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Abstract

In this work high-frequency magnetization dynamics and statics of artificial spin-ice lattices
with different geometric nanostructure array configurations are studied where the individual
nanostructures are composed of ferromagnetic/non-magnetic/ferromagnetic trilayers with
different non-magnetic thicknesses. These thickness variations enable additional control over the
magnetic interactions within the spin-ice lattice that directly impacts the resulting magnetization
dynamics and the associated magnonic modes. Specifically the geometric arrangements studied
are square, kagome and trigonal spin ice configurations, where the individual lithographically
patterned nanomagnets (NMs) are trilayers, made up of two magnetic layers of Nig;Fe9 of

30 nm and 70 nm thickness respectively, separated by a non-magnetic copper layer of either

2 nm or 40 nm. We show that coupling via the magnetostatic interactions between the
ferromagnetic layers of the NMs within square, kagome and trigonal spin-ice lattices offers
fine-control over magnetization states and magnetic resonant modes. In particular, the kagome
and trigonal lattices allow tuning of an additional mode and the spacing between multiple
resonance modes, increasing functionality beyond square lattices. These results demonstrate the
ability to move beyond quasi-2D single magnetic layer nanomagnetics via control of the vertical
interlayer interactions in spin ice arrays. This additional control enables multi-mode magnonic
programmability of the resonance spectra, which has potential for magnetic metamaterials for
microwave or information processing applications.

Supplementary material for this article is available online
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1. Introduction

Continued manufacturing limitations and the need for increas-
ing energy efficiency are two factors that challenge Moore’s
Law scaling [1, 2]. Directing research interest towards novel
energy efficient devices that can operate in the low to high
GHz regime and are inherently low-energy is a key driver
for magnonics research. Magnonics is an emerging sub-
field of spintronics that utilizes quantized spin-waves (the
‘magnons’) to efficiently propagate and process high fre-
quency signals. Magnonics has the potential to be deployed
in energy-efficient devices [3—11] and as a platform for altern-
ative next-generation computing [12-21].

The nanomagnets (NMs) that make up the extended arrays
that are suitable for magnonics offers the potential to tune the
behavior of the propagating magnons, which depends strongly
on the material, size, shape, spacing and arrangement of the
NMs through which they propagate [22], a result of changing
the shape anisotropy and the demagnetizing and interaction
fields. Increasing attention has been paid to periodic arrange-
ments of NMs, known as magnonic crystals (MCs), where the
physical arrangement of the NMs can be used to tailor the spin-
wave behavior. The interplay between NMs has been explored
in 1D lattices of nanowires with modulated magnetic proper-
ties or shape [23-26], as well as 2D lattices of dots and anti-
dots [27-33].

Artificial Spin Ice (ASI) lattices have emerged as mag-
netic metamaterials which possess a high degree of tunabil-
ity in MC applications [34-37]. ASI lattices are composed of
two-dimensional, geometrically frustrated lattices of NMs that
leverage the geometrical arrangement and spacing between
individual NMs to tune the magnetostatic interactions, which
can be used in concert with the magnetocrystalline and shape
anisotropy of the individual NMs to control the collective mag-
netization states and spin-wave behavior [38—49]. Among the
ASI structures studied are square, kagome, tetragonal, tetris,
pinwheel, and shatki lattices [50-57], as well as plaquettes
of coupled NMs [58, 59]. Recently, focus has been directed
towards extending MCs beyond the plane to 3D nanostructures
[60, 61] which present rich magnetization states and spin-wave
behavior not seen in 2D lattices, and has been the subject of
recent work on structures such as scaffolds [62], tetrapods [63—
65], gyroids [66], and nanovolcanoes [67], among other excit-
ing work [68—73]. However, fabricating complex 3D structures
is currently time-consuming and incompatible with industrial
fabrication equipment. Accessing the out-of-plane dimension
using standard lithography has limitations in 3D NM structure
shape, but would enable additional tunability of the magnon
spectra, and increase the programmable degrees of freedom
in MCs via industrially compatible processes. Such a degree
of freedom can be tuned via interlayer-coupling within mul-
tilayered nanostructures, where two ferromagnetic layers are
separated by a nonmagnetic layer. Changing the thickness of
the spacer layer modifies the dipolar coupling between the
ferromagnetic layers of a multilayered NM structure, which
in turn will tune the magnetization states at a given field
and the resonance modes. The magnetization dynamics in

lattices composed of trilayer magnets has been studied in
nanowires [24, 25] and nanodots [32], but so far the magneto-
static and magnetization dynamics of ASI lattices composed
of trilayered NMs has been limited to square spin ice lattices,
where dipolar interactions allows for bespoke resonance mode
tuning [74] and strong magnon-magnon coupling and a large
number of configurable ground states [75]. However, the beha-
vior of trilayer ASI lattices with higher symmetries and a lar-
ger number of resonance modes, such as kagome or trigonal
lattices, has to date not been systematically reported.

In this work we study the quasi-static and dynamic magnet-
ization behavior of three distinct ASI-type lattices: square spin
ice (SSI), kagome spin ice (KSI), and trigonal spin ice (TSI)
lattices, wherein each NM is a trilayer stack composed of two
Nig; Fej9 (Permalloy, Py) layers with thicknesses of 30 nm and
70 nm, separated by a copper spacer layer of varying thick-
ness. The distinct static and dynamic behavior of the indi-
vidual ferromagnetic layers for each ASI was first assessed.
The effect of interlayer coupling was then investigated with
two different Cu spacer layer thicknesses (fc, = 2 nm and
40 nm) where quasi-static magnetic hysteresis and dynamic
resonance spectra are reported for each geometry. The KSI and
TSI lattices introduce an additional tunable resonance mode by
symmetry and the trilayer structure enables tunability between
all 3 modes by varying #c,. The spacing between modes also
depends strongly on the geometrical arrangement of the tri-
layer NMs, demonstrating that the interplay of interlayer coup-
ling between the ferromagnetic layers and the ASI NM geo-
metrical arrangement enables further tuning of the magnetic
hysteresis and the resulting magnonic spectra in the kagome
and trigonal lattices. This is confirmed by micromagnetic sim-
ulations of the remanent fields, which highlights that the coup-
ling within the NMs in 2D lattices as a powerful factor for
extending control towards true 3D structured ASI lattices for
microwave and functional magnonic applications.

2. Method

2.1. Sample fabrication

A set of artificial spin ice (ASI) lattices composed of trilayered
Permalloy/Cu were grownon 5 x 5 x 0.5 mm? silicon (100)
substrates. Permalloy (Nig;Fe;q, Py) and Cu were evaporated
using a custom-built ultra-high vacuum thermal evaporator
with a base pressure of 1.0 x 10~7 Torr. Films were depos-
ited at a rate of 0.2 A s~!, monitored by a quartz crystal oscil-
lator that was calibrated via x-ray reflectivity using a Bruker
D8 Advance. The ASIs were patterned using deep UV (DUV)
photolithography, as discussed in Adeyeye and Singh [76],
over a square area of 4 x 4 mm?. Evaporation was followed by
ultrasonic lift-off with acetone and then isopropyl alcohol. A
schematic of the NM structure examined in this work is presen-
ted in figure 1(a), for the case of a KSI lattice. Long-range
order and uniformity was confirmed in reciprocal space by in-
plane x-ray diffraction scattering (figure 1(b)), where the reg-
ular satellite peak spacing corresponds to the array periodicity
which is consistent with the NM spacing measured along the
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Figure 1. (a) Schematic of a kagome spin ice (KSI) lattice composed of trilayer nanomagnets, with the direction of H and H; indicated. (b)
X-ray diffraction of the sample structure, confirming high degree of periodicity over the entire patterned substrate area. (c)—(e) SEM images
of the square, kagome, and trigonal lattices, respectively. Insets shows magnified image corresponding to dotted white boxes, along with
nanomagnet dimensions and relevant lattice spacing. (e) Direction H, ¢, is measured relative to the horizontal axis of each lattice shown.

diagonal of the square spin ice lattice, ¢ = 45°. Representative
scanning electron microscopy (SEM) images of the ASI lat-
tices studies are shown in figures 1(c)—(e) for SSI, KSI, and
TSI arrangements. This structural analysis confirm good lift-
off and uniformity of the NMs over large areas. The individual
NM in the ASIs are the same with a width of 250 nm and a
length of 500 nm. For the SSI lattices, the edge-to-edge spa-
cing is 650 nm (figure 1(c), inset). For the KSI lattices, the
edge-to-edge spacing between elements opposite the kagome
structure is 1080 nm (figure 1(d), inset), while in TSI lattices
neighboring, parallel NMs are spaced by 620 nm along their
long axis (figure 1(e), inset). Within these three ASI structures,
the layering of the individual NMs were tuned. Each NM is
a trilayer of Py[70 nm]/Cultc,]/Py[30 nm], with #c, = 2 or
40 nm.

2.2. Experimental characterization

A Lake Shore vibrating sample magnetometer (VSM) was
used to measure magnetization as a function of applied field
to generate magnetic hysteresis (M-H) loops at room temper-
ature. Measurements were performed with the field applied
in-plane and oriented along either ¢ = 0° or 45° relative to
the ASI patterns, see figure 1(e). M-H loops were measured
over a field range of £5 kOe. M was defined as the total mag-
netic moment of each sample and the saturation magnetiza-
tion (My) was M measured at +5 kOe, after correcting for a
linear background. Alongside the M-H loops, a normalized
susceptibility, (dM/dH)/Ms, was determined for one-half of

the magnetization curve (from positive to negative saturation)
from a weighted linear least squares regression with a window
of 5 neighboring points.

Dynamic magnetic behavior was measured by ferromag-
netic resonance (FMR) spectroscopy using a fixed-frequency
field-sweep mode. The ASI arrays were placed onto a coplanar
waveguide in flip-chip configuration (face down). A fixed, in-
plane RF field, Hy, between 8—16 GHz was then generated by
a Rohde & Schwarz Vector Network Analyzer and propag-
ated through the coplanar waveguide, at frequency steps of <
0.5 GHz. Hy; is oriented in-plane and orthogonal to an applied
external field, H (figure 1(a)). H was swept from +5 kOe to
0 Oe using a field modulation technique, with a broadband
microwave detector diode coupled to a lock-in amplifier. The
derivative of the absorbed power with respect to the applied
field (dP/dH) was then measured for each frequency.

2.3. Micromagnetic simulations

Micromagnetic simulations were performed using the GPU-
accelerated software mumax® [77]. The Py parameters used
include a saturation magnetization of Mg = 800 emucc™!, a
magnetocrystalline anisotropy constant of K = 0, an exchange
constant of A =1.3 x 107® ergcm™', and a damping para-
meter of o =8.0 x 1073 [78]. Individual NM dimensions
and lattice spacing were obtained from SEM images, and
were masked onto on atlases of 1.8 x 1.8 um? (SSI), 2.3 x
1.33 pm? (KSI), and 1.12 x 1.94 pm? (TSI) in area. All

simulations use cubic cells of 5 x 5 x 5 nm? in volume, with
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2D periodic conditions. M-H loops were simulated using 2
mT steps from a saturation field of 500 mT, with the B field
applied along the x-direction and minimizing stop value of
dm =1 x 107°. Simulated FMR frequency sweeps and spa-
tial resonance modes were done using a sinc pulse of 20 GHz
with an amplitude of 0.5 mT. Time evolution was limited to 4
ns as the signal was damped to nearly zero beyond this value.
Time steps were chosen to be 10 ps, well below the Nyquist
Sampling Theorem condition. FMR simulations were com-
puted using a Fast Fourier Transform (FFT), with an added
Hanning window to reduce leakage during FFT processing.

3. Results and discussion

As a starting point to understand the emergent behavior
resulting from the ferromagnetic/non-magnetic/ferromagnetic
(FM/N/FM) trilayered NMs, the static and dynamic magnet-
ization behavior of each of the ferromagnetic sublayers com-
prising the trilayer NMs is first presented for each ASI array
geometry. Magnetization vs field (M-H) hysteresis loops are
presented in figure 2 for a single layer of the three ASI lat-
tices studied, one for each of the Py layers comprising the tri-
layer stack, with H directed along ¢ = 0° for each measure-
ment. For ease of comparison, data previously reported for the
SSI case [74] is plotted alongside the M-H loops for TSI and
KSI lattices. The M-H loops are plotted along with the nor-
malized susceptibility, (dM/dH) /My (dashed lines), which is
provided to highlight significant features during the magnetiz-
ation reversal such as, for example, nucleation and annihilation
of the vortices. The susceptibility is shown for features which
occur as the M-H is swept from positive to negative saturation.
ASIs composed of 30 nm thick single-layer NMs (figures 2(a)—
(c)), black) all show three clear steps. An initial NM macrospin
state is followed by the nucleation and annihilation of vortices
within the NMs where the easy axes are aligned either parallel
(¢ = 0°), along the hard axis perpendicular (¢ = 90°) or tilted
by 60°, to the applied field. The effect of the KSI and TSI array
geometries are observed in the field values at which these fea-
tures occur. In the SSI case (figure 2(a)), the features appear
~0, 500, and —1300 Oe, while in the KSI case (figure 2(b))
the features are comparable in scale and field. The KSI fea-
tures are also shared with the TSI samples (figure 2(c)), and
can be understood as the result of the orientation of the NMs
whose hard axis is 60° away from the field direction, resulting
in reversal at lower field. For the 70 nm thick NM ASI lattices
(figures 2(a)—(c)), red), again the behavior is similar, but not
all of the features are shared across the ASIs. The M-H loop
for the 70 nm-thick Py SSI shows five distinct reversal fea-
tures, consistent with the nucleation and annihilation of two
vortices in each NM and initial features at ~2 kOe, as reported
earlier [74]. Indeed, nucleation and annihilation fields near +
500 Oe are observed in all cases. However, while the 70 nm
KSI sample also shows 5 reversal features, features near 2 kOe
are suppressed due to a much larger spread in nucleation and
annihilation at high field, spanning 1.2-2 kOe. These features

are similar in the TSI case. The largest difference between KSI
and TSI occurs around zero field.

First, the dynamic magnetic behavior of each of the
single layer ASIs was measured by ferromagnetic res-
onance (FMR) spectroscopy. If we consider each NM
in the ASI latices individually, then the measured res-
onance spectra can be modeled by the Kittel equation
[79]. For a given applied field H (taken to be in the
x-y plane), the resonance frequency is given by fres =
7/27T\/(11ur (N.—Ny) 4 Ms) (H+ (N1 —Ny) 47 Ms),
where + is the gyromagnetic ratio, 47w My is the magnetization
of the sample, N and N, are the demagnetization factors that
are parallel and perpendicular to the applied field, respect-
ively, and N, is the demagnetization factor in the z direction
(along the NM thickness). More significantly, figures 2(d)—(f)
shows the FMR spectra measured at 12 GHz for the SSI, KSI
and TSI lattices, respectively. In all cases, two distinct reson-
ance fields Hg| and Hg, are observed as a function of the field
applied along ¢ = 0°. This can be explained by the demag-
netization factors of the NMs and ASI geometry. If the NMs
are assumed to take an approximate ellipsoid shape [80], then
the demagnetization factors along the principal axes of the
single layer NMs can be compared for the dimensions of the
NMs in this work. For the SSI case, there are only two orienta-
tions of the NMs relative to ¢ = 0°: NMs whose easy axis are
aligned with the field (N1 > N)), and NMs whose easy axis
are perpendicular to the applied field (V| > N ). We may then
attribute the resonance mode at lower fields, Hg;, to the reson-
ance modes localized in NMs whose easy axis are parallel to
H, and the modes at higher fields, Hg,, with modes localized in
NMs whose easy axis is perpendicular to the applied field. The
KSI and TSI lattices also have two possible NM orientations
relative to the applied field, with NM easy axes either parallel
or tilted 60° away from the applied field, with corresponding
resonance fields Hg; and Hg,. Comparing across 30 nm and
70 nm thicknesses, we see in each ASI (figures 2(d)—(f)) the
resonance modes are shifted, with Hg, shifting 0.8—1.2 kOe
higher, a result of an increase in the in-plane demagnetization
factors (V) and N ) and a decrease in N, due to a substantial
increase in the thickness while the width and length remain
fixed.

To understand the effect of increased thickness and to set a
baseline for comparing with the multilayered NMs, the micro-
magnetic software mumax® was used to model the remanent
field emerging along the center of the ASIs. Figures 2(g)—
(i) shows vector field plots of the remanent field, Hy, in
the x-y plane at the midpoint thickness of the 70 nm layer.
Simulations of ASIs with thicknesses of 30 nm have been
reported elsewhere [50, 74]. The remanent fields in each of
the 70 nm-thick ASIs are in a mixture of closed-loop states
including bi-vortices of opposite chirality and a single vortex.
In the SSI case (figure 2(g)), the bi-vortex state is observed
along the easy-axis NMs, while the single vortex states lies
within the hard axis NMs. This is reversed in the KSI and
TSI lattices, where the single vortex states lie within the NMs
aligned along the easy axes. It is also worth noting that the
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Figure 2. Normalized M-H loops, M/Ms, and susceptibility, (dM/dH)/Ms, for single layer Py ASIs of 30 nm and 70 nm thicknesses. (a)
SSI lattice, (b) KSI lattice and (c) TSI lattice. (d)—(f) show the FMR spectra at 12 GHz for the same NM thicknesses and lattice geometries.
The red and black curves correspond to single layer thicknesses of 30 nm and 70 nm, respectively. Measurements were done with an applied
field oriented at 0°. Insets (a)—(c) show the geometry of each corresponding ASI. The blue dots in (d)—(f) demarcate resonance fields Hg,
and Hgy. (g)-(1) Simulated remanent fields at the midpoint of each 70 nm-thick Py SSI, KSI, and TSI, respectively.

more complex magnetization states simulated in the 70 nm
thick layer may also impact the FMR modes at a given field.
Micromagnetically simulated M-H loops for the 30 nm and
70 nm thin NM ASIs are presented in supplementary material.

FM/N/FM trilayers combining 30 nm and 70 nm-thick FM
layers were fabricated for each ASI with two distinct N layer
thicknesses of 2 and 40 nm of Cu to create the following struc-
tures: Py(70 nm)/Cu(tc, = 2,40 nm)/Py(30 nm). Figures 3(a)—
(c) show the M-H loops for trilayered lattices where fc, =
2 nm (black) and 40 nm (red) for SSI, KSI, and TSI arrays,
respectively (the specific cases of fc, = 2 nm and 40 nm in
SSI previously reported [74] are plotted here for comparison).
Two observations are immediately noted. First, for all geomet-
ries the nucleation and annihilation for the #-, = 2 nm case are
found to have a wide spread, in contrast to the single layer
70 nm case. This is notably different for the 7c, = 40 nm
that reflecting the change in the dipolar coupling between

the ferromagnetic layers. Secondly, regardless of the lattice
geometry or Cu spacer thickness, the hysteresis has an open
loop and a corresponding sharp reversal feature around H =0,
which may be attributed to the 30 nm-thick top layer of the tri-
layer stack (see figure 2(a)). Considering the SSI lattice first,
figure 3(a), the nucleation and annihilation reversal behavior
seen for f¢, = 2 nm (black) changes in shape and field values
when tc, = 40 nm (red), with reversal features similar to the
features of the 70 nm single layer ASI near 500 Oe and 2 kOe.
In the KSI case (figure 3(b)), the hysteresis becomes smoother
and the open loop extends over a wide field range for the NMs
with fc, = 2 nm spacer, with only very small features high-
lighted during the M-H loop. For NMs with a f¢, = 40 nm
spacer layer, the features associated with the single 70 nm
thick FM layer KSI sample are also present around 500 Oe,
along with a large feature near 0 Oe that can be associated
with the 30 nm layer at the top of the trilayer stack. A similar
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Figure 3. (a)—(c) Normalized M-H loops, M/Ms, and susceptibility, (dM/dH)/Ms, and (d)—(f) FMR spectra at 12 GHz for trilayer SSI,
KSI, and TSI lattices with tc, = 2 nm (black) and 40 nm (red). The applied field is oriented at ¢ = 0°. AHg notes the spacing between
resonance modes Hg; and Hg,. (g)—(i) FMR spectra at 12 GHz with the applied field oriented at ¢ = 45°, with three resonance modes

appearing in KSI and TSI lattices. AHy, indicates the spacing between Hg, and Hy,, and AHjy, the spacing between Hj, and Hy;. Blue

circles indicate locations of resonance modes.

change is observed in the TSI case (figure 3(c)), with an open
hysteretic region at higher fields for fc, = 2 nm that is mod-
ified by a sharp feature appearing near 0 Oe, consistent with
the 30 nm layer, as well as new features not present in either
the 30 nm, 70 nm, or 7c, = 2 case near 1 kOe. The apparent
modification of the vortex nucleation/annihilation fields can be
attributed to the interlayer coupling between the two Py lay-
ers, controlled by the copper spacer thickness, where at large
separation the two layers are quasi-independent of each other,
while for 2 nm Cu the layers become more strongly magneto-
statically coupled, ultimately approaching a single layer.

The modification of the complex magnetization states
related to (bi-) vortex nucleation, propagation, and annihil-
ation at each field suggests that the ¢, may also influence
the magnetization dynamics of the ASIs. As was the case in
figure 2 for ¢ = 0°, two resonance modes appear for each ASI
lattice. Figures 3(d)—(f) shows representative FMR spectra

measured with the applied field along ¢ = 0° at a frequency
of 12.0 GHz. For the SSI lattice the interlayer coupling causes
the two resonance modes Hg; and Hg, to shift and broaden,
with 7c, = 40 nm reducing Hg; to ~800 Oe and Hpg, to 3.3
kOe. Considering the KSI lattice (figure 3(e)), it is observed
that the resonance field Hpg, is also reduced when 7, = 2 nm
is increased 7c, = 40 nm, while Hp; is slightly increased. In the
TSI case (figure 4(f), Hg, is once again reduced by the thicker
tcu = 40 nm spacer layer, while Hg, is reduced by 100 Oe.
However, a dynamic additional degree of freedom and
potential programmability appears when the applied field is
directed along ¢ = 45°. In the SSI case the easy axes of the
NMs are all tilted by 45° with respect to the applied field, so
the demagnetizing factors are equivalent (N = N_), resulting
in a single resonance frequency at any given field, Hj. The
effect of increasing the spacer layer thickness #c, from 2 to
40 nm in SSI (figure 3(g)) is shown here, and was explored in
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Figure 4. (a)—(b) Frequency as a function of resonance fields for Hg; and Hg, for different ASI geometries and two Cu spacer layer
thicknesses. Kittel curves are shown for SSI, KSI, and TSI measured along ¢ = 0° for trilayers with #c, = 2 nm (solid) and #c, = 40 nm
(dashed). (c)—(d) Frequency vs. resonance fields Hz, and Hy, for KSI (black) and TSI (red) lattices, when measured along ¢ = 45°. (e)—(f)
Evolution of AHp, and AHy, with frequency and copper spacer layer thickness, for KSI and TSI lattice.

depth in a previous work [74]. In contrast, the symmetry of the
KSI and TSI lattices results in 3 distinct resonance modes Hj,,,
Hj},, and Hp,. This is due to three distinct NM orientations rel-
ative to the applied field, corresponding to three distinct sets
ofN” and N : easy axes that are tilted 15°, 45°, and 75° away
from the applied field. This additional mode offers additional
tuning capacity between multiple modes when compared with
the SST lattice. We define AHj,, to be the difference between
H}, and Hj,, and AHjy, to be the difference between Hy, and
Hj,;. In the KSI case (figure 3(h)), the increase in copper thick-
ness results in a frequency down shift in all resonance modes,
with AHp, and AHjy, increasing. However, in the TSI case,
H},, and Hy, both decrease, but Hy, increases leading to AHy,
decreasing and AHj, increasing. Taken together these res-
ults demonstrate that the combination ASI lattice arrangement
and the NM trilayer spacing enables tunable control of the
magnon mode frequencies and their relative spacing between
each other.

Figures 4(a) and (b) shows how the resonance modes Hg;
and Hg, evolve with frequency for SSI (black), KSI (red), and
TSI (blue) lattices with the field aligned along ¢ = 0°. As the
thickness of the copper spacer layer is increased from 7c, =
2 nm to 40 nm the resonance mode Hp; shifts downwards for
all ASI lattices, in the range 180-230 Oe, and Hg, undergoes

smaller changes, ~50 Oe, leading to an overall reduction in
the AHp, for all samples with fc, = 40 nm (see supplementary
material for a plot of AHg vs. frequency for samples meas-
ured along ¢ = 0°). However, the effect of increasing thick-
ness has a more complex effect in the KSI and TSI lattices.
Figures 4(c) and (d) shows the evolution of resonance modes
H}, and Hj, with frequency for KSI (black), and TSI (red)
lattices, where the field is along ¢ = 45°. Interestingly, Hy,
shifts to lower values in both the KSI and TSI case, but not so
with H ,’B; here, TSI decreases in field value, but KSI increases.
With the introduction of the third mode (not plotted here, see
supplementary material for H},), there can be multiple modes
tuned differently depending on the application. If we consider
figure 4(e), we see that AH ,’3] decreases for the TSI lattices,
while it increases for KSI lattices. This trend is reversed for the
AHj,, where it increases in the TSI case and decreases in the
KSI case. Interestingly, there is a clear crossover for AHy, in
the KSI lattice just below 12 GHz. This crossover also occurs
in the AH}, plot (figure 4(f)), corresponding to 12 GHz. Large
tunability of spectral spacing of modes, which may potentially
increase or decrease with the applied field and the frequencies
of choice, is potentially accessible by correctly choosing lat-
tice and interlayer spacing to finely tune multi-mode separa-
tion frequencies.
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Figure 5. Simulated remanent field, Hy, at the center of each ferromagnetic layer comprising the trilayer stack for SSI, KSI, and TSI lattices
(left, center, and right figures, respectively). (a)—(c) Representative plots of the H, at the midpoint of the 30 nm layer when fc, = 40 nm.
Blue horizontal lines indicate slices along the x-axis for subsequent plots. (d)—(i) x- and y-components of H; (Hs—, Hs—,) in each
ferromagnetic layer along the x-direction (blue line), for ¢, = 2 nm and 40 nm. Top row corresponds to the 30 nm layer, bottom row the
70 nm layer. H;_,, plots for tc, = 40 nm are offset by 1.5 kOe to allow for easier visualization.

To elucidate how the different ASIs’ magnetization states
and resonance modes change with increased #c,, micro-
magnetic simulations were performed for each stacked ASI
(figure 5). The simulations were saturated at 5 kOe along ¢ =
0° (x-axis), and then brought back to zero to set the remanent
states. As a representative plot, figures 5(a)—(c) shows vector
fields plots of the remanent field, H,, at the midpoint of 30 nm
layer atop the trilayer stack for t¢, = 5 nm 40 nm for SSI, KSI,
and TSI lattices, respectively. Note that #c, = 5 nm was chosen
for the simulations as fc, = 2 nm would result in very long
computation times due to the large atlas area and relatively
tall NMs studied in this work. For the SSI case (figure 5(a)),
the remanent state is found to be near the macrospin magnet-
ization state in the NMs whose easy axis is aligned with the
applied field, and a single vortex state in NMs aligned along
their hard axis. For the KSI and TSI states (figures 5(b) and
(c)), it is observed that the remanent state of the 30 nm layer are

near-macrospins which conform to spin-ice rules in the ground
state, as observed with 2 in(out) and 1 out(in) at each vertex
in the KSI lattice. The macrospin states are consistent with
the reduced coupling between the layers in the ¢, = 40 nm
case.

To further understand how the magnetostatic coupling
evolves with increasing Cu thickness in each ASI, line cuts
were extracted along the x-axis through the center of each hori-
zontal NM, noted with a blue line. From these line cuts the x
and y components of the remanent field, H;_, and H;_, were
extracted and plotted in figures 5(d)—(i), with the top (bot-
tom) row corresponding to the 30 (70) nm layer. For clarity
and ease of comparison, the H;_, , plots for #c, = 40 nm are
offset by 1.5 kOe from the #¢, = 2 nm samples. Considering
figures 5(d) and (g), the maximum variation in H,_, (AH,_,)
and H;_, (AH,_,) can be assessed in both ferromagnetic lay-
ers as the Cu spacer layer thickness is increased from 2 nm to
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40 nm for the SSI lattice. As a simple model, the two samples
may be treated as effectively a single layer for #c, = 2 nm and
two nearly decoupled magnetic layers for fc, = 40 nm. In the
fcy = 2 nm case, it is observed in both ferromagnetic layers
that AH,_, and AH,_, are comparable, and so there are com-
peting demagnetization factors due to shape anisotropy and
the magnetostatic coupling between NMs and between layers.
When ¢, =40 nm, AH,_, in both the 30 nm and 70 nm layers
(figures 5(d) and (g)) increases relative to AH,_,, indicating
the demagnetization factor has increased along the x-direction.
This corresponds to an increase of the in-plane demagnetizing
factors N and N for each layer and a decrease in N, relative
to the 7o, = 2 nm case. While difficult to interpret as easily as a
single layer ellipsoid, it can be noted that the sharp increase of
the in-plane demagnetizing factor N and the decrease along
N, for the NMs aligned with the field will result in a mod-
ified magnetization state and a shift of Hg; to a lower field
(figure 4). For the KSI case (figures 5(e) and (h)), AH,;_, and
AH,_, are comparable in the 30 nm layer when fc, = 2 nm,
and then AH,_, once again dominates when #c, = 40 nm, so
that the y-axis is again the easy axis, much like the SSI case.
However, in the the 70 nm layer (figure 5(h)), AH,_, is larger
than AH,_, when ¢, = 2 nm and, following an increase to
tcu =40 nm AH,_, and AH,_, approach each other, moving
from a easy y-axis (N < N) to a state where no axis is clearly
easy (N ~ N|). This may play a role in the observation that
resonance mode spacing is sensitive near 12 GHz, where mode
spacing AHp, and AHy, can toggle between increasing and
decreasing. Indeed, unlike AHy, for the TSI array and AHg
for all arrays, AH},, for the KSI array crosses near 12 GHz,
demonstrating that particular configurations are highly flex-
ible through the frequency range under consideration. In the
the TSI case, like the SSI and KSI lattices, finds the 30 nm
layer with a easy y-axis, albeit with reduced AH;_, when
compared to SSI and KSI. Indeed, in the 70 nm case AH,_,
and AH,_, are found to remain near each other in magnitude
after increasing tc, from 2 nm to 40 nm. This complex inter-
play between shape anisotropy, magnetostatic coupling within
NMs and between the NMs within a geometric lattice enables
finely-controlled, frequency-dependent multi-mode magnonic
tunability.

Moving towards a configurable device with propagat-
ing spin-waves would require further work. One potential
approach would be to fabricate the ASI structures atop a con-
tinuous thin film through which the spin-wave propagates,
with the ASIs used to control spin wave propagation [49].
Precise reconfigurability would also be desirable. NM arrays
have been demonstrated as spin-wave wave guides in straight
and curved geometries [81], where toggling individual NM
states can be used to reconfigure the system and control spin
wave propagation. In the case of trilayer ASI, recent work by
Dion et al demonstrated [75] a method to preferentially select
the specific macrospin and vortex states in each layer by off-
setting each layer in the stack. Exploring asymmetries in KSI
or TSI lattices with tri-(or higher) layer NMs can allow for
selectively configuring NMs in a host of grounds states, greatly
expanding the functionality of the ASI.

4. Conclusion

The static and dynamic magnetization behavior of FM/N/FM
trilayered NM structures forming arrays of square, kagome,
and trigonal artificial spin ice lattices has been detailed.
Each trilayer NM was composed of two ferromagnetic lay-
ers with different thicknesses separated by a nonmagnetic cop-
per spacer layer. Multi-mode tunability of the dynamic mag-
netic resonant properties for a given lattice was observed as
a function of the interlayer coupling between the ferromag-
netic layers in the constituent NMs. In contrast to the trilayer
square lattice, where only one or two modes can be tuned via
the copper spacer layer thickness, it was demonstrated here
that the interlayer coupling between ferromagnetic layers in
kagome and trigonal NM lattices can be used to tune two or
three different resonance modes and, in particular, control the
relative field spacing between the resonance modes at varying
frequencies. This increases the functionality of the MC. This
work shows that ‘pseudo-3D’ multilayering within the indi-
vidual NMs within an artificial spin ice lattice is a relatively
simple means to move beyond planar structures in the field of
reconfigurable MCs and microwave filter applications that is
compatible with industrial patterning processes.
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