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We report broadband spin-wave spectroscopy on kagome artificial spin ices (KASIs) made of large arrays of discon-
nected NigjFe g9 400-nm-long nanobars. We observed spin wave spectra that varied characteristically upon the sepa-
ration between neighboring nanobars. The dipolar coupling within the KASI is analyzed in terms of a configuration-
dependent bias field. It varies between about 30 and 40 mT for nearest-neighbor separations of 300 and 60 nm, respec-
tively. Similarly to interconnected KASIs, we reprogramm the spin wave spectra by means of a specific field protocol.
The disconnected KASTIs are promising for reprogrammable spin wave guiding in underlayers.

Artificial spin ices are created from arrays of nanobars

on periodic lattices'? and have attracted considerable at-
tention from fundamental physics as well as magnonics
community>*. Significant progress has been made in under-
standing quasistatic and magnetodynamics properties at GHz
frequencies in kagome artificial spin ice (KASI) made of ar-
rays of interacting nanobars on kagome lattice>>~. The arti-
ficial spin ices have been proposed to answer not only funda-
mental questions about geometrical frustration effects®%? but
also as planar reconfigurable magnonic crystals>”'%13, One
of the crucial questions that still need to be studied in detail
is what happens to the spin wave dynamics when one system-
atically tunes the geometrical frustration via tuning the dipo-
lar interactions among the nanobars. Recently, an intercon-
nected KASI was reprogrammed using a 2D magnetic field
protocol ', but no studies have been reported on whether such
reprogramming of arrays is possible when exchange interac-
tion among the nanobars is absent.
Here we report our study on the effect of differently engi-
neered dipolar interactions among nanobars arranged on the
kagome lattice (Fig. 1). We observed that spin wave spectra
varied characteristically as we studied the angular dependence
of resonant microwave absorption. We show that a 2D mag-
netic protocol can be used to program the KASI also in case
of disconnected nanobars. The findings are relevant for hybrid
magnonic devices for which the artificial spin ice modifies the
magnon propagation in a soft magnetic underlayer'>.

The KASI samples were prepared using ebeam lithography
and lift-off techniques. Each KASI [Fig. 1(a)] covered a write-
field area of 120 x 120 um?, and was repeated on a 35 x 5
array to increase the signal-to-noise ratio for broadband spec-
troscopy measurements. The separation between neighbor-
ing KASI was 10 um along x- and y-direction. The nominal
length, width, and thickness of a Nig;Fe9 (Py) nanobar were
kept at 400 nm, 130 nm, and 25 nm, respectively. The shortest
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distances between two nanobars in samples named Sample-
I [Fig. 1(a)] and Sample-II [Fig. 1(b)] were 60 nm and 300
nm, respectively. Room-temperature broadband spin wave
spectroscopy measurements were performed using a coplanar
waveguide with 20 microns wide signal line aligned along the
T'1 nanobars [corresponding to ¢ = 0° in Fig. 1(c)] and vector
network analyzer. We recorded the S-parameters as a function
of frequency f at the constant uoH and fixed angle ¢. This
corresponded to single spectrum S[H,¢]. We then subtracted
a spectrum taken at a successive field H + 6H taken at the
same ¢ and obtained AS = S[H + 6H,¢] — S[H, ¢] providing
an enhanced signal-to-noise ratio to identify resonances. The
field upH was varied from —90 mT to +90 mT in steps of
Uo6H =1 mT.

Simulations were performed using the OOMME code’-'¢. The
Py parameters used in the simulations were as follows: ex-
change constant A = 1.3 x 10~!! Jm~!, saturation magnetiza-
tion Ms = 820 x 10> Am~', and dimensionless damping coef-
ficient & = 0.01. The simulations displayed in Fig. 1(d) to (f)
highlight that for ¢ = 15° three types of nanobars T'1, T2, and
T3 can be distinguished in that their fundamental resonances
of nearly uniform spin precession in (d) and (e) occur at dis-
tinctly different eigenfrequencies. Similarly to interconnected
KASIs, we reprogramm the spin wave spectra by means of a
specific field protocol. These are attributed to different inter-
nal fields'” due the orientation-dependent demagnetizing ef-
fect.

Figure 2 shows detailed spin wave spectra at various fixed
angles ¢ for Sample-I (top row) and Sample-II (bottom row)
as a function of H. At ¢ = 0°, we observed two promi-
nent branches, Al and B1, showing spin wave resonance at
13.3 GHz and 10.6 GHz, respectively, at gpH = -90 mT in
Sample-I. The spin wave frequencies of branches Al and B1
decrease as we increase H. The two branches cross one an-
other at uoH = +12 mT. At pH = 44 mT, we see jumps in
the branches (switching fields of modes) and at 48 mT all the
nanobars have undergone the switching process. At ¢ = 5°,
another spin wave branch appears in that the single branch B1
splits into two. As ¢ is increased further to 15°, mode Bl
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FIG. 1. Microscopy images of inner sections of (a) Sample-I and
(b) Sample-II. Bright (dark) regions correspond to Nig; Fe;g (Si). (c)
Cartoon representation of magnetization vectors M (arrows) in the
KASI sample when the T'1 (red) and 72 (cyan) nanobars have under-
gone switching while T3 (green) nanobars are still aligned with the
initial saturating field. The blue and magenta balls represent charges
+¢ and —g¢, respectively. Spin precessional power maps for Sample-
I at uoH = —90 mT applied at ¢ = 15° illustrate prominent power
absorption in (d) T'1 (at f = 13.2 GHz), (e) T2 (at f = 11.6 GHz),
and (f) T'3 (at f = 9.5 GHz) nanobars. The red and blue color repre-
sents maximum [200 (A/rn)z] and minimum [0 (A/m)2] power (MZZ)
absorption, respectively.

splits more clearly into the two modes B1 and C1. The simu-
lations performed for 15° and -90 mT [Fig. 1(d) to (f)] allow
us to attribute the branches Al, B1, and Cl1, to the three dif-
ferently oriented nanobars T'1, T2, and T3, respectively. The
mode B1 moves to the higher frequency side as the in-plane
angle is increased, whereas resonance frequencies of modes
Al and CI decrease.

For Sample-1I, we again observed two branches with reso-
nance frequencies similar to Sample-I. This implies that the
resonance frequencies for the saturated regime depend upon
the length, width, and thickness of a nanobar. The separation
between the nanobars does not play a major role for frequen-
cies at large H indicating that the dipolar coupling and stray
fields do not contribute significantly to the internal fields at
high fields'”. The spin wave frequencies of branches A2 and
B2 decrease as we sweep to positive H. The two branches
cross one another at tipH = +4 mT. This value is smaller com-
pared to Sample-I. At about 44 mT, we observe jumps in the
spin wave branches representing switching of nanobars into
the applied field direction. At 48 mT all the nanobars have
undergone the switching process, similar to Sample-1. At ¢ =

5°, a separate spin wave branch appears. As ¢ is increased fur-
ther, the mode B2 splits into two modes B2 and C2, allowing
for the allocation to 72 and 73 nanobars, respectively. The
mode B2 moves towards higher frequency, whereas resonance
frequencies of modes A2 and C2 get lower as the in-plane an-
gle increases and reach their extreme values at 30°.

The symbols in Fig. 2 highlight that the branches A (red sym-
bols), B (green symbols), and C (cyan symbols) arise from the
power absorption due to the fundamental modes in nanobars
of types T'1, T2, and T3, respectively. Additional branches
corresponding to absorption due to higher-order standing spin
waves in T'1 (blue symbols) and 72 (yellow symbols) nano-
bars were also seen in simulations and experiments. They
reside at lower frequencies compared to branches A and B,
respectively, indicating confinement along the long axis, i.e.,
confined backward volume magnetostatic spin waves.

We observe distinct features in the switching regime of
Sample-I when ¢ > 5°: 1) The switching field of spin wave
modes Al and B1 remains almost identical to the one for ¢ =
0°, whereas the switching field of C1 greatly varies with angle.
2) The previous study'® on KASI made out of interconnected
nanobars has reported the appearance of a single branch rep-
resenting switched 7'1 and 72 segments that showed a change
in slope as the branch corresponding to switched 73 seg-
ments emerged. For disconnected nanobars studied here ob-
servations are different: i) two separate branches correspond-
ing to switched 7'1 and 72 segments are resolved. ii) The
slopes df/dH of branches Al and B1 attributed to 71 and
T2 segments, respectively, after switching get similar as ¢ ap-
proaches 30°. iii) The slopes df/dH of branches Al and B1
undergo changes as the branch C1 starts to emerge. iv) After
the switching of 7'3 nanobars, the branch corresponding to 72
shifts to a lower frequency, whereas the branch correspond-
ing to T'1 shifts to a higher frequency. In Fig. 3(a) [(b)] we
show the values df/dH of branches Al and A2 of Sample-
I (Sample-II) as extracted from the measured resonance fre-
quencies f at UpH > 50 mT [c.f. Fig. 3(c)], i.e., after the
switching of 7'1 and 72 nanobars, for different ¢. For Sample-
Tand ¢ = 10,15,and 20° we observe local maxima in d f /dH
near 64, 71, and 79 mT, respectively. The upper curve f(H)
(symbols) for ¢ = 15° in Fig. 3(c) substantiates that the local
maximum in df/dH identifies the field regime where branch
A of Sample-I gains a frequency offset to higher frequencies
with increasing H. We attribute this field regime to the fields
for which 7'3 nanobars switch. The local maxima in df/dH
are not clearly developed for Sample-II in Fig. 3(b), consis-
tent with the nearly vanishing frequency offset of branch A
displayed by the lower curve (symbols) in Fig. 3(c). We at-
tribute the latter observations to the relatively large separation
between nanomagnets which reduces the dipolar interaction
by stray fields. This will be further analyzed in the following.
In the switching regime of 7'3 nanobars, we see a pronounced
characteristic difference between Sample-I and Sample-II
[compare the white dashed arrows in Fig. 2(d) and (k)] as the
applied field lifts the degeneracy for ¢ > 5°: the two branches
A and B change their slopes df/dH differently when branch
C appears [Figs. 3(a) and (b)]. We consider these changes in
df/dH to be a direct function of the separation between the
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FIG. 2. Spin wave absorption spectra AS for (a-g) Sample-I (top row) and (h-n) Sample-II (bottom-row), for various in-plane angles ¢. The
dashed vertical arrows in (d) and (k) define regions in which Type 7'1 and 72 nanobars are switched but 7'3 nanobars remain unswitched. The
min and max in the grey scale map corresponds to -0.0001 and 0.0001 in arbitrary units. The symbols correspond to resonance frequency

values extracted from simulations.

nanobars. To explore this consideration in further detail, we
make use of the charge model>*!®. We assume that each Py
nanobar is a dumbbell with charges +¢ =M -t-w-[/l and —q
at its opposing ends, where M represents the magnetization
of a given Py nanobar. Each vertex in a KASI (excluding the
outermost rim) possesses a coordination number of 3, and the
total charge at a given vertex is defined as Q = ):? gi. If one
considers the switching regime where the nanobars 7'1 and
T2 undergo switching but not 73, one observes that the total
charge remains the same as in the completely un-switched ref-
erence configuration. However, the —g charge of a 72 nano-
bar is in close proximity with the +¢ charge of the T'1 and 73
nanobars. Repulsion (and attraction) of these charges displays
the dipolar interaction between nanobars and potentially mod-
ifies resonance frequencies at moderate applied fields. The sit-
uation reverses when the nanobars of type 7’3 reverse because
the —g charge of T2 nanobar is in close proximity with the
—q charge of the T'3.

We now discuss possible reasons for different df/dH in
Fig. 3(a) and (b) focusing on ¢ = 15°. We assume that the
local magnetic configuration of neighboring nanobars induces
a bias magnetic field Hg, which indicates their effective dipo-
lar interactions. To estimate this field, we consider the Kittel
equation for an individual magnetic ellipsoid in which we in-
troduce Hg as an additional magnetic field:>'7

f= %\/[(H+HB)+(NZ—NX)M] [(H+HB)+(Ny—NX)M }

)]
where 7 is the gyromagnetic ratio and y/2w = 28 GHz/T.
For the nanobars we estimate relevant demagnetization fac-
tors N (along the long axis), Ny (across the width), and N,
(in out-of-plane direction) using Ref.?°. Note that Hp is not
an absolute measure of the interaction field as Eq. (1) as-
sumes the alignment of both H and M with the nanobar’s

long axis. This is not strictly realized for ¢ = 15°, but the
field component H X sin 15° is considerably smaller than the
anisotropy field H,y,; (see below) and allows for a small mis-
alignment angle only. Under these conditions, Hg allows us
to relatively compare the effect of the different separations
of nominally identical nanobars. Hg = 0 would correspond
to an isolated nanobar without interacting neighbors whose
eigenfrequency is described by the unmodified Kittel equa-
tion. Assuming N, + N, +N, = 1 we get values Ny = 0.05457,
Ny = 0.1758, and N; = 0.7695 for the 400-nm-long nano-
bars with magnetization oM = 1.03 T. These values suggest
MoHani = (Ny — Ny) oM ~ 0.12 T > poH. We fit Eq. (1) to
different segments of branches A of Sample-I and Sample-II
in Fig. 3(c) (colored lines). The bias magnetic fields uoHg
evaluated for 7'1 nanobars after (before) the switching of 7'3
nanobars in Sample-I and Sample-II amount to 39.8 £ 0.07
mT (33.1 £ 0.45 mT) and 30.7 & 0.12 mT (28.5 £+ 0.21
mT), respectively. The value poHp is higher for the closely
spaced nanobars in Sample-I. The differences between the in-
ternal fields before and after switching of 7'3 nanobars are 6.7
and 2.2 mT for Sample-I and Sample-II, respectively. The
large (small) difference of 6.7 (2.2) mT extracted for Sample-
I (Sample-1I) substantiates why local maxima d f /dH are well
(not) resolved in Fig. 3(a) [(b)].

Recently, interconnected KASI were reconfigured using a 2D
magnetic field protocol'. It is instructive to see whether dis-
connected KASI?!-23 can be reconfigured as well. We demon-
strate how to reconfigure the kagome ASI between configura-
tions X and Y of bow-tie subgroups'# which are sketched on
top of Fig. 4. We first sweep the field from poH = 90 mT at ¢
=15° to —70 mT and then to 0 mT at the same angle ¢. Up to
0 mT the branches are monotonic, indicating that X is stable
at the remnant configuration. At 0 mT, we change the angle
setting to ¢ = -15°. Subsequently, we increase the field from
0 to 90 mT along ¢ =-15°. At ¢ =-15°, the vectors M of T'1
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FIG. 3. Slope df/dH extracted from branches A measured at dif-
ferent angles ¢ for (a) Sample-I and (b) Sample-II. (c) Field depen-
dencies of branches Al_1 (A2_1) and Al1_2 (A2_2) for Sample-I
(Sample-1I) before (_1) and after (_2) the switching of T3 nano-
bars. The angle ¢ was 15°. Open symbols represent the resonance
frequency values at ¢ = 15° and the solid lines represent fits using
Eq. (1) in the different segments of branches A.

(red) and T2 (blue) nanobars are opposed to H, whereas M
of T3 (green) nanobars of bow-tie-subgroup configuration X
are aligned with H. Therefore, only the 73 nanobars lead to
a branch with df /dH > 0, while the other two types of nano-
bars induce branches with df/dH < 0. At about +45 mT in
Fig. 4(a) and (b) we see that a high-frequency branch Al cor-
responding to switched 7'1 nanobars (red) has emerged. Due
to the smaller misalignment angle with H their resonance is
at a higher frequency than the branch of the aligned 7'3 nano-
bars. These latter nanobars do not change their magnetiza-
tion direction for increasing H. We call this emerging con-
figuration in the bow-tie subgroup Y. In the intermediate field
regime between 45 and 75 mT (configuration Y) only the cen-
tral 71 nanobar out of five nanobars of the bow-tie subgroup
is oriented differently compared to configuration X. But, the
dynamic response of the KASI is completely different. This
is shown by the dynamic simulations performed for configura-
tion X with -50 mT at ¢ = 15° and Y with 50 mT at ¢ =-15°
in Fig. 4(c) to (h). We observe that when 7’1 nanobars are
aligned with the field direction, they resonate at 11.81 GHz
[Figs. 4(c) and (f)]. This confirms that the field protocol in-
duces switching of 7'1 nanobar in configuration Y compared
to X. Simulated power maps in Figs. 4(d) and (e) for configu-
ration X show that 72 and 7’3 nanobars prominently resonate
at f = 11.23 GHz and f = 8.3 GHz, respectively, indicating
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FIG. 4. Gray scale spectra AS of (a) Sample-1 and (b) Sample-II
for a minor loop with 90 mT — —70 mT — 0 mT at ¢ = 15° and
then 0 — 490 mT at ¢ = —15°. The solid white arrows indicate
field sweep directions. The dashed yellow lines highlight regimes at-
tributed to particular nanobar configurations shown on the top. The
black arrows indicate field directions with respect to the displayed
bow-tie subgroup. The min and max in the grey scale map corre-
sponds to -0.0001 and 0.0001 in arbitrary units. Spin precessional
maps for configuration X at tpH = -50 mT and ¢ = 15° at f = (c)
11.81 GHz, (d) 11.23 GHz, and (e) 8.3 GHz, and configuration Y at
UoH =50 mT and ¢ =-15°at f = (f) 11.81 GHz, (g) 11.23 GHz, and
(h) 8.3 GHz for Sample-I. The red and blue color represents maxi-
mum [200 (A/m)?] and minimum [0 (A/m)?] power (M,2) absorption
at uoH =50 mT and ¢ = -15°, respectively.

that 72 nanobars are switched but 73 nanobars are not. For
configuration Y in Figs. 4(g) and (h) the resonance frequency
of T3 nanobar is however higher as compared to 72 nanobars,
i.e., the frequency hierarchy is reversed compared to X. This
is in line with the experimental findings. The presented two-
dimensional field protocol allows one to reconfigure KASIs
systematically and utilize their distinctly different spin wave
spectra and modified stray field distribution for reconfigurable
magnonic crystal applications'>.

To summarize, we have studied KASI with varying separa-
tions between the nanobars and thereby tuned the dipolar in-
teractions. We observe angle-dependent spin wave modes
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that show a characteristic dependence on the dipolar inter-
action. We reconfigured kagome ASI consisting of discon-
nected nanobars governed by dipolar interaction only using a
2D magnetic field protocol. Our findings pave the way for
the usage of KASI as a reconfigurable magnonic crystals and
waveguiding.
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