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ABSTRACT

We have investigated the static and dynamic behavior of “pseudo-3D” trilayer square artificial spin ice structures. The trilayer stack comprises
of two ferromagnetic Ni81Fe19 (Permalloy, Py) layers with 30 and 70 nm thickness, separated by a nonmagnetic copper layer of varying thick-
ness from 2 to 40 nm. We show that the copper thickness enables interlayer coupling between layers to be finely controlled, leading to
bespoke magnetization states and resonance spectra tuning. Our results demonstrate a further route to control the interaction in artificial
spin ices beyond planar structures, enabling tunable magnetization dynamics, a potentially programmable degree of freedom for magnonic
and microwave devices.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0177447

As electronic device structures approach dimensions � 10nm,
efficiency gains have plateaued due to manufacturing limitations and
power supply and cooling restraints,1,2 leading to a search for energy
efficient, next-generation computing hardware. Magnonics,3 an
emerging branch of spintronics, potentially offers low-power transmis-
sion and processing of data4–9 and has been recognized as a promising
candidate for neuromorphic,10–14 reservoir,15,16 and Boolean comput-
ing.17–19 The magnetic structure, the “magnonic crystal,” through
which the magnons propagate is key to controlling spin-wave behav-
ior. Patterned arrays of nanomagnets (NMs) have recently shown
potential applications in bit-patterned media,20 logic devices,21,22 and
microwave filters,23–25 while artificial spin ice (ASI) arrays are attract-
ing considerable attention as functional magnonic crystals.26–29 ASI
arrays are magnetic metamaterials composed of two-dimensional (2D)
planar arrays of NMs that depend on the lattice spacing and the geo-
metrical arrangement between individual NMs to tune the long-range
magnetostatic interactions, enabling some control over the collective
magnetization states and the resulting spin-wave behavior.

ASI structures have been widely studied, among them square
spin ice,30 kagome spin ice,31 shakti lattices,32 and tetris lattices,33 dem-
onstrating complex collective behavior.9,34–43 Beyond simple arrays,

locally broken symmetries in closely spaced arrays have been shown to
have rich spin-wave spectra.15,44,45 Separately, recent research has been
directed toward the fabrication of three-dimensional (3D) structures
such as scaffolds,46 tetrapods,47 and nanovolcanoes,48 where rich mag-
netic spin textures not seen in 2D structures appear. Although con-
structing such complex 3D structures is currently time-consuming, it
requires specialized fabrication equipment. However, extending the
control and tunability of magnon spectra via control of the third, verti-
cal dimension, using standard lithography techniques, could poten-
tially provide a facile, industry-compatible method of adding an extra
dimension for system tunability. Recently, studies have been carried
out on the magnetization dynamics of trilayer nanowires49 and isolated
nanodots50 using a nonmagnetic layer to separate two ferromagnetic
layers, but the emergent magnetostatic and magnetization dynamics
resulting from trilayered NMs in ASI arrays, where more complex
magnetization states beyond the classic ASI behavior may appear, has
not yet been investigated in ASI-type arrays.

In this work, we investigate the collective static and dynamic mag-
netization behavior of pseudo-3D square ASI-type arrays, in which each
nanomagnet is a trilayer stack composed of two ferromagnetic Ni81Fe19
(Permalloy, Py) layers with thicknesses of 30 and 70nm, separated by a
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nonmagnetic copper layer of varying thickness. We first assessed the dis-
tinct static and dynamic behavior of the individual ferromagnetic layers
and then examined the effect of varying the thickness of the nonmag-
netic spacer layer on the reversal process and ferromagnetic resonance
(FMR) mode spectrum. Our results demonstrate that the copper thick-
ness enables interlayer coupling between layers to be finely controlled,
leading to bespoke tuning of the magnetization states and ferromagnetic
resonance spectra. Micromagnetic simulations confirm interlayer cou-
pling is modified, with the ferromagnetic layers responding differently
to the increased thickness. Our results highlight a pathway for tuning
the static and dynamic magnetic behavior of ASI arrays for functional
applications, offering an important additional degree of freedom.

Figure 1(a) shows a schematic of the finite square ASI arrays
studied here, where each NM is a trilayer of Py[70nm]/Cu[tCu]/Py
[30 nm] with tCu ¼ 0–40nm. The ASIs were patterned using deep UV
(DUV) photolithography on silicon (100) substrates, as described in
Singh and Adeyeye,51 covering a square area of ð4mmÞ2. Ni81Fe19 and
Cu were evaporated using a thermal evaporator with base pressure of
1:1� 10�7 Torr, deposited at a rate of 0.2 Å/s calibrated using x-ray
reflectivity. Deposition was followed by ultrasonic liftoff with acetone
and isopropyl alcohol. Scanning electron microscopy (SEM) images
shown in Fig. 1(b) confirm good liftoff and uniformity of the NMs over
a large area. Each NM has dimensions of 500nm (l) � 250nm (w),
spaced edge-to-edge by 650nm [Fig. 1(b) inset].

Quasi-static magnetization behavior was characterized with a
vibrating sample magnetometer (VSM) using the in-plane

configuration to measure magnetization as a function of applied field
to generate hysteresis (M–H) loops oriented along / ¼ 0� and 45�

[Fig. 1(b) inset], with a field range of65 kOe.M is defined as the mag-
netic moment of each sample and saturation magnetization (MS) asM
atþ5 kOe. Figure 1(c) shows the M–H loops at / ¼ 0� of the individ-
ual Py layers with 30 nm (black) and 70nm (red) thickness. Alongside
the M–H loops are plotted the slope of one-half of the magnetization
curves, ðdM=dHÞ=MS (dotted lines), to highlight the reversal features
within the M–H loops, determined by weighted linear least squares
regression with a window of five neighboring points. The 30 nm-thick
sample shows a clear three-step reversal features, consistent with a
combination of near-macrospins and nucleation/annihilation of vorti-
ces for nanomagnets aligned with their easy and hard axis with respect
to the applied field. In contrast, the M–H loop for the 70 nm-thick Py
ASI shows five distinct reversal features, attributed to the nucleation,
propagation, and annihilation of two vortices in each nanomagnet. In
both cases, the interpretation is supported by the micromagnetic anal-
ysis described later.

Dynamic magnetic behavior was measured by ferromagnetic res-
onance (FMR) spectroscopy using a fixed, in-plane RF field in the
range of 8–16GHz oriented in-plane and orthogonal to an applied
external field, H [Fig. 1(a)]. The derivative of the absorbed power with
respect to the applied field (dP/dH) was measured as the field was
swept from 5kOe to 0Oe using a field modulation technique, with a
broadband microwave detector diode coupled to a lock-in amplifier.
Figure 1(d) shows the corresponding FMR spectra measured at

FIG. 1. (a) Schematic of trilayer square
ASI array and (b) SEM images of the
nanomagnet array. Inset shows magnified
image with nanomagnet and array dimen-
sions. (c) and (d) M–H loops (solid lines)
alongside ðdM=dHÞ=MS (dashed lines)
and FMR spectra at 12 GHz, respectively,
for single layer ASIs of 30 nm-thick (black)
and 70 nm-thick (red) Py. The orange dots
in (d) indicate resonance fields. (e) and (f)
Simulated remanent fields at the midpoint
of the 30 and 70 nm-thick Py layers,
respectively.
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12GHz for the single 30 nm (black) and 70nm (red) layers. Two
distinct resonance fields are observed during the field sweep along
/ ¼ 0�; HR1 and HR2. The HR1 (HR2) resonance field is associated
with ferromagnetic resonances localized in the nanomagnets whose
easy (hard) axis is aligned with the applied field. TheHR1 mode is sim-
ilar in both layers (near 1.00kOe), while HR2 is higher in the thicker
70 nm layer due to the larger in-plane demagnetization fields.

To understand the effect of increased thickness, micromagnetic
simulations of the remanent field within the layers were performed
using OOMMF.52 The Py parameters used include a saturationmagneti-
zation of MS ¼ 8:0� 105 A/m, a magnetocrystalline anisotropy con-
stant of K¼ 0, an exchange constant of A ¼ 13� 10�12 J/m, a
damping parameter of a ¼ 8:0� 10�3, and a stopping torque of 0.1.53

Array dimensions were obtained from SEM images on a square atlas
ð1:8 lmÞ2 in area using cubic cells ð5 nmÞ3 in volume and using 2D
periodic boundary conditions.54 Figures 1(e) and 1(f) show a vector field
plot of the remanent field, Hd, in the x–y plane at the midpoint of each
layer. For the 30nm thick Py, the NMs whose easy axes are aligned
along the applied field have a near macrospin state, while those whose
hard axis is along the applied field are near vortex nucleation. In con-
trast, the remanent fields in the 70nm layer are in closed-loop states,
consistent with a pair vortices of opposite chirality in easy-axis NMs and
a single vortex in the hard-axis NMs. For simulated M–H loops and
magnetization states at remanence, refer to the supplementary material.

Effectively combining these two single layers, a series of pseudo-
3D trilayer nanomagnets in square ASI arrays were synthesized.

Figures 2(a)–2(c) show the M–H loops for trilayered arrays where
tCu¼ 2, 20, and 40nm, respectively. We first note the spread of the
vortex nucleation/annihilation fields varies significantly across sam-
ples. Beginning with the wide spread for tCu¼ 2 nm [see Fig. 2(a)], we
see the spread of nucleation/annihilation fields shrink in width for
tCu¼ 20 nm, centered around 1 kOe [Fig. 2(b)], before shrinking in
width further and moving below 1 kOe for tCu¼ 40nm [Fig. 2(c)],
approaching the features of the 70nm-thick single layer ASI. Indeed,
this is further corroborated by the appearance of reversal features for
/ ¼ 0� near62.1 kOe for the tCu¼ 40nm sample, similar to those of
the 70nm single layer ASI. This variation in the spread in vortex
nucleation/annihilation fields is attributed to a tuning of the interlayer
coupling between ferromagnetic layers with increased copper thick-
ness, from close coupling with 2 nm Cu to eventually two independent,
essentially decoupled ferromagnetic layers. In addition, we note that
each of the plots has an open loop around H¼ 0, indicative of the
presence magnetization from the 30 nm-thick single layer ASI, in con-
trast to the 70nm-thick single layer ASI, which showed a linear mag-
netization change through zero. Figures 2(d) and 2(f) show magnified
M–H loops corresponding to the blue highlighted regions in Figs.
2(a)–2(c), where arrows are used to highlight the splitting, shifting, and
broadening of reversal features in the 30nm layer as tCu is increased.
The main reversal features along / ¼ 0� are denoted with arrows as A,
B, and C. For tCu¼ 2nm [Fig. 2(d)], we see two closely spaced reversal
features near H¼ 0, A and B, peaks which sharpen and split farther
apart as the spacer layer thickness increases to tCu¼ 20 and 40nm,

FIG. 2. (a)–(c) Normalized M–H loops, M=MS, and ðdM=dHÞ=MS for trilayer arrays with tCu¼ 2, 20, and 40 nm, respectively. Highlighted blue region corresponds to the magni-
fied region shown in (d)–(f). Arrows highlight reversal features that are tuned as a function of tCu. The red and black curves are measured with applied field oriented at 0

� and
45� with respect to the square lattice.
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from 40 to 120 to 150Oe. The reversal features associated with C also
changes, sharpening and shifting to higher field when tCu¼ 20 nm,
before broadening and moving to a lower field when tCu¼ 40 nm.
Interestingly, the observed shifts are more dramatic along / ¼ 45�;
two features denoted A0 and B0 are separated by 80Oe in the
tCu¼ 2 nm case and split further apart with increasing tCu, while C0 has
shifted to a much higher field compared to / ¼ 0� (near 900Oe) as
tCu increases. This shows the effect of tCu is not symmetric along mea-
surement directions in the plane, where tuning interlayer coupling
leads to more complex magnetization states.

To understand how the magnetization states evolve with tCu,
Fig. 3 shows vector fields plots of the remanent field, Hd, from micro-
magnetic simulations, at the midpoint of each ferromagnetic layer, 30
and 70nm (top and bottom panels, respectively), in the trilayer stack
for tCu¼ 5 and 40nm (left and center panels, respectively). In Fig. 3(a),
we see the formation of complex magnetization states that are neither
vortex-like nor macrospin-like in all NMs when tCu¼ 5 nm, in con-
trast to tCu¼ 40nm [Fig. 3(b)], where near-macrospins and vortices
form in the NMs along the easy and hard axes, respectively, much like
the 30 nm-thick single layer ASI case. By taking a line-cut of the rema-
nent field along the x axis [Fig. 3(c)] and plotting the x-component
(Hd�x), we can see how interactions in the 30 nm layer evolves with
tCu. Starting from tCu¼ 0 nm (red), we see Hd�x is strongly modified
by the presence of the 70 nm layer (red), but smoothly begins to con-
verge to the 30 nm-thick single layer ASI (black), as tCu increases to

5 nm (green) and 40nm (blue). The effect of tCu on the 70nm layer is
even more dramatic. When tCu¼ 5nm [Fig. 3(d)], Hd forms closed
loops consistent with a pair of canted vortices in hard-axis NMs and a
single vortex in the easy-axis NMs, while at tCu¼ 40 nm [Fig. 3(e)], Hd

is consistent with the formation of single vortex states in all NMs, dis-
tinct from the 70nm single layer ASI. By plotting Hd�x [Fig. 3(f)], we
see Hd�x smoothly diverges from the behavior of the 70 nm-thick sin-
gle layer ASI as tCu increases, suggesting that the effect of tCu is not
equivalent between the two ferromagnetic layers in the tCu range under
study. These results confirm that the copper layer offers an additional
dimension of control, which allows for an increased number of com-
posite magnetization states at remanence, such as macrospin, single
vortex, or bi-vortex states, as well as tunable switching field distribu-
tion and nucleation/annihilation fields.

This tunable interlayer coupling leads to striking and controllable
changes in the dynamic magnetization behavior. Figures 4(a) shows
representative FMR spectra measured with the applied field along
/ ¼ 0� at a frequency of 11.5GHz. The two dashed lines mark the res-
onance fields HR1 and HR2 for the tCu¼ 0 nm case as a reference. The
copper spacer layer causes the resonance modes to shift and broaden,
with tCu¼ 2 nm first lowering HR2 to a smaller field, by 0.180kOe,
while keepingHR1 essentially unchanged. As tCu is increased to 20 and
40nm, both HR1 and HR2 shift to lower fields, reaching 0.713 and
3.22 kOe. The complex spin dynamics and tunability are further
highlighted in measurements along / ¼ 45� [Fig. 4(b)], where H0

R

FIG. 3. Simulated remanent field, Hd, at the midpoint of each ferromagnetic layer in the trilayer stack. (a) and (b) Hd at the midpoint of the 30 nm layer for tCu¼ 5 and 40 nm,
respectively. (c) The x-component of Hd (Hd�x ) in the 30 nm layer along x for several thicknesses of tCu. (d) and (e) Hd at the midpoint of the 70 nm layer for tCu¼ 5 and 40 nm,
respectively. (f) Hd�x along x in the 70 nm layer for several tCu.
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moves to larger fields for tCu¼ 0 and 2nm, before a shifting to smaller
fields when tCu¼ 20 and 40nm. The qualitative behavior of the FMR
spectra is also affected by the introduction of the spacer layer with
clear, narrow resonance features observed for all samples measured
along / ¼ 0�, while in the 45� case, the resonance features are more
complex with the copper layer thickness. Interestingly, the relative
spacing between resonance modes (DHR) is also tuned with copper
thickness. Figures 4(c) and 4(d) show resonance modes corresponding
to HR1 and HR2, respectively. The effect on HR1 is minimal for tCu¼ 0
and 2nm, before shifting dramatically for tCu¼ 20 and 40nm, while
there is a more gradual shift inHR2 as tCu increases.

This clearly shows an additional degree of tunability accessible
via pseudo-3D trilayered structures—the tunability of not only the res-
onance fields, but also the spacing between the modes. The effect is
also clear in the micromagnetic simulations of the spatial resonance
modes. Simulated frequency sweeps were done using a sinc pulse of
20GHz with an amplitude of 50Oe, with a duration limited to 4ns in
10 ps time steps. Spatial modes were computed using a Spatial Spectral
Analysis Tool,55 with an added Hanning window during FFT process-
ing. Figure 4(e) shows the simulated spatial spectra corresponding to
an applied field of 1.5 kOe and a resonance peak of 14.07GHz associ-
ated with the fundamental resonance modes of the NMs whose easy
axis is aligned with the applied field. The resonance frequency at this
field is in good agreement with Fig. 4(c), denoted with a star. The top
figure shows the spatial spectra in the 30nm layer, while the bottom
shows that of the 70nm layer. Here, we see that the spatial mode is
heavily localized in the center of the 30nm layer, while heavily local-
ized at the side walls of the 70nm layer. This near-complete decou-
pling of the spatial modes in the two ferromagnetic layers highlights
how tuning magnetostatic coupling in trilayer NMs can lead to

complex, layered spatial spin-wave localization and propagation, con-
firming that spacer-layer thickness variation enables bespoke control
of resonance frequencies, spectral spread, and spatial profiles.

In this work, we have examined the static and dynamic behavior of
pseudo-3D trilayer structures in square artificial spin ice arrays, where
the nanomagnets are two ferromagnetic layers of different thicknesses
separated by a nonmagnetic copper layer of varying thickness. Significant
tunability of the magnetic properties is observed due to modification of
the interlayer coupling between the ferromagnetic layers in the nanomag-
nets with nonmagnetic layer thickness. We have shown that the inter-
layer coupling between layers can be used to tune not only the
magnetization states and resonance modes, but also the relative spectral
spread between them. The experimental results are in good agreement
with micromagnetic modeling. Our work shows potential importance as
a facile method to move beyond planar structures in the field of reconfig-
urable magnonic crystals and microwave filter applications.

See the supplementary material for simulated magnetization vs
field (M–H) loops of the 30 and 70nm single layer ASIs, as well as sim-
ulated magnetization states at selected fields along the M–H loops.
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FIG. 4. (a) and (b) Representative FMR spectra at 11.5 GHz for trilayer arrays with increasing tCu along / ¼ 0� and 45�, respectively. (c) and (d) Frequency vs applied field
for HR1 and HR2 measured along / ¼ 0� for trilayer arrays with increasing tCu. (e) Spatial mode profiles along the midpoint of the 30 nm (top) and 70 nm (bottom) layers in a tri-
layer stack when tCu¼ 40 nm.
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