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We report the microwave response of symmetric and asymmetric threefold clusters
with nearly contacting segments that can serve as the node in a Kagome artificial
spin ice lattice. The structures are patterned on a coplanar waveguide and consist
of elongated and nearly-contacting ellipses with uniform thickness. Branches of the
ferromagnetic resonance spectra display mode softening that correlates well with the
calculations, whereas agreement between the measured and simulated static mag-
netization is more qualitative. © 2017 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/10.1063/1.5007281

I. INTRODUCTION

Systems with frustrated magnetic interactions,'™ such as artificial spin ice arrays and artificial
quasicrystals,® have recently attracted much attention, particularly with respect to the field depen-
dences of the quasi-static magnetic response and accompanying magnetic instabilities. The dynamic
behavior of the underlying macrospins is also of interest, but has received much less attention, espe-
cially with respect to soft mode behavior®® near instabilities. The static and dynamic response of
spin ice lattices are generally rather complex, and therefore it is important to understand some basic
properties of their individual building blocks.

In what follows, we present measurements of the microwave absorption spectra together
with simulations of an array of threefold clusters with nearly contacting segments, each segment
having an elliptical cross section and a uniform thickness of 15 nm. We also present prelim-
inary measurements and simulations of the field-dependent static magnetization. The structures
were patterned on top of a coplanar waveguide using electron beam lithography (EBL), thereby
achieving maximal coupling and sensitivity. Larger arrays were also prepared for static magneti-
zation measurements. Ferromagnetic resonance (FMR) spectra were collected while continuously
sweeping up and down between large positive and negative fields, which accessed a broad range
of closely-spaced mode frequencies. The data reveal several modes whose frequency/field tra-
jectories of persist through field reversal, after which they soften and disappear below certain
critical fields. Calculations based on the dynamical matrix method were performed which show
excellent agreement with the experimentally observed results for the dynamic response of our
arrays, including the positions of instabilities; agreement with the static response is more qual-
itative. Finally, we describe changes in the dynamic and static magnetization behaviors induced
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by reducing the aspect ratio of one of the segments for comparison with the symmetric threefold
geometry.

Il. EXPERIMENTAL

The devices consist of a square array of well-separated, threefold permalloy (NiggFe,o) segment
clusters and a coplanar waveguide (CPW),'%"1? as shown in Fig. 1(a). This configuration, involving
metallic contact with the guide, has been shown to achieve maximal coupling and sensitivity in FMR
experiments.'3 The CPWs were formed on an SiO,/Si substrate by optical lithography followed by
the lift-off of a 100 nm Au / 5 nm Ti film that was deposited by electron beam evaporation. The
CPWs have a central line flanked by two ground lines. The 15-nm-thick permalloy cluster arrays
were patterned by a combination of electron beam lithography and electron beam evaporation, using
a lift-off process. A double-layer of positive PMMA spin coating was utilized to ensure a reliable
lift-off for the nano-scale segments following metallization. The base pressure during evaporation
was ~3 x 1077 Torr, and the thicknesses of the Ti, Au, and permalloy films were monitored by a quartz
crystal microbalance; deposition rates were ~0.2 Alsec for Ti, ~1.4 Alsec for Au, and ~0.4 Alsec for
permalloy.

Figure 1(a) shows a schematic of the CPW and the accompanying rose array. Figure 1(b) shows
a scanning electron microscopy (SEM) image of a symmetric sample which has the same aspect ratio
(500 nm x 200 nm) for all three film segments, while Fig. 1(c) shows an SEM of an asymmetric
sample which has a reduced aspect ratio (500 nm x 100 nm) for the segment that is parallel to x-axis.

(a) Ground
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FIG. 1. (a) Schematic of the sample and measurement configuration. The permalloy clusters are written on the central line of
a co-planar waveguide (CPW). The square lattice has a spacing of 1.88 um, and the external magnetic field is applied along the
x-axis. (b) and (c) show SEM images of two samples: (b) is a symmetric sample for which all three segments have the same
aspect ratio; and (c) is an asymmetric sample where the width of the segment oriented along the x-axis is reduced relative to
the other two petals.
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The permalloy for these samples was deposited in a single run. The clusters were patterned on a
square with a lattice constant, d = 1.88 um, and the spacing between the segments at the vertex is
about 100 nm.

lll. RESULTS AND DISCUSSION

We performed broadband FMR measurements using a vector network analyzer (VNA) to detect
the dynamic responses of samples. The VNA is connected via picoprobes to the CPW for recording
the microwave absorption spectra, and the transmission parameter S21 is measured at a nominal
microwave power of 0 dBm. All spectra were recorded using the following routine: First, the magnetic
field H was set at +3000 Oe and the frequency f swept between 2 and 12 GHz to establish a baseline
which was subtracted from the data gathered at all other fields. Frequency sweeps were then carried
out from 2 and 12 GHz for discrete magnetic fields ranging between +1000 Oe and -1000 Oe. To
establish the history dependence of the spectra this procedure was occasionally repeated with the
field swept in the opposite direction.

The theoretical calculations were performed using the dynamical matrix method.'# For the sym-
metric sample each macrospin consisted of an elliptical permalloy film segment of 15-nm thickness

12

12 T

10

Frequency f (GHz)
Frequency f (GHz)

Symmetric

-1000 -500 0 500 1000 -%000 -500 0 500 1000
Magnetic Field H (Oe) Magnetic Field H (Oe)

FIG. 2. (a) The FMR spectra obtained for a symmetric, three-fold permalloy cluster. The frequency f was swept between
2 GHz and 12 GHz at fixed magnetic fields -1000 Oe < H < +1000 Oe. The black arrow indicates the direction of the magnetic
field sweep. (b) A theoretical simulation of the FMR f vs. H spectrum. (c) The corresponding out-of-plane component of
the magnetization for: (1) the first fundamental mode, (2) a backward-like volume mode, and (3) the second (though highly
hybridized) fundamental mode.
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with minor and major axes of 200 and 500 nm, respectively, for an aspect ratio of 2/5. This choice
was motivated by the fact that overly elongated ellipses are known to have low-frequency excitations
localized in narrow areas at the ends of the segment (longitudinally),'>'¢ and those modes are unlikely
to give large FMR signals. Similar calculations were performed for asymmetric samples having an
aspect ratio 1/5.

The FMR absorption spectra from the threefold-symmetric sample are shown in a false-color-
coded image in Fig. 2(a), while the dynamical matrix results are shown in Fig. 2(b). Modes (1) and
(3) in Fig. 2(b), were clearly detected. The first lies at lower frequency and has a larger intensity,
while the second is at higher frequency. Note the overall agreement is rather good, particularly for the
behavior of the fundamental mode (1) of Fig. 2, which exhibits a softening effect at negative fields.
The softening effect is a non-linear behavior of the frequency vs. field curve when approaching the
reversal field. The distributions of the dynamic magnetization associated with these modes are shown
in Fig. 2(c). Mode (1) is localized within the two oblique macrospins with larger amplitude at lower
frequencies; modes (2) and (3) are localized in the horizontal macrospin with lower amplitude at
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FIG. 3. (a) The FMR spectra obtained for a permalloy cluster consisting of asymmetric segments. Here, the frequency was
swept between 2 GHz and 12 GHz at fixed magnetic fields ranging between +1000 Oe and —1000 Oe. The black arrow indicates
the direction of the magnetic field sweep. The line is a guide for a faint spectrum. (b) A theoretical simulation of the FMR f
vs. H spectrum. (c) The corresponding out-of-plane component of the magnetization for: (1) the first fundamental mode, and
(2) the second fundamental mode.
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FIG. 4. Experimental and theoretical M-H curves; (a) symmetric and (b) asymmetric sample.

higher frequencies. The predicted mode (2) is a backward-like volume mode with two nodal lines
orthogonal to the local magnetization direction; however, it was not detected.

Figure 3(a) shows the experimental field dependence of the observed spectra for the asymmetric
sample, while 3(b) shows the corresponding theoretically calculated spectra. Here, we observe only
a single dominant mode. Figure 3(c) shows the predicted mode profiles for the two principal modes.
Mode (1) of the asymmetric sample in Fig. 3(a) is a similar to mode (1) of the symmetric sample
of Fig. 2(a). There is evidence of a weaker mode on the positive field side at higher frequency
in Fig. 3(a), which corresponds to mode (2) in Fig 3(b). As with the symmetric sample, we find
that the experimental data for the asymmetric sample are in good agreement with the theoretical
predictions.

In order to simulate the equilibrium magnetization configuration, OOMMF'” using 5 x 5 x 15
nm?® micromagnetic cells was used with following parameters: magnetic moment 1.0 X 10® ug and
0.6 x 10% pg for only thinner cluster in the asymmetric sample, saturation magnetization Ms = 860
kA/m, and exchange stiffness parameter A = 1.3 x 10"'! J/m. The normalized hysteresis loops, M
vs. H, for the symmetric and asymmetric samples are shown in Fig. 4(a) and (b), respectively. Since
our artificial macrospins are elongated nanodots, magnetization reversal occurs gradually by partial
rotation of the magnetic moments within each macrospin. For the symmetric sample in Fig. 4(a), the
simulated magnetization in the segments gradually decreases with decreasing magnetic field down to
a first critical field at =290 Oe, which is in reasonable agreement with a feature in the experimental
data; however, the simulations also show a second critical field at —420 Oe which the experiments
to not show. Note that the minimum of the effective field in the simulations occurs at the inner end
of the horizontal macrospin, which is not clearly detected in the FMR spectra in Fig 2(a). Below the
second critical field, the macrospins are completely aligned with the applied field (opposite to their
original direction).

Due to the broken symmetry of the asymmetric sample in Fig. 4(b), the simulations predict
three critical fields which occur at —280, —310, and —490 Oe. Experimentally (blue open triangles),
two of the critical fields occur close to predicted values, while a third one differs by approximately
~200 Oe. The reversal in the asymmetric sample is relatively more extended due to the stronger shape
anisotropy and higher exchange stiffness value. Further details concerning the theoretical predictions
will be reported elsewhere.'®

3

IV. CONCLUSION

We have performed measurements, calculations and simulations of the static and dynamic
response of a system consisting of three closely-positioned elliptical macro spins. Such studies are
clearly essential if one is to understand the dynamics of spin-ice and other lattices involving similar
building blocks.
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