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ABSTRACT

In this work, we report a magnonic device capable of dynamic control over magnon propagation. By leveraging voltage-controlled magnetic
anisotropy on yttrium iron garnet waveguides, we have carried out simulations of an active demultiplexer and half-adder designed using
inverse design principles. A high output intensity multiplexer was similarly developed via inverse design to mitigate the magnon re-emission
issue in Y-shaped combiners. Trapezoid electrodes were also introduced to minimize magnon intensity losses due to the magnetic anisotropy
gradients across the cascading magnon circuit. The magnonic half-adder, constructed using active demultiplexers and a multiplexer, show-

cases the potential of magnonic logic circuits for binary addition operations.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0256599

Magnonics has emerged as a frontier field in the realm of spin-
tronics, exploring the potential of magnons, quanta of spin waves, for
information processing and computing. Unlike electrons, magnons
can propagate spin information without any displacement of physical
entities. Additionally, magnons have phase freedom for computing
and have wavelengths ranging from micrometers to atomic scale.
These features provide magnons unique advantages, such as low power
consumption and high information capacity, for nanoscale data proc-
essing.

Despite significant progress, the integration of magnonic devices
into practical computing systems faces several challenges. One of the
primary hurdles is the efficient control and manipulation of magnons.
Traditional methods often rely on modifications to external magnetic
fields™® or the amplitude of magnons,”” necessitating additional cir-
cuitries and greatly increasing the device footprint. Hence, both meth-
ods add complexity and energy consumption to the system. To
overcome these challenges, magnetoelectric methods such as voltage-
controlled magnetic anisotropy (VCMA),” ' electric polarization
modulation in ferroelectric/ferromagnetic (FM) structures,'” and the
piezoelectric effect have been explored. VCMA enables ultrafast con-
trol of magnetic anisotropy by facilitating the accumulation or deple-
tion of electrons.’ Similarly, in ferrite—ferroelectric structures, the
permittivity of the ferroelectric layer can be modulated by an electric
field, allowing for the formation of rejection bands that facilitate mag-
non manipulation. However, in piezoelectric/FM bilayers, an applied

electric field induces a mechanical strain in the piezoelectric layer. This
strain is transferred to the adjacent FM layer, altering its magnetic
properties through inverse magnetostriction. Furthermore, piezoelec-
tric layers beneath YIG films can introduce significant strain and lattice
mismatch,'” which increase the damping constant and degrade mag-
non transport. Since low damping is essential for efficient spin wave
propagation, the use of VCMA avoids these detrimental effects.

Previous studies had demonstrated various individual magnonic
components, such as logic gates,s’m’l/l’21 directional couplers,8 and
repeaters,”” while the realization of complex computing operations
using magnonics remains an active area of research. Inverse design’
offers an automated and universal method for designing practical mag-
nonic devices with diverse functionalities, which streamlines the design
of complex magnonic devices and circuits. By combining VCMA,
which provides energy-efficient dynamic control of magnons, the
design of complex magnonic circuits becomes more flexible and
feasible.

This work employs the inverse design technique for the develop-
ment of a magnetic field-free magnonic demultiplexer, multiplexer,
and a magnonic half-adder using VCMA. By using Mumax,” a micro-
magnetic simulation software,” we demonstrated the dynamic control
capabilities of the active demultiplexer, which can guide magnon prop-
agation by adjusting magnetic anisotropy. The magnonic half-adder,
constructed using active demultiplexers and a multiplexer, showcases
the potential of magnonic logic circuits for binary addition operations.
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Applied Physics Letters

Our findings underscore significant advancements in magnonic com-
puting, particularly in achieving highly energy-efficient signal
processing.

A dual-frequency passive demultiplexer is a device that separates
a mixed signal containing two distinct frequencies into two separate
output channels. The top-down view of the dual-frequency passive
demultiplexer is illustrated in Fig. 1(a). The demultiplexer contains
one input channel, two output channels (O; and O,), and a design
region for guiding magnons. Within the design region, random
100 x 100 nm* elements are removed from the waveguide to act as
scattering points for the propagating magnons. The design region uses
the complex scattering and interference of the magnon to route mag-
nons to different channels based on their wavelength. The width of
input and output channels is w = 3 um and the waveguide thickness
is maintained at t = 100 nm. An excitation antenna with a width of
200nm is positioned 10.5um from the design region center. The
numerical simulations are performed by setting the cell size as
100 x 100 x 100 nm>. The ferrimagnetic insulator yttrium iron garnet
(YIG) with saturation magnetization My = 1.4 X 10° A/m,
exchange stiffness A,, =3.5x 1072 J/m and damping constant
=0.0002 is used as a waveguide in this work.”* " The ultralow
damping constant of the waveguide material allows magnons to
propagate over dozens of micrometers, facilitating complex magnon
circuits.”*** The sampling time is 100 ps limiting the derivations of
magnon intensity from 0 to 5 GHz with fast Fourier transform (FFT).
For the simultaneous excitation of dual magnon frequencies f; and f5,
the excitation magnetic field B, = 0.1sin (27f;t) + 0.1sin (27nfot) mT
was applied. An out-of-plane external field with an amplitude of B,
= 0.2 T was applied along the positive z direction, resulting in forward
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volume magnetostatic waves (FVMSW). High damping regions with a
damping constant of 1, are placed at the terminations of the input and
output channels to mitigate magnon reflections.””

The inverse design procedure, as depicted in Fig. 1(b), iteratively
modifies the device structure using Monte Carlo simulations. In each
iteration, ten elements within the design region are randomly altered.
The objective function, O, is defined as follows:

0= (Iflrol - Ifl~oz) * (Ifzyoz - Ifz,01)7

where I o, indicates the intensity of frequency f; at output O;. This
objective function evaluates the degree of distinction between the out-
put intensities of the two predefined frequencies. In this work, two fre-
quencies of 1 and 1.2 GHz were studied. If the objective function value
increases compared to the previous iteration, the modified design
region is retained. Otherwise, further changes are made based on the
previous structure with the highest objective function. This iterative
process repeats until the objective function converges, signifying the
identification of an optimized device structure. The inverse design
approach for a passive demultiplexer seeks for a structure that causes
destructive interference of specific frequencies at one output port with
a simultaneous constructive interference at the other port, thereby
achieving frequency-based signal routing.

As shown in Fig. 1(c), convergence was clearly observed after
3000 iterations, achieving the highest objective function value (9.2) at
iteration 2603. The non-overlapping transmission peaks in Fig. 1(d)
demonstrate their effectiveness as a magnonic passive demultiplexer.
The demultiplexer design can also be optimized to accommodate only
frequencies beyond the demonstrated predefined values of 1.0 and
1.2 GHz. Demultiplexers for various frequencies of multifrequency
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FIG. 1. (a) Schematic of the demultiplexer structure. (b) Flowchart of inverse design process. (c) Objective function value vs iteration, achieving its highest value at iteration

2603. (d) Transmission spectrum of a magnonic passive demultiplexer.
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applications can be obtained simply by repeating the process laid out
in Fig. 1(b) with their corresponding objective functions.

The field-free active demultiplexer with VCMA enables dynamic
control over the waveguide magnetic anisotropy, enabling manipula-
tion of magnon dispersion relation and the wavelength dependent
demultiplexing. The dispersion relation is obtained by generating
broadband magnons using a sinc function Bx = bysinc(2nf.(t — t)),
where by, f, and t; are the pulse amplitude, cutoff frequency, and cen-
tral time of the pulse, respectively. A two-dimensional fast Fourier
transform (2D FFT) is performed to obtain 3D dispersion relation
map along the middle line of the waveguide and on the time evolution.
The lowest collective magnon mode was obtained with the frequency
that has the highest amplitude for each wavevector.”””" For the active
magnonic demultiplexer, the design region within the device remains
identical to the passive demultiplexer. The out-of-plane external field
previously used to align the magnetization along the z axis was
removed and a first-order uniaxial anisotropy constant K, along the z
axis was introduced to realize a field-free device. Experimental realiza-
tion of such a device can be achieved by YIG doping.’*"’ The VCMA
effect was emulated by dynamically adjusting the value of K, in
Mumax.” VCMA utilizes an electric field generated by a top Au elec-
trode and a bottom Cu electrode to adjust the K, of the device,” as
depicted in Fig. 2(a).

The previous passive demultiplexer had been optimized for the
demultiplexing of the wavelengths corresponding to 1 and 1.2 GHz
magnons under a 02T out-of-plane magnetic field. The removal of
the out-of-plane magnetic field and the introduction of an out-of-plane
magnetic anisotropy in the active demultiplexer causes a change in the
magnon dispersion relation and wavelength. Thus, new conditions to
tune the magnon wavelength to match that of the previous passive
demultiplexer are required. By investigating the device objective

K, = 13500 J/m3

pubs.aip.org/aip/apl

function for a range of K, without any external field, the K, of
13990 J/m® was found to be optimal for 1 and 1.2 GHz demultiplexing
(see supplementary material Fig. S1). In other words, the K, of
13990 J/m> provides the dispersion relation that most closely matches
the magnon wavelengths of the 1 and 1.2 GHz magnons that were
found in the passive demultiplexer.

Advancing from demultiplexing between 1 and 1.2 GHz between
the two outputs in the passive demultiplexer, the active demultiplexer
functions to demultiplex a single frequency magnon between the two
outputs by tuning their dispersion relation via manipulating magnetic
anisotropy. Figure 2(b) demonstrates the effective demultiplexing of
1.0 GHz magnons, as seen from the positive peak and negative troughs
at distinct K, values. The negative K, trough at 13500 J/m® corre-
sponds to the optimal anisotropy to divert the 1 GHz magnons to O,,
as shown in Fig. 2(c). The positive K,, peak at 13990 J/m> corresponds
to the optimal anisotropy to divert the 1 GHz magnons to O;, as
shown in Fig. 2(d). Additionally, at K, of 13990 J/m?® the O - O, peak
of the 1 GHz magnon aligns with the trough of the 1.2 GHz magnon,
demonstrating the retained passive demultiplexing of the 1 and
1.2 GHz magnons for this specific K,,.

As mentioned in the above discussion, both the magnon fre-
quency and the magnetic anisotropy affect the wavelengths of the mag-
nons and thus the demultiplexing effects on the device. In this inverse
designed device, the optimal wavevector for the demultiplexing of
magnons to O; and O, are 0.50 and 0.89 um ™!, respectively. The color
map in Fig. 2(e) shows how both K, and frequency modulate the
wavevector, which underlies the change in propagation direction.
Figure 2(f) shows that tuning K,, via the VCMA effect allows precise
control of the resonant magnon frequency at outputs O; and O,. This
enables effective spin wave routing based on frequency. It indicates
that for a particular K, value, the device would be optimal to split the
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two frequencies corresponding to the maximum and minimum
O; - 0,. Additionally, for a particular frequency, the device can also
direct the magnons to distinct directions between two K, values.

The function of an OR gate is to output a logic “1” signal if there
is at least one input logic “1” signal, which can be simply realized by
merging two channels like a Y-shaped combiner. However, a major
issue of magnon combiners is the coexistence of multiple magnon
modes with varying wavelengths at the same frequency. Irregularities
in the combiner region, often act as sources that generate additional
magnons of the same frequency but with different wavenum-
bers."””'” Inverse design provides a solution for this re-emitting
problem by replacing the combiner with a multiplexer. As shown in
Fig. 3(a), the multiplexer has two input channels, one output channel,
and one design region. The width of the input channel and the output
channel is 3 um, and the design region is 10 x 10 um® The magnetic

anisotropy of the multiplexer is set as K, = 13990 J/m>. Two antennas
are placed at two input channels, respectively, generating 1 GHz mag-
nons simultaneously. Following the procedure established for the
demultiplexer, an inverse design was applied to the multiplexer, opti-
mizing for 1 GHz magnon intensity at the output port. The conver-
gence can be observed after 300 iterations (see supplementary material
Fig. S2). The comparison in magnon intensity for the cases of single
logic “1” input are shown in Figs. 3(a) and 3(b). A clear improvement
in magnon intensity of approximately 300% was achieved by the pro-
posed multiplexer compared to a Y-shaped combiner.

The structure of a magnonic half adder is based on the electronic
half adder, comprising a 2 x 4 active demultiplexer and an OR gate, as
shown in Fig. 4(a). The truth table of the half adder is depicted in
Fig. 4(b), while the complete structure of the magnonic half adder is
illustrated in Fig. 4(c). The 2 x 4 magnonic active demultiplexer is
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realized using three active demultiplexers and a multiplexer that func-
tions as the OR gate. The whole waveguide has a magnetic anisotropy
K,,= 13990 J/m’ when no voltage or VCMA effect is applied. A logical
input of “0” is applied across the demultiplexers as a decrement of K,
to 13500 J/m> while employing a VCMA effect, which drives magnons
to the lower output port. Conversely, no VCMA is applied for the logi-
cal input of “1,” which results in the device with a higher
K, = 13990 J/m’ and driving magnons to the upper output port.

However, magnon reflection is found at the boundaries with an
abrupt change in magnetic anisotropy and dispersion relation mis-
match.” The reflection will decrease the digitalization at the output
port, i.e., the ratio of output signal intensity for logic “1” to logic “0.”
Hence, trapezoid-shape electrodes” ™ are utilized at both input and
output for each active demultiplexer, as shown in Fig. 5(a). The transi-
tion region (TR) length is defined by the red arrow in the inset of
Fig. 5(a). The trapezoidal shape is formed with a varying MgO thickness
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between the top electrode and YIG waveguide, where a gradual change
in K, along the channel is formed to reduce magnon reflection.

The abrupt K,, boundaries only occur for the case of logic “0,”
where VCMA is applied. For logic inputs A=1 and B=1, the K,
across the entire waveguide is uniform at 13990 J/m> and does not
have magnon reflection issues. For logic inputs A =0 and B=0, the
magnons are directed downward to output I, where the magnon inten-
sity data are discarded and not used for computation; thus, no optimi-
zation of the bottom demultiplexer at input B is required. For both
logic input A = 0, B =1 and logic input A = 1, B = 0, the logic outputs
are S=1 and C=0, the digitalization can be measured by the output
S/output C ratio. The optimization is achieved by adjusting the length
of the TR, which directly modifies ddli". The locations of the TRs are
indicated in Fig. 5(b). TR1 and TR2 refer to logic input A=0, B=1,
while TR3 and TR4 refer to logic input A= 1, B=0. For TR1, mag-
nons propagate from a K, region of 13990-13500 J/m’ in the stripe
line waveguide. The relation of transmission and average ddli“ is pre-
sented in Fig. 5(c). The length of TR1 is chosen to be 5.6 um because
the maximum transmission rate is achieved with this length. For TR2,
the output S/output C ratio with respect to average ddi“ is investigated,
as shown in Fig. 5(d), which achieves maximum value when the
length of the transition region is 2.1 um. Thus, the length of TR2 is
chosen as 2.1 um. Similar investigations are performed for TR3 and
TR4. The lengths of TR3 and TR4 are chosen as 2.8 and 0.1 um,
respectively.

With the application of the trapezoidal electrodes, the magnon
intensity and output intensity at each output port are shown in Fig. 6.
The magnon intensity map for each half-adder configuration is pre-
sented, validating the proposed design. The frequency spectra of the
three output ports for all four cases are also provided. An output mag-
non intensity exceeding 2/3 is interpreted as a logical “1,” while an
intensity below 1/3 represents a logical “0.”

In conclusion, we have demonstrated the functionality of both
passive and active magnonic frequency demultiplexers, as well as a
magnonic multiplexer. When combined, these components enable a
functionary magnonic half adder, all leveraging VCMA in YIG wave-
guides. The magnetic field-free demultiplexer exhibits dynamic control
capabilities, enabling the routing of magnons based on frequency by
adjusting magnetic anisotropy. The multiplexer mitigates re-emission
of magnons in the conventional Y-shaped combiner. The magnonic
half-adder, demonstrates binary addition operations, showcasing the
potential for energy-efficient magnonic logic circuits in advanced com-
puting. These findings contribute to the better understanding of mag-
nonic device technology, specifically for achieving low-power signal
processing applications.

See the supplementary material for analyses of the objective func-
tion with magnetic anisotropy and iterative convergence of a 1 GHz
magnonic multiplexer.
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