effect of multiple fields (dampinglike, fieldlike, and
Oersted).

Lastly, we have found that slightly larger nanomagnets
(I =470 nm, w =170 nm) are capable of supporting
either a single-domain state or a vortex state [56,57].
Interestingly, for such nanomagnets at ¢ = 0°, the circulation
of the magnetization in the vortex state [l0]—clockwise
or anticlockwise—can be deterministically controlled,
providing a means to toggle between them. This is
illustrated in the upper row of images in Fig. 1(f). Following
initialization in a magnetic field, the larger magnets were in
a single-domain state. On application of a current pulse of
density 1.66 x 10'> Am~2, this transformed into a vortex
state. It was then possible to toggle between clockwise and
anticlockwise vortices with a threshold current density of
Jr = 1.66 x 10'> Am~2. This is below the current density
required to switch the smaller nanomagnets at ¢ = 0°, which
is around 5.1 x 10'2 Am~2. However, for nanomagnets
oriented at ¢ = 15°, the switching between vortices with
opposite sense of magnetization circulation becomes less
deterministic, with current pulses leading to a mixture of
vortex, multidomain, and single-domain states [see lower row
of images in Fig. 1(f)].

III. SWITCHING OF PAIRS OF NANOMAGNETS ON

CURRENT INJECTION

Now that we have established the current-induced switch-
ing behavior of isolated nanomagnets, we examine the
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FIG. 2. Current-induced switching of side-by-side pairs of nanomagnets. (a) SEM image of a side-by-side nanomagnet pair. (b) Schematic
of the different mechanisms for coherent magnetization reversal in the nanomagnet pair. For synchronous switching, both nanomagnets reverse
simultaneously, rotating either in the same sense (in blue) or opposite senses (in orange). For sequential switching, one nanomagnet reverses
before the other. (c) Reversal paths and energy barriers determined from micromagnetic simulations for the switching processes shown
in (b) with the same color scheme. MFM images of the experimentally observed magnetic states are shown on either side of the energy
barriers. (d) Experimental dependence of Jyicn On ¢ for sequential switching of side-by-side nanomagnetic pairs. Data for the case of an
isolated nanomagnet are included for comparison. (e) Simulated switching scenarios following current-pulse injection. The figure of merit,
ml -mb g +m2, - m2,, identifies the switching threshold as a function of ¢, where +2 (yellow) corresponds to the initial parallel
configuration, —2 (dark blue) to the reversed parallel state, and O (green) to an antiparallel configuration.

simplest example of a coupled system, namely a pair of  is sufficient to capture the trend in the energy barriers for
dipolar-coupled nanomagnets. We fabricated devices with two the various nanomagnet pair configurations that are observed
different arrangements of pairs: either (i) side-by-side [shown experimentally. The macrospin rotation is parameterized by
in Fig. 2(a)] or (ii) end-to-end (shown in Fig. S1.1(c), Ref. an angle 6 (relative to the nanomagnet long axis). In this
[50]). The edge-to-edge separation of the two nanomagnets picture, the energy minima for each individual nanomanget
arranged side-by-side (end-to-end) is 18 nm (22 nm). In both correspond to the situation in which the macrospin is aligned

cases, this was the minimum spacing—and hence largest dipo- in one of two directions along the long axis of the nanomag-

lar coupling—we could achieve with our fabrication process. net, while the energy maximum—corresponding to the energy
To gain insight into the effect of the dipolar interaction  barrier with respect to the energy of the initial configuration—

on the switching characteristics, we first performed micro- occurs when the macrospin points along the nanomagnet short

magnetic simulations to estimate the intrinsic energy barrier axis.

to magnetization reversal (Sec. 3 of Ref. [50]). For simplic- We show schematics for the possible switching processes

ity, we adopted the Stoner-Wohlfarth model [58], in which  for the side-by-side pair in Fig. 2(b), with the rotation angles
the macrospin associated with a nanomagnet rotates in a for the macrospins in two nanomagnets, 6, and 6,, indicated.
coherent fashion between two bistable configurations sepa- For two side-by-side nanomagnets, the lowest-energy state is
rated by an energy barrier. In reality, we expect that, due to the one in which the macrospins are antiparallel. When both
the size of the nanomagnet, the magnetization reverses via ~ macrospins are aligned parallel—as occurs when an external
domain nucleation and domain wall propagation rather than ~ magnetic field is used to initialize them—the state is ener-
coherent rotation [59,60]. Nevertheless, this simplified model getically metastable once the magnetic field is removed. We
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identify several pathways for reversing the macrospins from
one parallel state to the other with two possible switching
types:

Synchronous switching, in which both nanomagnets reverse
in a single step. In a simplified model, we assume that both
nanomagnets reverse at the same rate, and they can either
reverse both in the same sense [blue panel, Fig. 2(b)] or in
opposite senses [orange panel, Fig. 2(b)].

Sequential switching, in which one nanomagnet reverses
[left and right schematics in green panel, Fig. 2(b)], with the
second nanomagnet reversing at a later time. Again, the two
nanomagnets can reverse in opposite senses or in the same
sense.

In Fig. 2(c), we show the energy as a function of the
macrospin angle for different scenarios. For a single, isolated
nanomagnet, the energy barrier to switching is found to be
~179 eV [black curve, Fig. 2(c)]. In the case of sequential
switching shown in the green panel of Fig. 2(b), the reversal of
the first nanomagnet happens via clockwise or anticlockwise
rotation of the magnetization, while the magnetization in the
second nanomagnet remains unchanged, and this corresponds
to the green curve in Fig. 2(c) with an energy barrier of 147 eV.
The reversal of the second nanomagnet then follows the same
green curve shown in Fig. 2(c), but this time in reverse, so that
the energy barrier is increased to 182.5 eV since the energy
associated with the initial antiparallel state of the system is
lower than that of the parallel configuration.

We now consider the situation in which both nano-
magnets switch in a single step, which we refer to as
synchronous switching. For simplicity, we will assume that
both macrospins rotate at the same rate, so that 0 = |0;| =
|6>|, and we find that the energy barrier is significantly higher
than for sequential switching. When the macrospins rotate in
the same direction (both clockwise or both anticlockwise), the
energy barrier is 261 eV [blue panel and curve in Figs. 2(b)
and 2(c), respectively]. When they rotate in opposite direc-
tions, this energy barrier increases to 385 eV [orange panel
and curve in Figs. 2(b) and 2(c), respectively]. In both of
these scenarios for synchronous switching, the initial and final
states have the same energy, as evidenced by the symmetry of
the blue and orange curves. Due to the much larger energy
barrier for the synchronous switching, we would expect to
observe sequential switching experimentally.

For an end-to-end pair of nanomagnets, the initial parallel
configuration after applying a magnetic field is the system’s
low-energy state, and the antiparallel configuration is ener-
getically unfavorable, making synchronous switching of the
end-to-end nanomagnet pair more likely. The simulation re-
sults for the end-to-end pair of nanomagnets are discussed in
detail in Sec. 3 of Ref. [50].

Now that we have established the expected behavior for
nanomagnetic pairs, we turn to the experimental results. The
procedure used was the same as for the isolated nanomag-
nets. We began by initializing the nanomagnets into a parallel
configuration using a magnetic field and then applied cur-
rent pulses of increasing amplitude. As predicted, for the
side-by-side nanomagnet pair, the reversal process is sequen-
tial and, in Fig. 2(d), we show the experimental results for
Jswiteh Versus ¢ for the first and second steps, which are shown
in light and dark purple, respectively. We see in Fig. 2(d)

that the behavior for the side-by-side pairs of nanomagnets is
qualitatively the same as that for isolated nanomagnets, which
is displayed with black points in Fig. 2(d). In particular, Jgyich
has a minimum at around ¢ = 75°, with a gradual increase
in Jowieen With the increase or decrease of the angle. This
trend in Jgyien Versus ¢ is also seen for end-to-end pairs of
nanomagnets (see Sec. 4 of Ref. [50]).

Assuming that the two nanomagnets are identical, for the
first step, going from a parallel to antiparallel configuration,
there should be no preference for which nanomagnet switches
first and, therefore, Jywiich corresponds to the current required
to switch either nanomagnet in the pair. Nevertheless, any
difference between the nanomagnets that give differences in
the energy barriers to switching could lead to a more deter-
ministic switching sequence within the nanomagnet pair. In
accordance with the micromagnetic simulations, where the
energy barrier associated with switching the first nanomagnet
is lower than the energy barrier to switching of an isolated
nanomagnet, it can be seen in Fig. 2(d) that, in general, the
threshold current densities for the first step are lower than
those required to switch the isolated nanomagnets, and are
also lower than those required for the second step. This is
particularly evident at higher angles.

Another notable feature is that, at 0° (Type x), the system
switches to the antiparallel state but does not subsequently
switch to the parallel configuration. As for the case of iso-
lated nanomagnets, for sufficiently high current densities, the
SOT drives the magnetization to point along the short axis of
the nanomagnets. For pairs of nanomagnets, after the current
pulse, the macrospins relax into an antiparallel alignment to
minimize the energy and reach an energy well.

We verify our experimental observations with micromag-
netic simulations of SOT switching for side-by-side pairs of
nanomagnets for different Jyyich and ¢, with the results shown
in Fig. 2(e). The figure of merit reflects whether switch-
ing occurs in one or both nanomagnets, and is given by
the dot product of the initial and final magnetization states
for each nanomagnet in the pair summed together (m.,, -
ml 4+ m?,, -m?y), where m = +1 and —1 corresponds to
the nanomagnet magnetization before and after switching. At
current densities insufficient to switch the nanomagnets, the
figure of merit is +2 and corresponds to the yellow region
in Fig. 2(e). At sufficiently high current densities, both nano-
magnets switch, and the figure of merit is —2, represented by
the dark blue region. Between these two regions lies a narrow
green region, corresponding to the situation in which only one
of the nanomagnets has switched. It can be seen in Fig. 2(e)
that, for most angles, as J increases, the system transitions
from no switching (yellow) to one nanomagnet switching
(green), and then to both nanomagnets switching (dark blue).
This is consistent with the experimental results and our es-
timates of the energy barriers; namely, that, for nearly all
¢, on increasing J, the green region in Fig. 2(e) is reached
before the dark blue region, and magnetization reversal pro-
ceeds by sequential switching of the nanomagnets. Therefore,
with careful choice of the current amplitude, one can control
the final magnetic configuration of a pair of dipolar-coupled
nanomagnets. Additional details on the switching behavior of
the individual nanomagnets within each pair are provided in
Sec. 7 of Ref. [50].
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From the angular dependence of Jgyiich for end-to-end pairs
of nanomagnets, we find that sequential switching is rarely
observed experimentally and that simultaneous switching of
both nanomagnets via a single step is more common. As men-
tioned above, this is because, starting from the initial parallel
configuration, the system is more likely to switch directly to
the opposite parallel configuration, than to the energetically
unfavorable antiparallel configuration. Both the simulation
and experimental results for the end-to-end pairs are discussed
in Secs. 3 and 4 of Ref. [50], respectively.

IV. SWITCHING OF ARTIFICIAL SPIN ICE STRUCTURES

Having demonstrated deterministic switching in pairs of
dipolar-coupled nanomagnets, we now extend our approach to
small artificial spin ices, which consist of nanomagnets with
the same dimensions as those used in our previous experi-
ments, but this time the nanomagnets are arranged on a square
lattice as shown in Fig. 3(a). Here, the edge-to-edge separation
between the nanomagnets is 25 nm. Artificial square ices are
among the most thoroughly explored artificial spin systems,
with the magnetic behavior investigated on applying mag-
netic fields [1,61,62] and in thermally active systems [22,63].
With its two orthogonal sublattices of nanomagnets and well-
defined hierarchy of interactions, the artificial square ice is
an ideal testbed for probing how SOTs can be exploited to
control the magnetic configuration. Using the same channel
design employed for the single-nanomagnet measurements,
the largest artificial square ice that can be accommodated
between the slits in each region comprises a 4 x 4 array of
square plaquettes decorated with nanomagnets.

In Fig. 3(b), we illustrate in a simplified schematic the
mechanism for the switching of two of the nanomagnets in
one of the square rings with a current applied in the hor-
izontal direction as indicated. The initial magnetic state is
set with an applied magnetic field puoH ., and we indicate
the macrospin directions with green arrows when the field
is removed. Type-y nanomagnets (indicated with an orange
border) will switch for a sufficiently large current density due
to a combination of woHgL, woHpL, and the Oersted field,
with the fieldlike SOT effective field indicated with purple
arrows, while the current density is not large enough to switch
the magnetization in the Type-x nanomagnets (indicated with
blue border). However, it should be mentioned that, when the
current density is sufficiently large so that the magnetization
in the Type-x nanomagnets points along the short axis, the
nanomagnets can reverse with a certain probability.

We know from the experimental results for isolated nano-
magnets shown in Fig. 1(d) that Jyyjch for the Type-y (¢ =
90°) nanomagnets is lower than Jyyien for Type-x (¢ = 0°)
nanomagnets. Therefore, even after arranging the nanomag-
nets in a square array, we expect that nanomagnets with their
long axis orthogonal to the current will switch at a lower cur-
rent density than the nanomagnets with their long axis parallel
to the current. This is confirmed by our experimental mea-
surements where the Type-y nanomagnets switch first when
negative-polarity current is applied [see Fig. 3(c)]. Looking at
the experiment in more detail, in the initialized state, the mag-
netization of the Type-y (Type-x) nanomagnets points down
(to the right), as indicated by the green arrows overlaid on the

first MFM image in Fig. 3(c). A series of negative-polarity
current pulses was then applied, with the pulse polarity and
amplitude indicated above the corresponding MFM images.
Six current pulses of 1 us duration were applied, with ampli-
tudes increasing from 4.95 x 10'? to 5.38 x 10> Am~2. The
magnetic state was measured after each pulse using MFM,
without reinitializing the nanomagnet array between the suc-
cessive pulses. The magnetization directions after switching
are indicated by the purple arrows.

Because the negative current is applied along the hori-
zontal direction, the Type-y nanomagnets reverse first, with
switching originating at the right-hand edge of the array.
As the current density increases, more Type-y nanomagnets
progressively reverse their magnetization. Interestingly, it can
be seen in Fig. 3(c) that the switching does not occur uni-
formly across the array of nanomagnets but rather starts at the
right-hand border at a current density of 4.95 x 10> Am™2,
and propagates from right to left. This may be a result of
variations in geometry [17], dipolar interactions between the
nanomagnets [64], or current density (see Fig. S1.2 in Ref.
[50]). The Type-x nanomagnets, all with their long axes par-
allel to the current direction, also reverse once a sufficiently
large current density is applied. Indeed, we find that, at a
current density greater than 5.21 x 10> A m~2, Type-x nano-
magnets begin to switch. As seen for the Type-y nanomagnets,
the number of switched Type-x nanomagnets increases as
the current density is increased. This evolution is displayed
quantitatively in Fig. 3(e) where the cumulative number
of switches for Type-x and Type-y nanomagnets is shown.
A clear separation between the threshold current densities
required to switch the two nanomagnet types is evident. Inter-
estingly, Type-x nanomagnets start switching at lower current
densities (5.21 x 10'> Am~2) than those required to switch
isolated nanomagnets (5.28 x 10'> Am~2) and side-by-side
pairs (5.35 x 10" Am™2). This reduction in the switching
current may be related to the modified local magnetic field
environment. In summary, from these experiments, we can
infer that both sublattices will switch simultaneously provided
a large enough current pulse is applied.

When a current of positive polarity is applied, no switch-
ing is observed in the Type-y nanomagnets [see Fig. 3(d)],
as the direction of the fieldlike SOT effective field is
aligned with their initial magnetization. Consistent with their
higher switching threshold, Type-x nanomagnets remain un-
changed until higher current densities are reached (45.38 x
102 Am~2). Even then, the number of switched Type-x
nanomagnets is significantly smaller than that observed for
negative current polarity. Since the current-induced fieldlike
SOT effective field in the Type-x nanomagnets is directed
along their short axis, one would expect the onset of switching
to occur at comparable current densities for both polarities.
This observed asymmetry may be a result of slight differences
in the pulse shapes associated with the positive and negative
current pulses, but also the different local magnetic field envi-
ronment. In particular, it can be seen in Fig. 3(c), that Type-x
nanomagnets only begin to switch after the majority of the
Type-y nanomagnets have reversed, thus modifying the dipo-
lar field landscape within the array. In contrast, in Fig. 3(d),
there is no modification of the dipolar field landscape because
the Type-y nanomagnets do not switch.
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FIG. 3. Current-induced switching of an artificial square ice with an array of nanomagnets on orthogonal sublattices. (a) SEM image
of two artificial square ices with 4 x 4 square plaquettes (position @ with zoomed-in image and position ® on the channel). The applied

initializing magnetic field, poH .y, is indicated by a black arrow. (b)

Schematic of the expected switching behavior in a single square ring of

nanomagnets, where the nanomagnets with blue (orange) borders indicate Type-x (Type-y) nanomagnets. After initialization, a horizontally

applied negative-polarity current generates a fieldlike SOT effective

field (purple arrows) and dampinglike effective field (out-of-plane, not

shown) that drives reversal of the Type-y nanomagnets, but is insufficient to reverse the Type-x nanomagnets. [(c) and (d)] MFM images
showing the magnetic state in the artificial spin ice at position @ after successive current pulses of increasing magnitude for negative (c)
and positive (d) polarities. Unswitched (switched) nanomagnets are indicated by green (purple) arrows. (¢) Cumulative number of switched
nanomagnets for increasing current density for the same artificial square ice.

The experimental results obtained for the artificial square
ice demonstrate that the switching behavior can be effectively
defined by the orientation of the nanomagnets with respect to
the current—Type x or Type y—and the polarity of the applied

current. In terms of the geometry, for negative current, a no-
table difference is observed in the onset of the first switching
events between Type y (J = —4.95 x 10'> Am~2) and Type x
(J = —5.21 x 10> Am~2). As a further example, data on the
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FIG. 4. Comparing a pulse series with single pulse switching in an artificial square ice. (a) Magnetic configurations obtained using two
current-pulse schemes. (Top) States measured after applying a series of current pulses of increasing current density without reinitialization
in a magnetic field. (Bottom) States obtained after reinitializing the sample before applying a single pulse of the indicated current density.
(b) Percentage overlap between the magnetic states produced by the two protocols for three different current densities, shown separately for
Type-y and Type-x nanomagnets. The overlap is defined as the percentage of nanomagnets with the same magnetization direction for both

protocols.

switching behavior of large square arrays oriented at 45° to the
current direction indicate that the two sublattices switch at the
same current densities (see Sec. 8 of Ref. [50]). This indicates
that sublattice control can be achieved by applying a global
input in the form of electric currents. Such control introduces
new possibilities for manipulating magnetization reversal in
artificial spin systems composed of in-plane stadium-shaped
nanomagnets.

Finally, we investigate whether specific magnetic states
in small arrays can be achieved with a single current pulse
or if a gradual increase in pulse amplitude is required to
progressively modify the magnetic configuration. To address
this, we compare (i) the magnetic configurations obtained
on continuously increasing the current density [Fig. 4(a),
top panel], based on the experimental configuration shown
in Fig. 3(a), with (ii) the magnetic configurations achieved
by injecting a single pulse of the same amplitude, but this
time initializing the system with an applied magnetic field
between each current pulse [Fig. 4(a), bottom panel]. We then
determine the percentage overlap, which is the percentage of
nanomagnets that have the same orientation of the magnetiza-
tion at a given current for the two different procedures. This
is shown for Type-y and Type-x nanomagnets in Fig. 4(b).
Across all current densities, the overlap remains above 80%
for both nanomagnet types, demonstrating that the magnetic
states produced by the two approaches are very similar. These
results indicate that a single current pulse is sufficient to reli-
ably access a given magnetic state and that gradual evolution
through intermediate states is not required.

V. CONCLUSION

We have demonstrated deterministic, field-free magne-
tization reversal in single-domain Py nanomagnets driven
by SOTs. By systematically studying isolated nanomagnets,
dipolar-coupled pairs of nanomagnets, and small artificial

square ices consisting of arrays of dipolar-coupled nanomag-
nets on two orthogonal sublattices, we have established how
geometry and interactions govern the threshold current den-
sity required for switching.

For isolated nanomagnets with dimensions 450nm X
150 nm x 10nm, oriented at various angles with respect to
the current direction, the minimum threshold current den-
sity occurred near 75°, with successful switching observed
for angles between 15° and 90° at current densities in the
range 4.9—5.4 x 10'> Am~2. For nanomagnet pairs in the
side-by-side configuration, switching occurred in two steps:
starting from a metastable parallel alignment of the two
macrospins, one nanomagnet reversed first to give an antipar-
allel configuration, stabilizing the system in a global energy
minimum. This was followed by a second step at a slightly
higher current density as the pair of nanomagnets transi-
tioned from an antiparallel configuration back to the opposite
metastable parallel configuration. In contrast, for end-to-end
pairs of nanomagnets, magnetization reversal occurred in a
single switching step with both nanomagnets reversing syn-
chronously rather than sequentially.

For the artificial square ice, we showed that the two or-
thogonal nanomagnet sublattices—one with the nanomagnet
long axis perpendicular to the current, and the other with
the nanomagnet long axis parallel to the current—exhibit dis-
tinct reversal thresholds. This enables selective, current-driven
switching of one nanomagnet sublattice while leaving the
orthogonal sublattice unaffected.

Together, these results introduce SOTs as a practical
route for controlling artificial spin ices through purely elec-
trical means, offering a straightforward approach that is
compatible with existing CMOS architectures. This is an
important step towards using artificial spin ice arrays as plat-
forms for programmable magnetic logic and neuromorphic
architectures.
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APPENDIX A: FABRICATION

All devices investigated in this work, with isolated
nanomagnets, nanomagnet pairs, and square arrays, were
fabricated on a single chip to minimize device-to-device vari-
ations arising from the fabrication process.

The multilayer stack Ta(4 nm)/Pt(6 nm)/Py(10 nm)/
Ru(2 nm) where Py corresponds to NigoFeo, was deposited on
a high-resistivity Si/SiO; substrate by DC magnetron sputter-
ing at a base pressure of 5.3 x 1078 mbar. This was followed
by the first step of electron-beam lithography (EBL) to obtain
alignment markers. For this, we used a positive-tone resist of
polymethyl methacrylate (PMMA, 4% EL), spun at 4000 rpm
for 60 s to obtain a resist thickness of approximately 270 nm.
After electron beam exposure using an electron beam writer
(EBPG5000Plus) and development, a Cr(5 nm)/Au(100 nm)
bilayer was deposited by thermal evaporation at a base pres-
sure of 5.3 x 10~ mbar, followed by a lift-off process to give
the alignment markers.

The sample was then cleaned in acetone and isopropanol,
and dehydrated at 125° for 5 mins to improve the subsequent
resist adhesion to the film. Once the sample had cooled down,
a negative-tone resist of hydrogen silsesquioxane (HSQ, XR-
1541 2%) was spin-coated at 4000 rpm for 60 s, resulting in
a resist thickness of ~50 nm. The nanomagnet patterns were
exposed in the electron beam writer and developed to form a
hard mask. Pattern transfer was achieved by Ar ion milling

with a beam voltage of 400 V and an Ar flow of 8 sccm,
which removed the magnetic film down to the Pt layer. During
milling, the sample was rotated at 20 rpm and tilted at 15° with
respect to the ion beam. After milling, the residual HSQ mask
was removed using buffered hydrofluoric acid solution.

The heavy-metal current-carrying channels were fabricated
in a subsequent EBL step using a negative-tone resist N2401,
spin-coated at 4000 rpm for 30 s to obtain a resist thickness of
~80 nm. After EBL exposure and development, the exposed
regions of the resist remained, which acted as a hard mask
for subsequent ion milling down to the substrate to create the
channels, while the nanomagnets remained protected by the
resist mask. The remaining resist was removed by placing the
chip in dimethylsulfoxide (DMSO) at 60 °C for 2 h with gentle
ultrasonication.

Electrical contact pads were fabricated in the final lithog-
raphy step using the same process employed for the alignment
markers, consisting of exposure of the pattern in PMMA with
the electron beam writer, Cr(5 nm)/Au(100 nm) evaporation,
and lift-off. Lastly, the quality of the sample was checked
using scanning electron microscopy and magnetic force mi-
croscopy prior to wire bonding of the sample to a printed
circuit board for electrical measurements.

APPENDIX B: MICROMAGNETIC SIMULATIONS FOR
PAIRS OF NANOMAGNETS

The simulations that were used to obtain Fig. 2(e) in-
volved a pair of side-by-side stadium-shaped nanomagnets
with length / =450 nm, width w = 150 nm and thickness
t = 10 nm, with edge-to-edge separation of 30 nm. We
assumed standard material parameters for permalloy: a sat-
uration magnetization of Ms = 860 x 10> Am~! and an
exchange constant of Ax = 13 x 1072 Tm~!. A low inter-
facial DMI parameter, D = 1 mJ m~2, was used, reflecting
the fact that the nanomagnets sit on top of a heavy-metal Pt
layer. The Gilbert damping o was set to 0.2. The Oersted
field coefficient based on COMSOL simulations was b = 3.8
(1mT/10'> A m~2), while the ratio between the fieldlike and
dampinglike torques was k = 0.5. The current density was
increased from 0 to 10" A/m? in steps of 0.05 x 10'> Am~2,
while the angle ¢ was increased from 0° to 90° in steps of 5°.

For each point in the switching map in Fig. 2(e), the sim-
ulation was run for 5 ns comprising 2.5 ns with the current
applied, followed by a further 2.5 ns without current where
the system relaxes. The end state of the nanomagnetic pair was
then examined and compared with the initial state to construct
the figure of merit, which is a measure of whether both, one,
or neither of the two nanomagnets switched.
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