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Abstract. In this topical review, we present key results of studies on magnetization
dynamics in artificial spin ice (ASI), which are arrays of magnetically interacting
nanostructures. Recent experimental and theoretical progress in this emerging area,
which is at the boundary between research on frustrated magnetism and high-frequency
studies of artificially created nanomagnets, is reviewed. The exploration of ASI
structures has revealed fascinating discoveries in correlated spin systems. Artificially
created spin-ice lattices offer unique advantages as they allow for a control of the
interactions between the elements by their geometric properties and arrangement.
Magnonics, on the other hand, is a field that explores spin dynamics in the gigahertz
frequency range in magnetic micro- and nanostructures. In this context, magnonic
crystals are particularly important as they allow the modification of spin-wave
properties and the observation of band gaps in the resonance spectra. Very recently,
there has been considerable progress, experimentally and theoretically, in combining
aspects of both fields — artificial spin ice and magnonics — enabling new functionalities
in magnonic and spintronic applications using ASI, as well as providing a deeper
understanding of geometrical frustration in the gigahertz range. Different approaches
for the realization of ASI structures and their experimental characterization in the high-
frequency range are described and the appropriate theoretical models and simulations
are reviewed. Special attention is devoted to linking these findings to the quasi-static
behavior of ASI and dynamic investigations in magnonics in an effort to bridge the
gap between both areas further and to stimulate new research endeavors.



Magnetization Dynamics in Artificial Spin Ice

Frustrated magnetic systems such as spin-
ice materials have been of scientific interest
for a long time due to their highly degenerate
ground states, which result in complex mag-
netic ordering and collective properties. The
exploration of spin-ice systems started with
crystalline materials such as the pyrochlores
Dy,TisO7 , HosTisO7, and HosSnyO7 [1, 2J.
An interesting feature is that the fundamen-
tal excitations of these materials resemble the
behavior of magnetic monopoles, which are
connected by a “Dirac string” consisting of
reversed dipole moments [3]. These emer-
gent quasi particles were observed experimen-
tally [4, 5, 6] shortly after the theoretical pro-
posal by Castelnovo et al. [3]. Pioneering
experiments on lithographically-defined arrays
of interacting nanomagnets by Peter Schiffer’s
group demonstrated that similar physics can
be explored in artificial spin ice (ASI), which
opened the door to a new research field [7].
It was quickly realized that these artificially
created spin-ice lattices offer unique opportu-
nities to control and engineer the interactions
between the elements by their geometric prop-
erties and arrangement [8, 9, 10]. This also
means that the magnetization state is acces-
sible through magnetic microscopy (such as
scanning probe, electron, optical or x-ray mi-
croscopy). Analogous to their 3D counter-
part, synthetically created ASI can also exhibit
monopole and string excitations as shown the-
oretically by M6l et al. [11] and experimentally
confirmed by Morgan et al. [12].

At the same time, the exploration of mag-
netization dynamics in magnetic nanostruc-
tures has flourished in the past decade and
opened the field of magnonics [14, 15, 16, 17].
In essence, magnonics studies the behavior of
spin waves (or their quasiparticles — magnons)
in nano-structure elements. A prototypical

magnonic device is a magnonic crystal with
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which the spin-wave properties can be modified
leading to the observation of well-defined band
gaps in the resonance spectra; e.g, [18, 19, 20,
21, 22, 23, 24]. From this end, harnessing the
high-frequency response in ASI offers a rich
playground for the investigation of how the
(local) magnetization state of the ice and the
presence of magnetic monopoles in the network
affect the collective dynamics and vice versa
[25].  Furthermore, ASI offers unique oppor-
tunities for the realization of re-configurable
microwave oscillators in which the spectra de-
pend on the micro-configuration of the array
[26].

This topical review is structured in seven
Sections. In Sec. 1, we introduce the concept
of artificial spin ice and review magnetization
dynamics and magnetotransport in nanostruc-
Section 2 is devoted to the key fab-
rication methods that can be used to create

tures.

ASI. Various different measurement methods
and techniques to study artificial spin ices are
discussed in Sec. 3. The magnetization dynam-
ics theory and micromagnetics approach is ex-
plained in Sec. 4. Some of the most relevant
recent experimental results on the dynamics of
artificial spin ices from a magnonics perspec-
tive are presented in Sec. 5. In Sec. 6 we review
recent developments in spin-transport related
phenomena in ASI. Finally, in Sec. 7 we dis-

cuss challenges and possible future directions
of the field.

1. Introduction

1.1. Water ice and artificial spin ice

Many of the interesting properties of water
ice result from the hydrogen bonds between
adjacent oxygen and hydrogen ions. Although
it is a weak bond, it is critical for the structural

properties of both water and ice. In water,
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Figure 1. (a)Frustration in water ice where each oxygen has two protons closer and two protons further away

from it. (b) Crystalline spin ice where two spins are pointing inwards and two spins are pointing outwards. (c)

Ground state of square artificial spin ice. (d) Illustration of geometric frustration using the example of a triangular

lattice with antiferromagnetic interactions. The third spin is frustrated since it can never simultaneously minimize

the interaction energy with the other spins. Adapted from [13].

each oxygen atom is bonded to two hydrogen
atoms. However, when water freezes it forms
a tetragonal structure: Each oxygen atom
in water ice is located at a vertex that has
four nearest neighbor oxygen atoms, which are
connected via a shared proton, as it is shown
1(a) [8].
middle between the two oxygen ions, but closer
to one or the other [10]. This means that while
the oxygen ions are periodically arranged, the
The

lowest energy state favors an arrangement that

in Fig. The proton is not in the

location of the hydrogen ions is not [9].

has two protons situated close to one given
oxygen atom and two protons positioned close
to a neighboring oxygen atom. This so-called
two in — two out arrangement is known as the
ice rule [8, 9, 13]. The ice-rule arrangement
can be mapped to the spin system found
for instance in pyrochlore materials such as
TheTi,O7 and Hoo Ti,07 [1, 8, 27, 28], see Fig.
1(b), hence the name spin ice. The energies of
the frustrated interactions between the rare-
earth moments in these three dimensional spin
ices are simultaneously minimized by having
two magnetic moments point into and two
point out of each tetrahedron [9], closely
mimicking the behavior of water ice. There are
six possible configurations for each tetrahedron
that obey the ice rule and, therefore, the lowest

energy state is macroscopically degenerate. At
each given tetrahedron corner the ice rule is
locally obeyed, but no long range order has
been observed [9].

Advancements in modern nanofabrication
and magnetic microscopy techniques in the
past decade enabled the scientific community
to artificially create spin-ice structures by
patterning ferromagnetic thin films into 2D
arrays of interacting nanomagnets [7, 29,
30], see Fig. 1(c).
ice structures offer unique opportunities to

These artificial spin

control local and global interactions in the
structures and to access the magnetization
state of individual elements through various
microscopy techniques such as scanning probe,
electron, optical and x-ray microscopy. Some
of these methods in the context of artificial
spin ice will be discussed in detail below.

1.2. Frustration in ASI

Frustration arises in a physical system when
all interaction energies cannot be simultane-
ously minimized, resulting in a finite value of

A

model for geometrical frustration is a triangu-

the entropy even at 0 K temperature [8].

lar lattice with antiferromagnetic interactions
as shown in Fig. 1(d). In this simple example,
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Figure 2. Schematics and magnetic force microscopy images of the spin configuration in two different types of
AST lattices: (a) Square lattice and (b) Kagome lattice. All possible orientations of the spins in a single vertex
are shown, with their multiplicity in percentages. Adapted from [31].

the three antiferromagnetically coupled Ising
spins can either point up or down. However,
it is not possible to arrange them so that each
pair is antiparallel [9]. Artificial spin ices are
model systems to study frustrated interactions.
They are composed of 2D arrays of magneti-
cally soft nanomagnets, or islands, that have
been patterned with an elongated shape to in-
crease the anisotropy. To minimize the mag-
netic shape anisotropy energy, and since crys-
talline anisotropy is negligible in soft magnetic
materials, the magnetization points in the di-
rection of the long axis of the nanomagnets.
Thus, each island behaves approximately as an
Ising spin with two antiparallel states. Arrang-
ing the nanomagnets in specific lattice configu-
rations may result in a geometrically frustrated
structure, since the different interacting ener-
gies cannot all be minimized at the same time
(32, 33, 34].

In the first experimental studies of ASI
by Wang et al. [7], a square tiling was used
to mimic the behavior of crystalline spin ice
with spins in a two-in/two-out configuration,
obeying the ice rule. In the square lattice, six

out of the total of 16 configurations can be
obtained that obey the ice rule. Figure 2(a)
shows all possible orientations, grouped by
energy level (type I, II, III, and IV). Dipolar
interactions further separate the energy levels
of the configurations in which the spins
pointing in opposite directions are facing each
other or orthogonal to each other (type I and
I, respectively). Type III and IV are higher
As the field gained
interest, other creative lattices were invented

energy configurations.

with the goal to optimize the geometry to
increase frustration; e.g., [30, 33, 34, 35, 36, 37,
38, 39, 40, 41, 42]. In a honeycomb or Kagome
lattice, for instance, the ground state is six-
fold degenerate [see Fig. 2(b)], and the system
is fully geometrically frustrated.

Finding the ground state is hence of
great interest to characterize the system’s
frustration. Considerable research efforts
have been devoted in this regard. Since
the individual islands’ thermal energy barriers
are on the order of 10° K [31] the system
which

allows the characterization of the state using

is “frozen” at room temperature,
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imaging techniques such as magnetic force
microscopy or x-rays (see Sec. 3). In order
to modify the state of these artificial spin
ices, several methods have been used, such as
demagnetization with external field protocols
129, 32, 43, 44, 45] or thermal activation [12,

36, 37, 46, 47, 48, 49).

1.3. Magnetization dynamics and
magneto-transport in nanostructures

Magnetization dynamics and magnetoresis-
tance in nanostructures are two of the most im-
portant topics in contemporary studies of mag-
netism, see e.g., [13]. With the ever increasing
demand for faster and — at the same time —
more efficient and scaled-down functional de-
vices, a detailed understanding of the behav-
ior and properties of magnetic materials con-
fined to the nanoscale is both of fundamental
interest and of particular importance for mod-
ern information technologies. To this end, the
nonvolatility of magnetic materials has been
— and continues to be — of paramount impor-
tance for data storage concepts. At the same
time, the utilization of spin waves (or their
elementary quanta — magnons) in nanostruc-
tures was envisioned as a means to process and
transmit information decoupled from electric
charge transfer [50]. Furthermore, magnonic
architectures have been proposed as one of
the “beyond-Moore” or “post-Moore” concepts
by adding new functionalities to novel devices
[51].

Various aspects of magnetoresistance in
nanostructures have been studied in the past
decades.  Anisotropic magnetoresistance is
the change in the electrical resistance due
to different orientations of the magnetization.
The electric field E created by the anisotropic
magnetoresistance is:

E = poJ + Ap(in - )i, (1)
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Figure 3. Illustration of the precession of spins about
a magnetic field, creating a spin wave. Top: side view,
bottom: top view.

where J is the electric current, m is the unit
vector of the magnetization, py is the isotropic
resistivity, and Ap is the anisotropic mag-
netoresistivity. The first magneto-transport
studies on artificial spin ice networks used a
field-sweep measurement technique. It was
demonstrated that anisotropic magnetoresis-
tance (AMR) combined with nanowire rever-
sal events were responsible for the observed
sharp and abrupt changes in the resistance
as a function of magnetic field [32, 52, 53].
Angular and field dependent investigations of
the magnetoresistance in connected Nig;Feqqg
nanowire networks revealed that the vertex re-
gions mostly determines the anisotropic mag-
netoresistance in the networks [54, 55]. In cer-
tain geometries, magnetic field protocols can
even place artificial spin ice networks in or-
dered ground states where the magnetoresis-
tance is dramatically altered due to the order
introduced within the vertex states [55].
Besides magnetic transport phenomena,
the investigation of magnetization dynamics
and spin waves are exciting topics in contem-
porary magnetism research. In the classical
limit the precessional motion of the magnetiza-
tion can be described by the Landau-Lifshitz-
Gilbert equation [56]:
dm dm

M mxH, x S 2
i e T (2)
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with m the normalized magnetization, -y
the gyromagnetic ratio, a the dimensionless
Gilbert damping factor, and Heg the effective
field. Ferromagnetic resonance describes the
uniform precession of the magnetization, while
spin waves are the collective excitations of the
spin lattice in a magnetically ordered solid, see
Fig. 3. Analogous to quantizations of lattice
vibrations known as phonons, magnons are the
quasiparticles of spin waves [56].

From a dynamic perspective, character-
istic length scales in magnonic devices are
determined by the interaction between spins
(exchange interaction on the short range and
dipolar interactions on the long range) and can
range from nanometers to micrometers [15].
The resonance frequency of spin waves is given
by the saturation magnetization Mg, the spin-
wave wavevector IZ, the relative orientation be-
tween k and the magnetization M , and the
spin-wave stiffness D [15]. Typical spin-wave
frequencies lie in the range between one and a
few GHz [15, 16, 57]. The competition between
exchange and dipolar interaction is responsible
for an anisotropic spin-wave dispersion. In pat-
terned magnetic media, the boundaries of the
structures in combination with the anisotropic
spin-wave propagation characteristics leads to
The research field of
magnonics explores exactly this interplay be-

fascinating properties.

tween spin-wave confinement in one or two
dimensions and anisotropic spin-wave disper-
sion. Some of the most important findings in
this field are summarized in the following Sec-
tion 1.4. For more detailed reviews of the field
of magnonics, we refer to Refs. [14, 15, 16, 57].

1.4. Magnonic crystals

Various aspects of magnetic metamaterials
have been discussed in the literature. From

a dynamic perspective, magnonic crystals
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are particularly important since they allow
for an unprecedented control of spin-wave
properties [14, 15, 16, 57, 58|.
crystals are magnetic materials with a periodic

Magnonic

modulation of magnetic parameters that leads
to artificially created band structures.

with a width of a
few micrometers were studied by various

Magnetic wires

techniques such as ferromagnetic resonance
(FMR) [59], as well as optical techniques
such as Brillouin light scattering (BLS)
spectroscopy [60] and magneto-optical Kerr
effect (MOKE) [61]. Due to the lateral
constriction, spin-wave modes are localized
either in the center or in the edge regions
of the wire. The exact localization of the
modes depends on the orientation of the
magnetization with respect to the boundaries
of the wire and the resonance frequency
[15].
k in a longitudinally magnetized wire is

In general, the spin-wave wavevector

m/w,
where w is the effective width of the wire

quantized across its width w, k =

that depends on dipolar pinning at the edges
[15].
the demagnetizing field reduces the internal

In a transversely magnetized wire,

magnetic field creating a spin-wave well that
channels spin waves along the edge of the wire
[60]. This mode is hence called edge mode.
The first magnonic crystals studied were
one dimensional arrays of densely packed
magnetic wires made of permalloy and yttrium
iron garnet, where the formation of well-
(19, 62].
Although spin waves are defined only inside

defined bandgaps was observed
a magnetic medium, a coherent collective
excitation can exist in isolated magnetic wires
due to long-range dipolar coupling [15].
Furthermore, magnetic antidot lattices
were extensively studied in the past decade;
e.g., [63, 64, 65, 66, 67]. Antidot lattices
are periodic arrays of holes patterned in a
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magnetic thin film and are essentially two-
dimensional magnonic crystals. In these
two-dimensional structures localization effects
are particularly important: spin-wave modes
can either be localized or extended in the
magnonic crystal. The internal magnetic field
plays a major role here: it was shown that
high frequency modes typically have their
maxima between the antidots, whereas low-
frequency modes are found to have the highest
amplitude next to the antidots mimicking
the areas of a reduced internal field [15,
16].
of magnonic band structures was studied in

More recently, the reprogrammability

layered magnonic crystals and nanowire arrays

[68].

2. Fabrication methods

Typically, artificial spin-ice structures have

lateral dimensions below the micrometer
range, which requires the use of state-of-
the-art nanofabrication techniques. Various
approaches can been used depending on the
details of the desired device. The need of
nanometer sizes in artificial spin-ice networks
is twofold. In order to have Ising-like
spins, the magnetization should behave as a
single domain spin in each island, which is
achieved by patterning elongated islands at the
nanoscale. Moreover, since the predominant
order is short-ranged, small gaps between
islands are preferred to optimize nearest-
neighbor interactions. In the following, the
for the fabrication of ASI

networks are reviewed.

main methods

An overview of the different lithographic
processes is shown in Fig. 4(a)-(d). Fabrication
most commonly involves coating a substrate
with a sensitive resist, which is then exposed
to transfer the desired pattern. After exposure,
the resist is developed and depending on the

7

resist composition, the exposed areas will
be removed [positive resist, left column in
Fig. 4(c)] or stay [negative resist, right column
in Fig. 4(c)].

ASI, positive resists were used. In this case,

In most of the works on

the magnetic material — typically permalloy
(NiggFeqq, Py) — is deposited afterwards and
the resist finally lift-off processed, which
results in the magnetic material remaining in
the exposed areas, see Fig. 4(c). An example
of a square lattice spin ice obtained with this
method is shown in Fig. 4(e).

Modern optical lithography techniques
achieve minimum feature sizes of approxi-
mately 1 pm, which is too large for the fab-
rication of ASI. Due to its high resolution, the
standard method for the fabrication of small
arrays of nanomagnets, and ASI in particu-
An addi-
tional advantage of electron beam lithography

lar, is electron beam lithography.

is its relatively easy processing and adaptabil-
ity. On the flip side, electron beam lithogra-
phy is slow and expensive compared to opti-
cal lithography, and hence not suitable for the
fabrication of large arrays, which precludes it
as an industrial-scale fabrication method. To
minimize the time for fabrication and the as-
sociated costs, a complete device that consists
of the ASI structure and other larger device
parts such as dc leads or antennas is usually
fabricated by combining different lithographic
techniques.

The typical electron beam lithography
process is as follows [see Fig. 4(c)]. A
bilayer resist is spin coated on a silicon
wafer.  The pattern is then written with
the electron beam scanning over the sample
exposing the resist. A solvent is used after
exposure to remove the exposed parts of
the resist stack. A thin layer of magnetic
material (below 50 nm) is deposited and the

resist finally removed with another solver.
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Figure 4. Summary of the main differences between lithographic processes used in the fabrication of ASIs.
(a) Typical optical lithography techniques shine light on the photoresist through a mask. A single exposure
covers an extended area. (b) Techniques such as electron beam lithography scan the beam over a sensitive resist.
They present the advantage of an easier design-to-device implementation at the cost of speed. (¢) Comparison
of the positive and negative lithographic processes. (d) An alternative way of obtaining a reversed structure
with a positive photoresist. (e) Scanning electron microscopy images of a square spin ice lattice (SSI) fabricated
with the typical positive-tone process and (f) an anti-square spin ice (ASSI) lattice fabricated with the process
illustrated in (d). Figs. (d), (e) and (f) adapted from [69].

A variety of bilayer resist stacks have been
used for the fabrication of ASIs with a
positive electron beam lithography process,
such as polymethylglutarimide (PMGI) for the
bottom layer and polymethyl methacrylate
(PMMA) for the top layer [7, 70], or different
compositions of PMMA [41]. Even a single-
layer resist of ZEP can be used to successfully
transfer the pattern via lift-off [71, 72]. It
was also shown that a negative lithography
process using ma-N or hydrogen silsesquioxane
(HSQ) can be used [29].

the electron-sensitive exposed resist remains

In this case, only

on the substrate, see right column of Fig. 4(c).
The transfer of the pattern typically occurs
through etching of the previously deposited
material. This technique has the advantage
of a smaller achievable size; however, the
remaining resist is harder to remove and
usually an oxygen plasma step is necessary for
the removal. In some cases, this might not
be suitable for the process as it might damage

other device parts.

Another technique that has been used for
the fabrication of ASI is focused ion beam
[73].
magnetic film by bombarding the surface with

Here, the focused ion beam mills the

ions, directly transferring the pattern without
the need of a resist.
Both

focus ion beam are inherently slow since

electron beam lithography and

they require a beam to be scanned over
the sample, Fig. 4(b).
optical lithography techniques is that large

The advantage of

areas can be exposed simultaneously and the
pattern is transferred to the photosensitive
Optical
lithography is typically fast, but the resolution

resist via a mask, see Fig. 4(a).

is limited to the micron scale due to the
relatively large wavelength. In general,
this renders standard optical lithography as
not suitable for the fabrication of ASI. To
circumvent this problem, however, light with
a smaller wavelength can be used. It
was shown that using deep-ultraviolet optical

lithography (DUV) at 193 nm, large areas
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of nanostructures can indeed be fabricated
[69], see also Fig. 4(a).
a scanning electron microscopy image of a
In addition,

Zhou et al. used a combination of lift-off and

Figure 4(e) shows
square spin ice (SSI) lattice.

etching to pattern anti-ASIs [74, 75, consisting
of extended thin films in which the lattice
For
this purpose, a photoresist was first spinned

structure is removed [see Fig. 4(d)].

and the lattice pattern exposed using DUV.
Afterwards, Al;O3 was deposited and the resist
lift-off. The NiggFey film was then deposited
and the Al,O3 removed, which resulted in the
pattern of the anti-square spin ice (ASSI), see
Fig. 4(f).

3. Measurement techniques

Traditionally, a variety of different comple-
mentary experimental techniques is used in
magnonics: microwave-based techniques such
as ferromagentic resonance and spin-wave
spectroscopy, optical techniques such as mag-
netic optical Kerr effect microscopy and Bril-
louin light scattering, as well as pump-probe
techniques with femtosecond lasers and x-ray
microscopy have been applied [14, 15, 16, 57].
Each technique has its own advantages, as will
be laid out in the rest of this section. Not all
of those techniques have been used to explore
magnetization dynamics in artificial spin ice
yet, but they could potentially be exploited to
understand underlying mechanisms. In the fol-
lowing, the main experimental methods used
to characterize dynamics in artificial spin ice
are reviewed.

3.1. Magnetic transport measurements

Transport measurements have been used for
many years to determine the direction of the
magnetization with respect to the applied elec-
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tric current. The change in resistance as
a function of magnetic field can be due to
different effects — anisotropic magnetoresis-
tance (AMR) [76], spin Hall magnetoresistance
(SMR) [77], giant magnetoresistance (GMR)
[78], etc. —and give information about the un-
derlying magnetic properties of the sample.

Modern fabrication techniques allow pre-
cise patterning of contacts in different regions
of the sample. In this way, it is possible to per-
form precise voltage measurements in different
orientations and locations with respect to the
applied current.

Since all magnetic transport measure-
ments on ASIs reported to date have exclu-
sively employed AMR effects, we present here
a short review of AMR in magnetic metals.
AMR can be written as:

p = pot(py—pL)(Gm)? = p +(pj—pL)cos®, (3)

with po the average resistivity, p, the
perpendicular resistivity, p; the longitudinal
resistivity, j the current density vector, m
the unit vector pointing in the magnetization
direction, and # the angle between j and m.
In other words, the highest resistance value is
observed when the magnetization is parallel to
the current direction (6 = 0°), while the lowest
resistance values occur when the two directions
90°).
For instance, steps in the AMR are indication

are perpendicular to each other (0 =

of island switching in square-network ASI [54,
79], as the relative angle between the applied
current and the magnetization momentarily
changes.

Another magnetoresistance effect that
could potentially be used for studies on
artificial spin ice is spin Hall magnetoresistance
(SMR) [77].

as yttrium iron garnet (YIG), it is not possible

In ferromagnetic insulators such

to directly pass a current and measure the

magnetic transport properties. In insulating
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materials, the SMR is exploited by using a
conductor with a high spin Hall angle such
as Pt in direct contact with the magnetic
layer. When an electrical current flows in the
heavy metal conductor, spin-orbit interaction
separates electrons with opposite spins by
means of the spin Hall effect [80, 81, 82], which
effectively creates a spin current perpendicular
to the charge current and spin accumulation
arises at the surfaces. Spins with a normal
component to the magnetization will transfer
angular momentum to the magnetic material
and, at the same time, a change in their spin
direction will occur, resulting in a change in
the resistance due to the inverse spin Hall effect

7).

3.2. Microwave spectroscopy

Microwave-based techniques are advantageous
for studying dynamics in artificial spin ice
Typically, a
coplanar waveguide or stripline geometry in

due to their high sensitivity.

combination with a vector network analyzer
(VNA-
FMR) is used for these types of measurements
[84]; see Fig. 5(a).
the artificial spin ice can either be directly

ferromagnetic resonance technique

For this purpose,

patterned on top of the signal line [85,
86, 87, 88] or the coplanar waveguide is
fabricated on top of the ASI network. A
schematic of the experimental setup is shown
in Fig. 5(a). It was also shown that a so-
called flip-chip method can be used [69, 72,
89]. In this case the artificial spin ice covers
an extended area of the substrate material
that is then placed on top of the antenna
structure (e.g., coplanar waveguide). For the
actual VNA-FMR measurements, a microwave
signal is applied to the coplanar waveguide
or microwave antenna. The accompanying
microwave magnetic field (Oersted field) exerts

10

a torque on the magnetization in the adjacent
ferromagnet, which results in the onset of
The transmitted
or reflected microwave signal is then measured
by the VNA;
direct measure for the excited spin dynamics

dynamics; see also Eq. 2.

the absorbed power is a
— at specific field and frequency values,
the spins oscillate at a higher amplitude,
resulting in a higher absorption. By varying
the bias magnetic field it is possible to
experimentally access the different modes
Another
possibility to measure ferromagnetic resonance

in the magnetic nanostructures.

is by using a microwave generator and antenna
structure connected to a microwave diode
detector [72].
transmits microwaves through the antenna,

Here, the microwave signal

effectively coupling microwave magnetic fields
directly to the magnetic sample. The output
of the antenna is then rectified using the
microwave diode detector.

Another technique that is based on mi-
crowave excitation is spin-torque ferromag-
netic resonance (ST-FMR), that was originally
developed as a basic metrology to determine
spin torques in magnetic/non-magnetic metal
heterostructures [83, 90]. Here, a microwave
charge current is directly passed through a het-
erostructure that consists of a ferromagnetic
material capped with a heavy metal exhibiting
significant spin-orbit coupling. Figure 5(b)-(d)
illustrates the measurement configuration and
basic principle of ST-FMR. The ferromagnet
can either be metallic or insulating. In addi-
tion to the conventional Oersted field created
by the rf charge current in the metal bilayer,
an oscillating transverse spin current is gener-
ated in the heavy metal layer due to the spin
Hall effect, see Fig. 5(b) and (c).
polarized electron current is then injected into

This spin-

the ferromagnetic layer and the magnetization
starts to precess when the condition for fer-
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Figure 5. The artificial spin-ice
structure is patterned on the signal line of a coplanar waveguide. The microwave transmission (S21) is recorded
as a function of the external magnetic field. (b) Illustration of spin-torque ferromagnetic resonance technique:
an alternating charge current is passed through a ferromagnet/heavy metal (Py/Pt) bilayer. The spin Hall effect
in Pt causes spins pointing out of the plane to be deflected towards the Py layer. This spin current exerts a
torque Tgpr on the magnetization M. In addition, the alternating charge current generates a Oersted field H,s.
(c) Side view of the Pt/Py bilayer system. (c) Measurement configuration for ST-FMR measurements: a bias-T
allows for simultaneous microwave transmission and dc voltage detection via a voltmeter or lock-in amplifier.

(a) Ferromagnetic resonance spectroscopy using a vector network analyzer.

Adapted from [83].

romagnetic resonance is fulfilled. When the
spin precession of the ferromagnetic layer is
driven into resonant oscillations, this results
in a concomitant oscillation of the bilayer re-
sistance due to the anisotropic magnetoresis-
tance (AMR) in case of a ferromagnetic metal,
or spin Hall magnetoresistance (SMR) in case
of a ferromagnetic insulator. The time-varying
resistance R(t) change leads to a de spin rectifi-
cation signal V' (¢) across the length of the sam-
ple from the mixing of the resistance with the
= I(t) - R(t).

For micrometer sized films it was shown that

microwave current [(t) via V(¢)

depending on the relative phase of the driving
torque with respect to the current the recti-
fied dc voltage can be described by either a
symmetric or antisymmetric Lorentzian func-
tion that depends on the applied magnetic field
[83]. The detected dc spin rectification signal,
Ve has a shape of a mixed Lorentzian function:

ld_R I cos 6
4 df A(dw/dH)

where C(Hext) = [SFs(Hext) + AFA(Hext))-

‘/dc = - C(Hext) ) (4)

Fs(Hew) = A?/[A? + (Hew — Ho)?] is a
symmetric Lorentzian function around H, and
A is the linewidth. Fj is an antisymetric
Lorentzian function given by Fa(Hex) =
Fs(Hext)(Hexy — Ho) /A, S = hJL /(2ep0 Mst)
with rf spin current density J&, thickness
t, and A = hy(1 + /4mrMeg/Heyy) with
Oersted field h,s and effective magnetization
Meﬁ'.
is the microwave current through the sample,

R is the resistance of the sample, [

and w/2m is the resonance frequency. The
antisymmetric Lorentzian is attributed to the
effective field which includes Oersted field and
The anti-
damping torque accounts for the symmetric

field-like spin transfer torques.
Lorentzian signal. Using this approach and
analyzing the magnitude of the two Lorentzian
lineshapes it is even possible to determine the
spin Hall angle of a material [83].

In this context, it is worth mentioning
that it is possible to electrically drive spin
The

spin Hall effect in a heavy metal layer can

dynamics in magnetic heterostructures.
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be used to convert an electric charge current
into a spin-polarized current. If this spin-
polarized current is injected in an adjacent
magnetic layer, the spin-polarized current
exerts a torque on the magnetization. It
can either favor or impede oscillations in the
magnetic layer, depending on the direction of
its spin-polarization vector. If the generated
current compensates the internal damping, the
magnetization starts to auto-oscillate without
applying any 7f current. The resonance
frequency of the auto-oscillations depends on
the applied magnetic field and the charge
current density. Since the frequency of
the auto-oscillation lies in the GHz range,
it can be detected by a spectrum analyzer
91, 92, 93] or a diode detector [94]. Tt
was shown that the onset of auto-oscillations
detected as voltage

Although auto-oscillations

can even be a dc
variation [95].
in ASI have not yet been experimentally
demonstrated, it may be an interesting concept
to use interconnected lattices for an electrical
excitation of magnetization dynamics in these

networks.

3.3. X-ray microscopy

For a variety of studies in magnetism, it is
important to know the magnetic configura-
tion of a material in the real space. For this
purpose, X-ray microscopy techniques offer a
unique opportunity due to their high resolu-
tion, element selectivity and even the possi-
bility to perform time-resolved experiments in
synchrotrons [96, 97, 98].

In photoemission electron micrsocopy
(PEEM), X-ray radiation excites electrons
in a material. Variations in the properties
of the material (thickness, magnetization,
composition, etc.) will result in a change
in the intensity of the emitted electrons.
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The photoemitted electrons from the radiated
samples are extracted by applying a large
electric field and sent to an electron-to-visible-
light detector, which finally produces an image
detected by a CCD [99, 100]. When the
incoming radiation is polarized, the absorption
in a ferromagnetic material is dependent on
the direction of the magnetization with respect
to the polarization, an effect known as X-
ray magnetic circular dicroism (XMCD) [101].
Owing to the XMCD effect, it is possible
to produce an image of the magnetization.
This technique has been successfully used in
artificial spin ices to image emerging magnetic
monopoles [102].

Time-resolved PEEM (TR-PEEM) mea-
surements offer the unique opportunity to
study magnetization dynamics with unprece-
dented spatial resolution. Time-resolved mea-
surements are possible since the incident X-
rays, produced in synchrotrons, are pulsed.
This type of measurement can be used as
a pump-probe technique that can be syn-
TR-
PEEM measurements have been used to im-

chronised with a microwave excitation.

age domain-wall motion [103, 104, 105], gy-
rotropic vortex motion [106, 107], and other
dynamics in magnetic structures such as spin
waves [108]. Time-resolved measurements us-
ing synchrotron pulsed X-rays can also be used
to synchronise to other types of excitation such
as surface acoustic waves [109]. For detailed
reviews of X-ray PEEM and its use in mag-
netism, we refer to Refs. [110, 111, 112].

In scanning transmission X-ray mi-
croscopy (STXM), and full-field transmission
X-ray micsroscopy (TXM), the X-rays are fo-
cused in the sample and the transmitted por-
tion is detected with a photodiode [113]. The
XMCD effect has also been used in this case
to detect magnetization in the samples and
observe the state in artificial spin ices [114].
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Time-resolved measurements can also be done
similar to TR-PEEM [115, 116, 117, 118]. For
reviews of this technique we refer to [113, 119].

3.4. Brillouin light scattering spectroscopy

Brillouin light scattering (BLS) is an outstand-
ing technique to measure spin waves and spin
dynamics in magnetic materials. In a quan-
tum mechanical picture, the BLS process can
be described by the inelastic scattering of laser
photons on magnons. The creation and an-
nihilation of magnons upon scattering with a
photon are both energy and momentum con-
Thus, the scattered

photons carry information about the probed

serving processes [120].

magnons: (1) Analysis of the frequency shift of
the scattered photon yields information about
the magnon frequency and (2) the momentum
of the magnon can be probed by varying the
incidence and detection angle of the laser light
[120]. In addition, by studying the magnetic
field dependence, the dispersion and magnonic
band structure can be directly probed. In
combination with microwave excitation certain
magnon modes can be selectively populated
and measured. For instance, the spin-wave
propagation in magnetic waveguides can be
studied in this way.

As outlined in Sec. 2, recent advances in
micro- and nanofabrication enabled the fabri-
cation of magnetic structures in the microme-
ter and even nanometer range. However, the
laser focus of a conventional BLS system is tens
of micrometers in diameter making it impos-
sible to study individual magnetic micro- or
nano-elements. In order to increase the spa-
tial resolution the implementation of a scan-
ning microscope with BLS is required. Typi-
cally, an objective with a magnification of 100x
and a high numerical aperture (NA = 0.75)
and a working distance of about 4 mm is used.
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Figure 6.
112 magnetic elements containing four monopole-

(a) Simulated network composed of

antimonopole pairs connected by Dirac strings extend-
(b) Simulated magnetization
dynamics spectrum for increasing string length and

ing over 28 elements.

number of monopole-antimonopole (G* and G™) pairs
compared to the reference state. Adapted from [25].

This results in a maximum spin-wave wavevec-
tor of kyax = 17.8 rad/pm that can be detected
with the BLS microscope corresponding to a
spin-wave wavelength of 350 nm [120]. Fur-
ther details about BLS spectroscopy especially
devoted to imaging spin waves at the nanoscale
can be found in a recent review article by Se-
bastian et al. [120].

4. Theoretical modeling and
micromagnetics

Numerical simulations have been an impor-
tant tool to study magnonic crystals and de-
The Landau-Lifshitz-Gilbert equation
describes the time evolution of the magneti-

vices.
zation, see Eq. 2. Including spin-torque ef-
fects leads to a modified version of the Landau-
Lifshitz-Gilbert equation:

dm dm vy
dm _ _ H, I B
% ym X Heg + am x ; +M0MST()

with m the normalized magnetization,y the
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gyromagnetic ratio, a the damping factor, Heg
the effective field, and

T=a(j)m x (mx j) +b(j) m x j (6)

is the Slonczewski spin-transfer-torque term
produced by a charge current j. The effective
field Heg is composed of all magnetic fields act-
ing on the system. Typically, for most micro-
magnetic simulations involving magnetization
dynamics, the exchange, dipolar, anisotropy
and Zeeman terms are used.

Finding the analytical solution of Eq. 5 is
rarely possible, even in the case of a macrospin
approximation. As such, a numerical solution
is the usual approach. Typical tools for solving
differential equations are used for this purpose.
In micromagnetic simulations, the space is
divided in a grid with cell sizes smaller than the
exchange length, as the magnetization points
in approximately the same direction below this
length.

Since micromagnetic simulations have be-
come an important tool in studying magneti-
zation dynamics, there has been an increasing
number of software packages available, such as
OOMMEF [121] and MuMax3 [122], as well as
custom-built codes. The simulation of rela-
tively large problems (above 1 pum lateral size)
can be very computer-resource demanding. In
order to increase the speed of the simulations,
recent distributions of software such as Mu-
Max3 make use of parallel GPU computing, ex-
ploiting graphic cards with thousands of com-
puting cores originally developed for gaming
and, more recently, big data analysis and bit-
coin mining.

Gliga and co-workers were the first to
study the eigenmode dynamics of topological
defects in the magnetization, such as Dirac
monopoles and Dirac strings, in artificial spin-
ice structures using micromagmetic simula-
tions [25]. These defects not only strongly af-
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fect the quasistatic and equilibrium behavior of
the spin-ice network, but also exhibit distinct
signatures in the mode spectrum. The reso-
nances of a square spin-ice lattice consisting
of 112 permalloy elements was modeled with
micromagnetic simulations using a fully 3D
finite-element algorithm based on the Landau-
Lifshitz-Gilbert equation, see Fig. 6. Topolog-
ical defects with charges +1 and +2 connected
by strings of variable length were arbitrarily
inserted in the lattice, see Fig. 6(a). The spin
dynamics spectra were then obtained by ap-
plying a magnetic field pulse and integrating
the Landau-Lifshitz-Gilbert equation in time.
Figure 6(b) shows the simulated magnetiza-
tion dynamics spectra for different number of
monopole-antimonopole pairs and increasing
string length. These results demonstrated that
the presence of topological defects show a one-
to-one correspondence with the spectral fea-
tures and suggest that the presence of defects
could in principle be experimentally identified
in a microwave resonance experiment.

Micromagnetic simulations is an impor-
tant tool to gain a deeper understanding of the
spin dynamics in artificial spin ice and it has
become a standard technique to design spin-ice
lattices as well as to interpret the experimen-
tal results. Other theoretical methods include
analytical formalisms [26] and computational
methods based on the plane wave approach,
e.g., [123].

5. Experimental results: Traditional
spin dynamics and magnonics

While the majority of studies on artificial spin
ice have focused on rather slow dynamics and
thermalization processes, magnetization dy-
namics in the gigahertz regime in artificial spin
ice have been explored only recently. Over the
past five years, magnetization dynamics in the
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Figure 7. (a) Scanning electron microscopy image
of a third-generation P2 tiling, where bright and dark
regions correspond to permalloy and the Si substrate,
respectively. (b) FMR frequency f vs dc magnetic field
H plot. Numbers denote mode branches, where 10 and
11 correspond to asymmetric modes that only appear
on one side of the field origin in a given sweep. Adapted
from [124].

GHz regime has been experimentally studied in
different types of ASIL. In the following, we re-
view different lattices and geometries and dis-
cuss the influence of the specific patterns on
the magnetization dynamics. First, we dis-
cuss artificial quasicrystals in Sec. 5.1 as these
systems were among the first nanopatterned
arrays of ferromagnets studied in the high-
frequency regime. We then discuss various
aspects of artificial square lattices (Sec. 5.2).
In particular, we first review experiments uti-
lizing ferromagnetic resonance measurements
and then continue with works using Brillouin

light scattering spectroscopy. In Sec. 5.3 ex-
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perimental results on the Kagome lattice are
reviewed and Sec. 5.4 is devoted to a new type
of ASI, which utilizes the gyrotropic motion of
magnetic vortices.

5.1. Artificial quasicrystals

Among the first experimental studies on
magnetization dynamics in artificial spin ice
69, 72, 85, 89, 124], were investigations
on permalloy films patterned into artificial
quasicrystals.  These artificial quasicrystals
consist of tilings that show long range order,
but lack translational symmetry. They are
locally self-similar and can continuously fill
Bhat et al.  [124]

presented a detailed study on dc magnetization

all available space.

and ferromagnetic resonance absorption on
quasicrystalline Penrose P2 tilings. A scanning
electron microscopy (SEM) image of a third
generation P2 tiling fabricated using electron
beam lithography is displayed in Fig. 7(a).
Reproducible knees in the dc magnetization
were observed in the low-field regime. Their
number and size depend on the temperature
and the P2 tiling generation as confirmed by
micromagnetic simulations using the OOMMF
code.  Interestingly, the switching events
of individual segments is accompanied by a
local FMR response of clusters of segments
with several magnetic field directions. The
orientation of those clusters with respect
to dc field also strongly affects the static
and dynamic magnetization in the near-
saturated regime for fields larger than 1 kOe.
Furthermore, the FMR spectra of the 8th
generation P2 tiling exhibit tenfold rotational
symmetry in the near-saturated regime, which
is only expected for infinite P2 tilings. Figure
7(b) shows the FMR frequency vs applied field
data.

one side of the field origin in a given sweep,

“Asymmetric” modes appear on only
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Figure 8. Micromagnetic simulations of the dynamic
behavior of square artificial spin ice lattices. The
simulations show oscillation amplitude in a color scale,
which allows the identification of oscillation modes
Comparison between the simulated
frequency response of the absorption and the spatial
oscillation amplitude at specific frequencies for a
square ASI (top) and an square anti-ASI (bottom).
Adapted from [69].

in the lattice.

which correlates with the knees observed in
the dc magnetization measurements in the low-
field regime. The results demonstrate that
pinning of the magnetization and confinement
of domain walls at the vertices control
segment polarization and low-field reversal. In
principle, the observed pinning should also
influence the spin-wave propagation in P2
tilings offering new perspectives for magnonic

crystals.

5.2. Artificial square and anti-square lattices

Square ASI networks are the most com-
mon structures for the investigation of high-
frequency characteristics. In this section, we
present important results using two comple-
mentary measurement techniques, which were
used to study artificial square lattices — ferro-
magnetic resonance [Sec. 5.2.1] and Brillouin
light scattering [Sec. 5.2.2]. The correspond-
ing techniques are reviewed in Sec. 3.
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5.2.1.
experimental investigations on a square ASI

Ferromagnetic resonance The first

with two different sublattices were presented
by Sklenar et al. [72], where broadband
ferromagnetic resonance measurements with a
microwave meanderline technique were used.
Along the primary axis of the ASI network,
only one mode was observed at all frequencies.
However, for a narrow angular range between
60° and 75° a history-dependent high-field
signal was observed asymmetrically about zero
field. The data suggest that this behavior is
due to the local configuration of nearby islands
that could be changing state when the field is
swept. More detailed studies on the hysteretic
behavior of a square ASI were reported in
Ref. [85], which we discuss in more detail
below.

Large arrays of square spin ices and
anti-square spin ices (ASSI) were studied
by Zhou et al.  [69].
ASSI were presented by de Araujo et al

First studies on

[74], in which they studied the possibility

to form magnetic vortices in the center
regions to create a connected lattice of
Ribeiro et al.

angular-dependent ferromagnetic

magnetic vortices. showed
resonance
measurements on the same kind of ASSI
containing magnetic vortices [75]. Zhou et
al. could fabricate large-area ASI and ASSI
structures by DUV lithography allowing for
measurements of static magnetization loops
by magnetic force microscopy and vibrating
sample magnetometry, which were correlated
with the FMR results.

dynamic measurements revealed two resonant

Angular-dependent

peaks that decreased in frequency as the field
was reduced. Their angular dependence at a
constant magnetic field showed a reciprocal
fourfold symmetry, that is, the frequency of
one of the peaks was maximum at 0° and
minimum at 90° whereas the frequency of
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Figure 9. Hysteretic behavior observed in square spin ice at low applied magnetic fields. The following minor
loop routine was applied: saturating the system at —3100 Oe, then set the initialization field H;y; record the
spectrum starting at 0 Oe while gradually increasing the applied field. (a) - (d) Hi,; was varied from 300 Oe to
340 Oe. At 300 Oe, the modes (A) and (B) do not coexist at zero field, (a), but as the field increases mode (B)
appears at lower fields, (b) and (c¢). Increasing Hiy; beyond 330 Oe results in a disappearance of (A) at H =0
Oe, (d). The simulated magnetization states at zero field are shown next to each spectrum with the color coding
indicating the azimuthal in-plane angle of the magnetization. Adapted from [85].

the other peak was minimum at 90° and
At an angle of 45°, both
frequencies overlapped. These results indicate

maximum at 0°.

that the dynamic response was dominated by
the magnetostatic interactions in the equally
oriented islands, where each sublattice has a
different characteristic frequency due to the
shape anisotropy. Micromagnetic simulations
confirmed the contributions of the differently
oriented sublattices. The magnetization of the
structures was simulated as a function of time
after a field pulse was applied. Fast Fourier
Transforms (FFT) on the 2D spatial profile of
the structure were then used to understand in
which region the magnetization dynamics was
excited at each frequency, see Fig. 8.

In minor loop experiments the maximum
external field values are chosen low enough
so that the magnetization in the studied
nanostructures is not (completely) switched. A

correlation between eigenmode dynamics and
the magnetization state of the ASI network
then allows to identify the different modes in a
resonance experiment. A detailed study of this
correlation between the switching of individual
elements in a square ASI and ferromagnetic
resonance measurements was presented in
Ref. [85], see Fig. O.
low field regime was observed in the dynamic

A Thysteresis in the

response. For this purpose the sample was first
saturated at a high bias magnetic field in the
—x direction and then the magnetic field was
reversed to a smaller field H;,; as indicated in
the Fig. 9. Afterwards, the magnetic field was
set to H = 0 Oe and the spectra were recorded
while the field was gradually increased, see
Fig.9(a) - (d). In Fig. 9(a) the two main modes
labeled as (A) and (B) do not coexist at zero
field. As the field H;,; was increased, mode (B)
starts to appear at smaller applied fields H, see
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Figs. 9(b) and (c). In Fig. 9(c) both modes (A)
and (B) do coexist at H = 0 Oe. Increasing
H,,; even further leads to a disappearance of
mode (A) at H = 0 Oe and only mode (B)
persists [Fig. 9(d)]. This result clearly showed
the existence of field-dependent hysteresis in
the spin-ice system, which was also reported
in Ref. [72]. By comparing the experimentally
acquired FMR spectra with the equilibrium
magnetization at zero field obtained from
micromagnetic simulations following the same
protocol as in the experiment, it became clear
that the field range where the change in the
static magnetization at zero field occurs agrees
well with the experimentally observed onset of
hysteresis in the dynamic response, see Fig. 9.

5.2.2. Brillouin light scattering i et al. [125]
studied the thermal magnetic excitation spec-
trum in a square ASI by wavevector-resolved
Brillouin light scattering. As discussed in de-
tail in Sec. 3.4, the incidence and detection
angle of the probing BLS laser was varied
to measure the in-plane spin-wave wavevector
component. Li and co-workers studied spin
dynamics by BLS in two different configura-
tions: (1) in the Damon-Eshbach configura-
tion, where the spin-wave vector is perpendic-
ular to the external magnetic field, and (2) in
the backward-volume configuration, where the
spin-wave wavevector is parallel to the exter-
nal magnetic field. Furthermore, they varied
the orientation of the ASI lattice with respect
to the external magnetic field. An overview
of the different configurations is shown in the
top panel of Fig. 10. The bottom panel
in Fig. 10(a)-(d) presents the corresponding
wavevector-resolved BLS measurements. As
is apparent from the spectra, several high-
frequency modes could be detected. BLS can
in principle detect excitations that may not
be visible in FMR measurements since FMR
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is mainly sensitive to long wavelength modes.
However, Li et al. found dispersion curves for
Damon-Eshbach and backward-volume modes
that are almost flat. This indicates that any
magnonic dynamic inter-island coupling can
be ruled out in the studied lattice.
der to interpret the experimental data, Li et

In or-

al. performed micromagentic simulations us-
ing MuMax3. Based on those simulations they
could identify the spatial profiles of single ele-
ments and distinguish between backward vol-
ume, Damon-Eshbach, edge-like, and funda-
mental modes. The simulated spatial ampli-
tude of the oscillations of these modes is shown
in Fig. 10(e). EM denotes edge modes, while
DFE denotes Damon-Eshbach modes and F' is
the fundamental mode. They concluded that
inter-element interactions were negligible and
the dynamics could be modelled mainly as an
ensemble of independent elements pointing in
different directions with respect to the mag-
netic field.

Another type of ASI is anti-square lattices
consisting of extended films with elongated
holes as individual elements [74, 75]. Anti-
ASI lattices were also studied by FMR [69, 75]
and BLS [123]. FMR results indicated that
the dynamic response mainly comes from the
predominant collective mode produced by the
extended magnetic areas between the holes,
shown in the bottom red curve and insets of
Fig. 8, as well as from some minor modes
that increased their intensity as the angle be-
tween the external field and the square lattice
was changed to 45°. This observation was at-
tributed to an increase in the magnetostatic
interactions and edge modes. Additional BLS
measurements in combination with a theory
based on the plane-wave method by Mamica
et al. [123] gave a deeper understanding of the
spin dynamics in the anti-spin-ice system, see
Fig. 11. Figure 11(a) shows the experimen-
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Figure 10. BLS spectra of a square ASI with different field-wavevectors orientations, at incident angles 0°,
20°, 40° and 60°. (a) Damon-Eshbach modes with the field applied parallel to the square lattice direction. (b)
Damon-Eshbach modes with the field applied along the diagonal of the square lattice. (¢) Backward modes with
the field applied along the square lattice. (d) Backward modes with the field applied along the diagonal of the
square lattice. (e) Simulated spatial oscillation amplitude of a single element of a square ASI at different field
orientations, showing a variety of oscillation modes. Adapted from [125].

tally obtained wavevector-resolved BLS mea-
surements (blue symbols) and a comparison
to the calculations (brown lines). A trans-
formation of the spectra from predominantly
non-propagative spin waves into the spectra of
propagating spin waves with a number of hy-
bridizations could also be obtained by rotating
the external magnetic field by 45°. The results
of the corresponding calculated 2D maps of the
spin-wave profiles are shown in Fig. 11(e)-(g).
Each mode is a representative of one of the
BLS bands shown in Fig. 11(a). For instance,
the mode profile shown in Fig. 11(b) is the
lowest mode visible in the BLS spectrum for
k = 0. As is evident from the mode profile,
the spin-wave amplitude is confined to small
areas along sides of holes perpendicular to the
field direction. The profiles for the higher-
frequency bands observed by BLS are shown
in Fig. 11(b)-(g).
fined almost in the same region between the

All these modes are con-

holes. As a consequence, spin waves tend to
have a small group velocity and flat bands are
observed in the BLS spectra, Fig. 11(a).

The BLS measurements reported to date
confirm the corresponding results obtained

by FMR. Despite these recent efforts, a
clear one-to-one correspondence of localized
magnetization dynamics in the ASI structure
and defect strings as well as their interplay
Spatially-resolved BLS could
this
question as indicated by recent experiments by

Bhat and Grundler [126].

is missing.

potentially be employed to address

5.3. Artificial Kagome lattice
of ASI,

Kagome lattices are particularly interesting

Among different types artificial
since they are intrinsically frustrated systems.
They consist of an hexagonal lattice and,
hence, there are three intersecting bars at each
vertex. The ice rules in this case indicate that
the state of minimum energy is a configuration
of two-in/one-out or two-out/one-in, as shown
in Fig. 2(b).
Bhat et al.
spectroscopy on a large array of a Kagome

[89] reported microwave
lattice.  The experimental results showed
four different modes with different behaviors
Only
one of the modes was visible over the

as a function of the applied field.
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entire field sweep, which was linked to the
precession of the magnetization aligned with
the magnetic field. As the islands were
reversed, the slope of this mode changed,
and one of the modes, associated with the
precession of the magnetization that pointed
opposite to the magnetic field, re-appeared.
Micromagnetic simulations using OOMMF
revealed the different contributions of the
The

strings in

differently oriented parts of the ice.
appearance of Dirac strings — i.e.
the magnetization without any discontinuity —
in Kagome lattices where also identified in the
simulations, as they gave rise to characteristic
resonances that are observable in experiments.

The angular dependence of the resonant
lines [127], alongside with the micromagnetic
simulations, also pointed towards the charac-
teristic dynamics of the differently oriented
parts of the lattice. It was found that as
the magnetic field was swept particular modes
appeared in the resonance spectra associated
with the switching of different parts of the lat-
tice. The field values of the switching events
depend on the angle at which the magnetic
field is applied with respect to the direction
of the magnetization in the island. Moreover,
Bhat et al.
dynamics obtained from micromagnetic simu-

presented a comparison of the

lations of interconnected lattices and discon-
nected lattices. The different dynamics indi-
cate the importance of the vertex regions in
this geometry.

This also plays an important role in
the dynamics of the reversal process of
the magnetization. Near the reversal field,
the magnetization of individual elements
starts to curl around the edges, making
a macrospin approximation less accurate.
[86] studied the reversal

dynamics of a single Kagome vertex comparing

Montoncello et al.

micromagnetic simulations and experimental
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Figure 11. (a) Comparison of wavevector-resolved
BLS data (blue data points) and theoretical results
obatined by the plane wave method (brown lines). (b)—
(g) Simulations of a square anti-ASI showing different
modes characterized by their oscillation amplitude and
phase. Adapted from [123].

FMR data. The study focused on the
dynamics of two types of vertices: (i) three
equally shaped ellipses at 120° angle between
each other, and (ii) two equally shaped ellipses
and a narrower ellipse at 120° angle. Using
micromagnetic simulations, Montoncello et al.
identified field-dependant modes localized at
the different elements in the vertex region.
Since the field distribution is not uniform,
the fundamental mode splits in different
regions of the system with different effective
field values. In the case of equally shaped
ellipses, the mnon-uniform field distribution
results in two different fundamental modes;
one localized in the element parallel to the
magnetic field that is highly hybridized, and

the other localized in the other two elements
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that are equally oriented with respect to the
magnetic field. As the field approaches the
critical value for the reversal, a soft mode
arises, merges with the fundamental mode and
The soft
mode is characterized by a quickly decreasing

becomes the predominant mode.

resonance frequency as the field is reduced. A
higher-frequency backward-volume mode was
detected for the equally-shaped ellipses. It
is important to note that not all simulated
modes can always be measured in experiments,
since the signal in FMR is proportional to
the volume of the magnetic material, which
might result in a signal that is too weak to be
detected experimentally. This was verified by
reducing the thickness of the symmetric sample
leading to the disappearance of the volume
mode [86].

5.4. Other types of lattices: Vorter ASI

As outlined in the previous sections, ASI
structures are typically composed of either
separated interacting magnetic islands, or
by interconnected elements that ultimately
allow transport measurements, see Sec. 3.1.
However, it is also possible to construct an
ASI consisting of interacting sub-elements. For
instance, interacting coupled disks were used
as the base element of a Kagome artificial
spin ice [117]. A scanning electron microscopy
image of the studied lattice is shown in
Fig. 12(a).
disks, it is possible to realize a ground state

By tuning the shape of the

consisting of a magnetic vortex [129, 130,
131, 132].
in a disk is characterized by an in-plane

In general, a magnetic vortex

curling magnetization and an out-of-plane core
[133, 134, 135, 136]. The direction of the
core determines the sense of the gyrotropic
motion, i.e. the resonant oscillation of the

core around its equilibrium position [106, 137,
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Figure 12.
magnonic vortex crystals. A copper stripline is placed

(a) Scanning electron micrograph of

on the Py disks to excite the gyrational motion
of the vortices. The polarization pattern is tuned
via an adiabatic reduction of a microwave magnetic
field excitation Hgiate. A low-amplitude harmonic
field Hpeas excites the vortices during the FMR and
STXM measurements. (b) Ferromagnetic absorption
spectra for different state formation frequencies. The
insets show the most common triple types and their
corresponding state formation frequency (solid lines).
Adapted from [117].

138, 139]. It was shown that high-amplitude
rf excitations at the gyrotropic frequency
can be used to reverse the core orientation
(140, 141, 142).
texture in disks is far from a macrospin

Since the magnetization

approximation, the Ising model is no longer
applicable.  As a result, the characteristic
behavior of magnetic vortices can be used to
By

applying high amplitude field excitations Hg.ze

modify the artificial spin ice instead.

at different frequencies, Behncke et al. indeed
showed in FMR and STXM measurements that
the ground state of the lattice can be modified
[117]. Depending on the excitation frequency,
the ground state could be selected to behave
as a frustrated spin ice or as a long-range
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Figure 13. (a) Schematic of the experimental setup. The ASI lattice is oriented at 45° with respect to the signal
line S. (b) Example of a scanning electron microscopy image; a = 845 nm and b = 585 nm. (c) Typical dc voltage
spectrum for different applied microwave frequencies. The resonance signals show a mostly symmetric Lorentzian
lineshape and change their polarity upon field reversal. (d) Comparison of different modes in a frequency vs.
field plot as extracted from the spectrum shown in (¢). (d) Corresponding simulated frequency vs. field relation

obtained using MuMax3. Adapted from [128].

The
corresponding FMR absorption measurements
are shown in Fig. 12(b).

interacting system without frustration.

6. Experimental results: Spin-transport
related phenomena

The utilization of electron-carried spin and
charge currents opened entirely new perspec-
tives in magnonics. Magnon spintronics is con-
cerned with the transport and processing of in-
formation in magnon-based circuits and to in-
terconvert magnon currents and electronic spin
currents [17]. The promise here is to harness
the unique and controllable magnon character-
istics for novel device architecture where infor-
mation encoded in a magnonic signal and an
electronic signal can be interconverted. This
has been shown for a wide variety of mate-
rial classes including magnetic insulators and
metals, e.g., [83, 92, 143, 144, 145, 146, 147,

148].  Usually, macroscopic samples or pat-

terned structures with lateral dimensions of
tens to hundreds of micrometers are used in
these kinds of spin pumping and spin-torque
experiments.

6.1. Electrical detection and excitation of
dynamics in ASI

Recently, it was shown that the standard spin-
transport metrologies as outlined above can
be used to detect spin dynamics in AST [128],
Fig. 13.
network is made of a bilayer consisting of a

In these measurements, the ASI

ferromagnetic metal layer (Py) and a heavy
metal layer (Pt). The connected square ASI
network [Fig. 13(b)] is deposited on top of
a coplanar waveguide and additional leads
are added so that an electric current can be
measured or applied, see Fig. 13(a). It was
demonstrated that Oersted-driven dynamics
in the Py layer can pump a spin-polarized
electron current in the adjacent Pt layer,
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Figure 14. Magnetic transport measurements on Kagome artificial spin ice network. (a) Scanning electron
microscopy image. An external magnetic field H is applied in-plane; 6 is the angle between the field direction

and the nominal current direction, I.

(b) Corresponding magnetic force microscope.
longitudinal magnetoresistance, (d) experimental transverse magnetoresistance.

(¢) Experimental
(e) and (f) Corresponding

simulated longitudinal and transverse magnetoresistance data. The down field sweeps (red) and up field sweeps
(blue) are symmetric under field inversion. Adapted from Ref. [54].

where the spin current is converted into
an electric charge current by means of the
inverse spin Hall effect. Hence, peaks in
the electric signal were observed when the

condition for resonance was achieved, see

Fig. 13(c).
MuMax3 confirmed the experimental results,

Micromagnetic simulations using

where three distinct modes were detected, see
Fig. 13(c)-(d).

Furthermore, spin-torque ferromagnetic
resonance investigations in a square ASI
system were demonstrated and correlated to
magneto-transport measurements [79]. From
this end, it is important to understand the
magnetic transport data in ASI, which is
discussed in the next section.

6.2. Correlation between magnetic transport
data and dynamics

As detailed in Sec. 3.1, transport measure-
ments can be a useful tool to understand the

equilibrium states of ASI [32, 52, 53, 54, 55, 79|
and may even provide insights in the spin dy-
namics excited in the structures.

Various aspects of magnetoresistance in
ASI have been studied in the past decade
[32, 52, 53, 54, 55]. For instance, Branford et
al. studied the emergent chirality in a hon-
eycomb ASI at low temperatures by analyz-
ing the different resistance contributions, i.e.
parallel or perpendicular to the current with
varying field orientations [53]. Le et al. [54]
measured AMR of a Kagome lattice and by
comparison with micromagnetic simulations
they showed that the vertex region dominates
the AMR response of the entire lattice. Fig-
ure 14(a) shows a scanning electron microscopy
image of the device, while Fig. 14(b) shows the
corresponding magnetic force microscopy im-
age with black and white dots at the vertices
indicating magnetic domain walls. The AMR
response was modelled by calculating the path
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integral AV = [E - dl using the simulated
electric field E produced by the magnetic ice
[see Eq. (1)] and assuming a non-uniform cur-
rent distribution, as shown in Fig. 15 [149].
A remarkable agreement between this simple
model and the experimentally acquired field
traces was found, as can be seen by compar-
ing the experimental data in Fig. 14(c), (d)
and simulation results (e), (f).

Recently, a combination of magnetic
transport measurements and ST-FMR mea-
surements was used to correlate the anomalies
in the two types of measurements [79]. Dur-
ing the collective reversal of the magnetic is-
lands in the network, sharp features in the MR
were found, which were reproduced by micro-
magnetic simulations. The experimental dy-
namic data showed an unusual resonant ab-
sorption during the reversal, indicating that
the vertex magnetization processes also define
the dynamics of the spin ice. This agrees well
with the FMR measurements on connected lat-
tices such as artificial quasicrystals discussed
in Sec. 5.1. These observations are first steps
towards the integration of ASI networks in
more complex magnon spintronic device archi-
tectures and eventually may lead to reconfig-
urable microwave oscillators and magnetoresis-
tive devices based on connected networks of
nanomagnets.

7. Summary and outlook

The exploration of spin dynamics in nanopat-
terned arrays of ferromagnets is an interesting
research area from a fundamental physics point
of view, but also for the development of poten-
tial applications based on magnonic devices.
Over the past two decades, there has
been a significant progress on the understand-
ing of dynamics in magnetic nanostructures.
The investigation of arrays of simple ferromag-
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Figure 15. Schematics showing the computation of
the electric field created by AMR of a vertex of a
connected honeycomb lattice. (a) Current distribution.
b) Magnetization profile considering an one-in-two-
out ice rule. (c) Resulting electric field proportional
to the product of the distributions in (a) and (b), as
expressed in Eq. 1 described in the text. Adapted from
149].
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netic elements have lead to our current un-
derstanding of magnetization dynamics at the
micrometer- and nanometer scale. Enabled by
modern lithography creative lattices can be re-
alized that were impossible to fabricate before.
Artificial spin ice is one example of these kinds
of structures. Originally, these lattices made of
ferromagnetic elements were envisioned to be
a model system to study frustration. However,
looking at the magnonic and spintronic prop-
erties of artificial spin ice opens a new play-
ground to explore the interplay between frus-
tration and control of spin-wave properties.
The works presented in this Topical
Review suggest that spatially localized modes
are responsible for the formation of spin-wave
band gaps. Having the ability to reconfigure
the artificial spin ice on demand, for instance
by spin-torque effects, may lead to new types of
magnonic crystals and microwave oscillators.
Studies of the interaction between resonant
magnetization dynamics and defect strings
connecting monopole-antimonopole pairs in
the networks have just begun [25, 89, 127].
The implementation of spin-torque effects to
locally switch the magnetization would be an
interesting pathway for a targeted control of



Magnetization Dynamics in Artificial Spin Ice

In this
regard, it is interesting to note that Luo et

defect strings in the 2D lattices.

al. recently designed magnetic domains in
Pt/Co/AlOx with alternating in-plane and
out-of-plane magnetization due to interfacial
Dzyaloshinskii-Moriya interaction [150]. They
were able mnot only to engineer various
magnetization textures such as skyrmions and
ASI, but also to achieve a field-free current-
induced switching in the elements. This result
opens doors to completely new opportunities
in ASI in general, and magnonics with ASI
in particular.  Using layered structures or
dissimilar materials in the same lattice may be
an alternative way to realize the same goal.

Exploring a broader range of materials
such as the ferrimagnetic insulator yttrium
iron garnet for the fabrication of ASI is par-
ticularly interesting for magnonic applications
due to the low Gilbert damping of yttrium iron
garnet [151]. Another approach could be to use
spin Hall magnetoresistance effects in yttrium
iron garnet/platinum heterostructures instead
of anisotropic magnetoresistance in ferromag-
netic metals. In terms of new material cate-
gories, it is interesting to note the recent work
by Wang et al. [40]. They reported a mag-
netic artificial spin ice that was patterned on
top of a superconductor. Using this type of
heterostructure new phenomena were revealed,
which are not achievable in either of the sub-
systems.

In this Topical Review we have mainly dis-
cussed artificial spin-ice networks with elon-
gated nanomagnets that behave like Ising
spins; i.e., the magnetization in the islands
have two orientations and thus exhibit binary
degrees of freedom. However, recent experi-
mental efforts demonstrate that one can design
and develop spin lattices that go beyond the
Ising model [38]. By tuning either the topol-

ogy or the shape/crystalline anisotropy it is

25

possible to create new spin-lattice models with
more than two degrees of freedom resembling
an artificial Potts spin system [152] or even
more exotic spin-lattice models such as XY
and Heisenberg spin systems. These systems
have been shown to exhibit new magnetic or-
ders and rich phase diagrams. From a dynamic
perspective, it is interesting to explore how the
predominant interactions modify the high fre-
quency response of those systems.

Despite the progress in detecting spin dy-
namics in artificial spin ice by optical tech-
niques such as Brillouin light scattering spec-
troscopy, a clear one-to-one correspondence
of defect strings and magnetization dynam-
ics in 2D is missing. Spatially-resolved Bril-
louin light scattering measurements could po-
tentially close this gap [126].

Another interesting direction is the uti-
lization of artificial spin ice for logic and com-
putational applications; e.g., [153, 154, 155].
The implementation of artificial spin ice was
also discussed for novel types of neuromor-
phic computing concepts [156]. From this end,
the integration of spin-torque oscillators and
magnetoresistance devices in artificial spin ice
might provide desirable functionalities [156]
and lead to concepts that are important for
next-generation computing and memory de-
vices.
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